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Abstract

We resolve T /Z3 orbifold singularities with Gauged Linear Sigma Models
(GLSMs) and describe the factorizable underlying six-torus 72 x T? x T2
as the intersection set of three elliptic curves in a projective space. Divisors
are given as hypersurface equations that depend on the chosen resolution
model. We determine intersection numbers in an algebraic way counting
the solutions to the equation system formed by the elliptic curves defining
the six-torus and the hypersurface constraints of the corresponding divisors.
This procedure is extended to various resolution phases in the so-called
minimal fully resolvable model.
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Chapter 1

Introduction

To date, there are four known fundamental interactions in physics that lay
down the laws of every physical process we can observe. Namely, these inter-
actions are Electromagnetism, Weak and Strong interactions and Gravity.
Particle physics can be described very accurately by a quantum theory of
fields which is called the Standard Model (SM). This theory arises from
some Lagrangian possessing a local gauge invariance under the gauge group
Gsy = SU3)e x SU(2), x U(1)y. Each of these gauge group factors gives
rise to so-called gauge bosons which are spin 1 particles mediating a corre-
sponding fundamental interaction: The QCD gauge group SU(3)¢c creates
the eight gluons which carry the strong force gluing together the quarks in
every atomic nucleus. The last two factors SU(2)r x U(1)y generate the
massive W+ and Z° bosons and the photon ~y, which describe the weak
interaction and quantum electrodynamics, the quantum theory of electro-
magnetism, in a unified framework called electroweak theory.

Gravitational interactions ar best described within Einsteins theory of
General Relativity (GR). It explains gravity in a geometrical way assuming
our four-dimensional spacetime to be curved. The Standard Model and Gen-
eral Relativity, considered both seperately on very small and very big length
scales respectively, can describe almost every observable physical process by
an accuracy that is higher than what we can experimentally confirm.

At high energies, however, there have to be physical processes that both
involve gravitational and quantum field theoretical effects at the same time,
so we have to find a quantized theory of gravity. But, with our present knowl-
edge, this is impossible: a quantum field theory of gravity would require an
infinite number of counter terms and is thus a non-predictive theory.

The aim of string theory is nothing less than finding a unified theory of
gravity and the other three fundamental interactions we know. It is probable
that such a theory will explain all physical processes in our universe based on
a very few number of axioms and free parameters. Thus, in popular science,
it is often referred to as the ”theory of everything” or ”final theory”, meaning
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8 CHAPTER 1. INTRODUCTION

that it has the potential to explain the laws of nature how they really are,
and not just to give a very accurate description of the processes we see.

The basic concept of string theory is that elementary particles do not
correspond to point-like, but to tiny one-dimensional objects that can carry
various vibration modes, comparable to the vibrating string of a violin. A
crucial point is that such a theory is only consistent in 10 or 26 spacetime
dimensions, whereas the latter case comes along with tachyons which are
particles that move faster than the speed of light. Thus, it is more likely
that string models in 10 spacetime dimensions are potential descriptions of
the physics in our universe.

An open question is how to ”hide” the six extra dimensions so that we
can not observe them in our everyday life. We consider the 10-dimesional
spacetime Mg to be factorized into the two parts Mg = My ® Mg, where
My represents the ordinary four-dimensional Minkowskian spacetime and
Mg corresponds to the space of the further six dimensions the theory must
have. A very direct way to hide these extra dimensions is to compactify
them, that means to give them a finite and small enough volume. The
easiest compact space one can imagine is a flat torus, where we simply
endow all the coordinates with periodical identifications.

Another possibility is to consider Mg to be a so-called orbifold, which
we will explain in the subsequent section. Orbifold compactifications lead
to a much more realistic phenomenology concerning spacetime and gauge
symmetry breaking [3] than a torus compactification does. As we will see
soon, each orbifold possesses so-called orbifold fixed points. Since it is im-
possible to define geometrical quantities like a metric on these points, they
form singularities that have to be resolved for a proper description of string
propagation in this space.

The resolution of such orbifold singularities form one main part of this
work. A Gauged Linear Sigma Model naturally leads to constraints (the so-
called D-term constraints) that exclude orbifold singularities from the target
space for some specific values of free Fl-parameters present in this model.
Since the resolution depends on the value of these free parameters, one can
investigate the resolution procedure in a continuous manner. In both the
resolved and the non-resolved orbifold one can define real codimension 2
hypersurfaces which are called divisors. Another main part is to determine
how often these divisors intersect with each other, i.e. how many points
lie in the intersection set of M = 3 such divisors. We will see that
intersection numbers can change going from one resolution phase to another,
i.e. varying the free Fl-parameters from one specific regime to another.

In chapter 2, we discuss some basic properties of orbifolds, in partic-
ular of T2/Z3 and T°/Z3. Furthermore, we present the basics of Gauged
Linear Sigma Models (GLSMs) which can be used to resolve orbifold sin-
gularities. In chapter 3, we describe another orbifold resolution procedure
which is based on toric geometry as it was done in [9]. It is also possible



to compute intersection numbers using this resolution method. Finally, in
chapter 4, we use GLSM methods to resolve the T°/Z3 orbifold in different
so-called resolution models and compute intersection numbers in resolved
and non-resolved phases. For example, we give the intersection numbers of
various phases of the minimal fully resolvable model and even compute an
intersection number of a 7 /Zs orbifold on a non-factorized Fg torus lattice.






Chapter 2

Background material

2.1 The T?/Z3 and T°/Z3 orbifolds

An orbifold is a generalized manifold. One of the main properties of a
manifold of dimension n is that it locally looks like an open subset of R™.
Without giving any rigorous mathematical definition, an orbifold can be
seen as a manifold that can not in general locally be described by an open
subset of R but by a quotient by a finite group thereof.

Let us consider the 7 /Zs orbifold. To describe this orbifold we introduce
the coordinate u € C. In order to obtain a two-torus 72, we have to make
the periodic identifications

u~u+1, u~U+T, (2.1)

with some complex structure 7, Im(r) # 0.
Next, we divide out the Zg-orbifold action #. This means we have to
perform a further identification, namely

271

0:u~ Cu, (=es. (2.2)

This further symmetry constrains the possible values of the complex struc-
ture 7 of the underlying two-torus 7. The torus lattice given by

A={m+n7t | m,necZ} (2.3)

has to be invariant under the orbifold action 6. It is not hard to show
that 7 = ( is a possible choice for the complex strucutre 7. This is all
we need to define 72/Z3. We see that there are points that are invariant
under the orbifold action: if we take for example the point v = f; = 0, it
is obvious that it does not change under the action . Furthermore, the
points u = fy = %—l— %i = % and u = f3 = gz = 2% are invariant
under combinations of the orbifold action and the torus symmetries
. These so-called orbifold fixed points are plotted as red spots in figure

11



12 CHAPTER 2. BACKGROUND MATERIAL

Figure 2.1: The T?/Z3 orbifold. The red points are the orbifold fixed points.
As an example, we marked the point A and its images under the orbifold
action, A/ and A!. Using the torus identifications (2.1]), we can map them
back to the torus we started and obtain the points A/ . and A/ .

Since it is impossible to define geometrical quantities like a metric at
such orbifold fixed points, they correspond to orbifold singularities. It is the
aim of every orbifold resolution process to smooth out these singularities.
Further information on orbifolds can be found in the literature, for example
in [], [5].

To have a coordinate description of T?/Z3 where the torus symmetries
are already built-in (i.e. where points that are identified by have
the same coordinates), we map our coordinate u to an elliptic curve in a
projective space P%,m in the next section.

2.1.1 The Weierstrafl mapping

Two-dimensional tori can nicely be described by elliptic curves in a weighted
projective space IP;QJ. A two-torus with the periodic identifications u ~
u 4+ 1 ~ u 4 7 is mapped in such a weighted projective space using the
Weierstraf function p,(u). We review just some of the main properties of
this function here, further details can be found in textbooks, for example in
[6].

The Weierstrall function p-(u) is a double periodic complex function
pr(u) : C — C with the periocities p,(u) = pr(u+1) = p,(u+7) for some
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complex structure 7. An explicit form is given by the expansion

1 1 1
() — 3 _ . 2.4
pr(u) u? + (M Z(0.0) { (u+m+n1)?2  (m+nT)? } 24

We see that this is simply the function 1/u? which becomes invariant under
the lattice A = {\ = m +n7 | m,n € Z} by adding each term of 1/42, where
u =14 mod A\, A € A. The terms —m are needed for the series to be
convergent.

The first derivative of the Weierstrafl p-function is

O (u) = —22(1 (2.5)

u+m—+nt)d
m,n

This function solves the Weierstrafl differential equation

[0 (w) = 47 (u) + f(7)pr(u) — g(7), (2.6)
where the functions f(7) and g(7) are
f(1) = 4(e1€2 + €1€3 + €2€3), g(T) = 4deqeges. (2.7)

We call €1 = p,(1/2),e2 = @T(%) and €3 = @T(HTT)

A weighted projective space IP’]%’(L1 has three homogeneous coordinates
(z,y,v). Hence at first sight this looks as we intend to perform a mapping
with one complex degree of freedom u in the domain to three (z,y,v) in the
image space. But since we map to a weighted projective space, we have a

C*-symmetry acting on the coordinates as
C*: (z,y,v) ~ (ANPx, Ny, \v), A e C*=C\{0}, (2.8)

reducing the number of degrees of freedom in the image space from 3 to 2.
To construct an isomorphism from our two-torus to an elliptic curve in a
weighted projective space, there can not be a dimensional mismatch. There-
fore, we perform a mapping using p,(u) and its derivative ! (u) whereby
we can use as a further constraint reducing our image space dimension
from 2 to 1, which makes an isomorphism possible.

The concrete case: T?/Z3

As mentioned above, in the T?/Zs case, a possible choice for the complex
structure is 7 = ¢ = e?™/3. Furthermore, it turns out that the function f(7)
in (2.7) is zero. The mapping from TT2:< — IP’%M can be performed by [7]

(pc(u), 6;1/2p2(u)/2, 61> , away from lattice points,
u— (z,y,v) = { (0,1,0) on the lattice, u € A,
26%/2pg(u) 1 26:;/2 ! latti .
FAOIERE AT close to lattice points.

(2.9)
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The Weierstraf} differential equation (2.6 then takes the form
y?v =z — 03 (2.10)

By a linear change of coordinates this can be brought to a form where the
Zsz-symmetries are manifest. This is done by [7]

o 100\ g
n|=10 7 1|[273], (2.11)
23 0 —% 1 2-1/3y
which brings (2.10) to the form
B4+ =0 (2.12)

We will mostly use these coordinates for the rest of this work.

In this description we immediately see three independent Zg actions,
namely z; — (z;,i = 1,2,3. However, we choose our basis of Zs-actions to
be

Cc*: (Zla 22, 23) — (§217CZ27CZ3)7
0: (21, 22, 23) = (C21, 22, 23), (2.13)
a: (21, 29, 23) — (21, (%22, (23).

The first symmetry is already contained in the C* symmetry of the weighted
projective space IP’%M we are in, so this action does not carry any further
information. Using the relations p¢(Cu) = (pc(u) and o (Cu) = pf (u), it is
not hard to identify the second one as the orbifold action 6 : ©w — Cu, simply
by mapping (u into our new coordinates. The third action is a bit more
subtle but has been identified in Appendix A.2 of [7] to be the so-called
3-volution « that acts as u — u + C—gl

We see that, if we mod out the Zs orbifold action 6 only, the three
orbifold fixed points u; = i - %’—2, i = 0,1,2 are obtained in Weierstrafl
coordinates by setting z; to zero, because points fulfilling that condition are
invariant under the action 6 given in . To see that we have indeed

3 orbifold fixed points, we compute the solutions to the C* invariant term
3
(%) = —1. They are given by j—; = —(", n=0,1,2. Hence we exactly get
3 orbifold fixed points.
Contrary, if we mod out the actions 6 and « together, we have all the
three actions of (2.13]) which form a basis of Zs-actions on the coordinates

z;. We are free to change this basis of Zs-actions back to
QZ' : Zi — Czi,i = 1, 2,3, (2.14)

where it is obvious that the three orbifold fixed points (the fixed points
under these actions) are given by z; =0, 7 = 1,2 or 3.
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We can also mod out the 3-volution action « only. Since the action «
changes the phase of the two coordinates zo, z3 simultaneously, we have to
set them both to zero to get the fixed points under this action, zo = z3 = 0.
Because of , this directly entails that also z; = 0. But the point
21 = 7 = z3 = 0 is excluded from the projective space P%,Ll’ so we have
produced a contradiction. This means that there are no fixed points under
the 3-volution « only, which we already knew because a acts free on the
coordinates u as the shift v — u + C—gl

Generalization to T°/Z3

The generalization of this choice of coordinates to a six-dimensional torus
T6 =T? x T? x T? is easy: instead of one complex coordinate u describing
our torus, we now have three of them, all satisfying the equivalence relations
Ug ~ Uy +1 ~ug+7, a = 1,2,3. The orbifold action 6 then can be
introduced as

0 : (ul,uQ,u;;) — (Cul,Cuz,Cu?,) (2.15)

and the 3-volutions «, (now there are three 3-volutions possible, each one
acting independently on one of the coordinates u,) are

-1
Qg : Ug —> Ug + CT (2.16)

We simply map every coordinate u, as before to obtain the set of equations
221 + 222 + 223 = 07 a = 17 27 37 (217)

describing our 7% with complex structure 7 = ¢. Analogously to the two-
dimensional case, the orbifold action 6 takes the form

0 : (211, 221, 231) — (€211, (221, (231), (2.18)

and the 3-volutions look like

Qg : (Zala Za2, Za3) — (Zalu C22a27 <2a3)7 (219)

where it is important to note that there is only one Zs orbifold action 6
acting on all the three two-tori simultaneously. So we indeed get a T°/Z3
orbifold. We must not confuse 7°/Zs with (7?/ 23)3, where we would have
three Z3 orbifold actions 8; acting independently on the three two-tori as

0; : zi — Cz4, 1=1,2or 3.

An orbifold fixed point must again fulfill the conditions we already had
for T?/Z3: 241 = 0, % = —(" VYa = 1,2,3 if we divide out the orbifold
action 0 only and 24y, = 0, Va = 1,2, 3 when we divide out both the actions
f and 4. So in each two-torus we have three possibilities, n, = 1,2 or 3.
Thus, using simple combinatorics, we see that 7°/Zs has 3 -3 -3 = 27 fixed

points.
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2.2 Orbifold resolutions with Gauged Linear Sigma
Models

We consider a gauged linear sigma model with (2,2) supersymmetry where
the Lagrangian can be written as the sum [§]

L= Lkin + LW + Lgauge + LD,G’ (220)

with Ly, the kinetic energy of the chiral superfields, Ly the superpotential
interaction, Lgauge the kinetic energy of the gauge fields and Lp g a Fayet-
Iliopoulos term and #-angle.

The kinetic term Ly;, has the form

Lign = /d492_’Z, (2.21)
with the chiral superfield Z,
Z =246V, + 0%0,F. (2.22)

To obtain a local U(1) gauge invariant form under the gauge transfor-
mation Z — ¢4 Z with the chiral superfield A = A(z*, 0%, %) [12], we have
to add a factor €V in between Z and Z,

Lign = / d*0zeV z. (2.23)

In order to get the local U (1) gauge symmetry, the field V' has to be a real
superfield V (z#, 0%, 6F) that transforms as

V=V +i(A-A). (2.24)

In Wess-Zumino gauge, such a field V can be expanded in the superspace
coordinates 6 [12] as

V=00 (vog—v1)+0T0 (vg+v1)—0 00 —0T0 6+ (2.25)
+i070T (0" A+ 0T AL) +i0T0 (0" A+ 0T AL+
+670T610" D,

where vg, v1 are vector fields, o is a complex scalar field, A4, A+ are fermionic
fields and D is a real scalar field.
So the superspace integral for Ly, in (2.23)) can be evaluated to [12]

Lyin = / d*0Ze¥Z = —D"zD,z +iV_ (Do + D1)¥_+ (2.26)

+ i, (Do — D1)Vy + D[z]* + |F|? — |o*|2)* = V_o¥, +
— \I]+5'\I’, — ’LZ)\f\I’+ + ’LZ)\+\I]7 + Z'\I/+5\72 — Z'\TJ,E\+Z,
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where D,, denotes the covariant derivative, D, := 8, + iv,,.
Analogously, the components Lgauge and Lp g can be written as [12]

1 _
Lgange = @(—6“68#0 +iA_(0o + O )N+ (2.27)
+ i5\+(80 — 81)/\+ + (801)1 — 31@0)2 + DQ),
LD79 = —-bD + 9(801}1 — 611}0), (2.28)

where €2 is the coupling constant which has mass dimension 1. b is a Fayet-
Iliopoulos parameter and 6 the theta-angle, which must not be confused
with any superspace coordinate.

Making use of the equations of motion, we can get rid of the fields D
and F'in L = Ly + Lgauge + Lp g [12]. We get

L=-D'zD,z+iV_(Do+ D1)¥_ + iV (Do — D1)¥4+ (2.29)

e2

S L ROl I RE e AL R YL
— Z.Z)\f\:[/+ + Z.f)ur\pf + ’L.\I/+5\72' — Z\ijjurZ—F

1 _
+ 505 (~9"00,0 +iX- (80 + DDA+

+ Xy (0 — D) Ay + (Bov1 — D110)?) + 0(dgvy — D1y,

where we identify the potential energy of the scalar fields o and z

2
e
U= 5(|z\2 —0)? +|o)?)2). (2.30)

Generalizing that to the case of multiple charged chiral superfields Z,
and considering a nonvanishing interaction potential contribution

2 2 2
Ly = /d29W(Za) +cec = ] ('GW oW

82,-82:]-

2 8zi

\Il—,i\:[l-i—,j) +c.c.,

(2.31)
we get [12]

2
62
U~ D dalzal =0 A+ mP) Wl (2.32)

where the charge ¢, of a chiral superfield Z, means that it transforms as
Z, — € 4Z, and W, = G

Since string theory is a scale invariant theory but e and m are dimen-
sionful quantities, we have to take the conformal limit e,m — oco. This on

the other hand leads to the constraints

D galzl*=b=0 (2.33)
a
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Superﬁeld Zl ZQ 23 X
U(l) chargeq | 1 | 1 | 1 |-3

Table 2.1: Charge assignment for the C3/Z3 orbifold GLSM resolution

and
|1/ — — “‘ j3‘34
a a ( )

These are the so-called D- and F-term constraints, respectively.

It is a crucial point that the complex scalar components of the chiral
superfields are interpreted as target space coordinates. This is why we can
use the superpotential W to reproduce the torus-defining equations
in the F-term constraints.

2.2.1 GLSM resolution of the C3/Z3 orbifold

To see how the GLSM resolution process works, we consider the noncompact
C3/Z3 orbifold as a simple example. Since all the 27 orbifold singularities
of T /Zs, which we will investigate lateron, locally look like C3/Zs, it is a
very appropriate example to begin with.

The C3/Z3 orbifold is described by (21, 22, 23) € C? divided by a discrete
Zs orbifold action 6,

0: (21, 22,23) ~ (Cz1,(C22,(23). (2.35)

We introduce the chiral superfields Z;, i« = 1,2, 3 and interpret their scalar
components as target space coordinates. To implement the orbifold symme-
try, we have to endow the fields Z; with equal charges m. Since this would
modify the target space dimension, we have to add a new chiral superfield X
with the charge — > m to our resolution process. Furthermore, this allows
us to construct the orbifold symmetries we want to have. The charge as-
signment is given in table From the charge assignment we can directly
read off the D-term constraint

D: |21|% + |22/ + |23)% = 3|z|> = b. (2.36)

Now everything depends on the value of the Fl-parameter b.

b < 0: The orbifold phase

For b < 0, the exceptional coordinate x (the scalar component of the added
chiral superfield X) has to have a vacuum expectation value (VEV), hence
we are able to gauge fix its U(1) phase making use of the gauge freedom

e 2~ 2T i=1,2,3. (2.37)
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Suppose we gauge fix the phase of x to some definite value. We are free to
write this as

{.’L’ ~ €—3~27ri¢$ ’e—3~27ri¢ ; 1} ) (238)

This means that ¢ = 5, n € Z. So there is still a Z3 gauge-freedom left over
on the z; coordinates, namely

i~ 5y i=1,2,3. (2.39)

This is nothing other than the orbifold action (2.35)), hence this phase is
called the orbifold phase.

b > 0: The blow-up phase

In this phase, because of the D-term constraint , at least one z; has
to be nonzero. Thus the orbifold singularity (z1,z2,23) = (0,0,0) is not
existent anymore in the blow-up phase, the orbifold singularity has been
resolved. To be precise, if we assume that z = 0, it has been blown-up to a
5-sphere S® whose size is controlled by the parameter b,

b= |a1f” + [z2l* + |23]*. (2.40)

All points within this sphere are excluded from the target space, whereas all
the outlying points are accessible. We can easily see this looking at
again:

b+ 3z = |21 + |22 + |23

This equation allows for points lying on the sphere with radius b described
in for £ = 0, but also for points that lie on a sphere with radius
b =b+3|z|? > b for z # 0. Hence all points at the outside of the sphere in
are allowed because z is a free coordinate without any upper limit.

In the limit b\, 0 we get the C3/Zs-orbifold with the orbifold fixed point
excluded, (C3/Z3) \{0}.

2.2.2 Divisors

A divisor is a complex codimension 1 hypersurface living in an orbifold. In
[9], three different types of divisors were specified. The ordinary divisors,
denoted D,;, correspond to hypersurfaces where we fix one complex coordi-
nate to the value of an orbifold fixed point. The inherited divisors R, also
fix one of the three orbifold coordinates to a definite value, but this time
away from any orbifold fixed point. Furthermore, there are the so-called
exceptional divisors F, which arise in the resolution process of the orbifold
singularities. In the GLSM language, the exceptional divisors E correspond
to zeros of the exceptional coordinates z, x = 0.

Not all divisors are existent in every GLSM phase. We have seen for
example that in the orbifold phase of C3/Z3, the D-term constraint forces
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the exceptional coordinate x to be nonzero. Hence the exceptional divisor
E := {x = 0} can not exist in this phase.

Two divisors are said to be linear equivalent if all their topological quan-
tities are equal. In [I0] and [9], the equivalence relations between D; and E
for C3/Z3 are given by

E~-3D;,  D;~D;. (2.41)

Using Poincaré duality, one can show that linear equivalent divisors have
the same intersection number with any arbitrary curve C), i.e.

if A~B then AC = BC, (2.42)

in which with AC' we mean the intersection number of divisor A with the
curve C'. Such equivalence relations will be a very important tool to compute
triple intersection numbers of divisors lateron.

To clarify the notation, we have to note that the multiplication of a divi-
sor A with a scalar n means nothing other than it has the same intersection
numbers with all curves C' as A multiplied with n, so that we can write for
any curve C

if B~n-A then BC =n-AC. (2.43)

2.2.3 Fully resolvable GLSMs

A toroidal orbifold in general can contain more than just one orbifold fixed
point. So generally, there are often more than one exceptional gauging
possible to resolve all orbifold singularities. The resolution procedure where
the maximum number of exceptional gaugings are performed is called the
maximal fully resolvable model. In [7] it has been used to resolve T°/Zs,
TG/Z4 and TG/ZG_[[.

The other extremal case is the so-called minimal fully resolvable model,
where only a minimal number of exceptional gaugings is introduced to re-
solve all orbifold singularities. Since the number of D- and F-term con-
straints increase with the number of exceptional gaugings, the minimal fully
resolvable model might be a bit more handy because it contains less FI-
parameters than the maximal fully resolvable model. For example, in 7% /Z3,
only one gauging is required to resolve all its 27 orbifold singularities at once.
The minimal fully resolvable model was first stated in [11].

Of course, there are often also fully resolvable models with less excep-
tional gaugings as in the maximal fully resolvable model but more as in the
minimal one. However, it is a very important and quite surprising fact that
a model with the same gauging as in the minimal fully resolvable model plus
some additional gaugings normally is not fully resolvable anymore. One al-
ways has to check if all orbifold singularities vanish in the blow-up phase. If
only some of them are resolved, the model is called partially resolvable. We
will restrict ourselves to fully resolvable models in the rest of this work.
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2.2.4 Phase structure

As we have already seen in the resolution of C3/Z3, GLSM orbifold res-
olutions possess a certain phase structure depending on which values the
corresponding Fl-parameters may take. The effect of a transition between
such phases is a rather big one: the target space topology changes. For some
values the target space might be a singular orbifold whereas for others it is
a resolved smooth Calabi-Yau. There is even a phase where the F-term con-
traints force all coordinates z to be zero, hence the target space collapses to
a point there. This is a major advantage of the GLSM resolution procedure
since it describes these phase transitions smoothly by varying the associated
parameters.

One can classify the effects of a phase transition in the following three
groups [7]:

1. The intersection set of two divisors may change. This of course also
means that triple intersection numbers can change.

2. Divisors may be existent in certain phases, whereas in others they
vanish. For example, the exceptional divisor of C3/Z3 is existent in
the blow-up phase, but has to vanish in the orbifold phase, since x has
to have a VEV there.

3. Even the target space dimension can be modified. As already said,
we can have an orbifold in one phase which collapses to a point in
another.

We will compute the triple intersection numbers of divisors in 7°¢/Z3 in
various phases in a subsequent section.

2.2.5 Torus lattices

A torus lattice is described by a set of vectors which realize the torus sym-
metries of an orbifold. For example, a two-torus with the identifications
u~u+1~u+7 with some complex structure 7 has the R? basis vectors

1 Re(T) : e : oL
<0> and < Im (T)> . Hence points differing by an integer combination of

lattice vectors are identified.

A six-dimensional torus lattice for ug ~ ug+1 ~ u,+7, can be described
analogously. It is factorized to As x As X A if there is no other action than
the orbifold symmetry # acting on more than one of the two-tori 75 spanned
by each coordinate u,. In contrast, there are resolution models for T°/Z3
that involve 3-volution symmetries that act in more than just one of such
two-tori simultaneously. This leads to non-factorized lattices such as Fy x Ag
or Eg. In Appendix B of [7] it is shown that one can factorize these lattices
to A3 again. Lateron, we will compute the intersection number of Rj Ry R3
of T%/7Zs3 on a non-factorized Eg lattice.






Chapter 3

Orbifold resolutions and
intersection numbers with
toric geometry

Before we start the main part of this work, namely the GLSM resolution
of T®/Z3 and the computation of intersection numbers of divisors living
therein, we take a look at the work of [9]. There, toric geometry was used
to resolve orbifold singularities and to compute intersection numbers. In
particular, we will exemplarily show how to resolve orbifold singularities
that locally look like C3/Z3 and C3/Z¢_;. Afterwards the nonvanishing
intersection numbers of the 7% /Zs orbifold will be computed explicitly. It is
the main aim of the following chapters to reproduce the intersection numbers
that were found in [9].

3.1 Toric varieties

To begin with, we need to have a definition of what is called a toric variety.

Definition 1 (Toric variety) A toric variety X is a complex algebraic va-
riety containing an algebraic torus T = (C*)" as a dense open set, together
with an action of T on X whose restriction to T C X 1is just the usual
multiplication on T [12].

Technically, this means that a toric variety can be described as
X5 = (C\Fz)/ (C)", (3.1)

which says that this is the d-dimensional complex space with r independent
C* symmetries. For the toric variety to be well defined, we have to exclude
the set Fy of points that are fixed under any continuous subgroup of (C*)".
Fy is therefore called the fixed point set.

23
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A toric variety can be entirely described by an auxiliary object called a
fan. To give the definition of a fan, we need to introduce a lattice N = Z".
We call Ng = N ® R.

Definition 2 (Cone) A strongly convex rational polyhedral cone o C N
is defined as the set

o= {alvl + agvg + ... + akvk\ai > 0} (3.2)

with a finite set of vectors vy, ...,vx and o N (—o) = {0} (strong convezity)

7).

From now on, ”strongly convex rational polyhedral cone” will simply be
abbreviated by ”cone”.

Definition 3 (Fan) A fan X is a set of cones in Ng which satisfy the
conditions

1. each face of a cone in X is also a cone in X,
2. the intersection of two cones in X is a face of each.

To get a feeling for these definitions, let us see a simple example:

//)
cone @'
K
Y
V2 2 v/ 1
V1
o AN
Vi

cone O

Figure 3.1: Two cones o and o’ generated by v1,ve and v}, v} in a lattice
N 72

If the cone o = {ajv1 + agvala; > 0} is a cone in 3,

e so are the cones o1 = {b1v1|b1 > 0} and o9 = {bava|by > 0} (rule 1).
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e the cone ¢’ can not be in ¥ because the intersection o N o’ is not a
face of each cone (rule 2).

Note that every k - dimensional cone o € X generated by vy, ..., v is
associated to the codimension k subvariety

X, = {Z S X2|21 = ... =2k = O} (33)

In particular, the generators v; of the fan ¥ correspond to the set of di-
visors in Xy. Furthermore, there is a correspondence between v; and the
homogeneous coordinate z;.

To find the components of the vectors v;, we look at

d d
D:C - C": (21,0, 20) — (H 2", ...,Hzf?), (3.4)

1=1 =1

with Uf denoting the j-th component of the vector v;. This defines a map
from the covering space C?\ Fx; to the toric variety Xx. Clearly, such a map
has to be invariant under the (C*)" symmetry of Xs. This means that a
(C*)" symmetry like

(a) (a)
(215 ooy 2n) ™~ ()\an 21,y AER Zn)s a=1,..,r (3.5)

a

generically leads to
SRk = 0. (3.6)
i
Discrete orbifold symmetry groups G generated by
0: (21,0, 2n) ~ (€21, 20, ..., P 1z, €= 2P (3.7)
are analogously translated to

vf + prok . 4+ pp1vf =0 mod p (3.8)

3.2 Local resolutions of orbifold singularities

A fixed point of a three-dimensional orbifold locally looks like C3/G, with
some finite group G. With the means of toric geometry, such a singular-
ity can be resolved obtaining a toric variety like (3.1). The corresponding
resolution process is described in this section.

For C3/G singularities, ([3.8)) becomes
v + 1ok + pavk =0 mod p.

From [9] we know that the last component of every vector v; in ¥ has
to be 1 except of the vector vg = (0,0,0). This implies that Xy, has trivial
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canonical class and is Calabi-Yau [9]. One can show that Xy is smooth if
all top-dimensional cones in ¥ have volume 1. In the unresolved orbifold,
however, there is just one top-dimensional cone spanned by v, v2, v3 which
has a volume of |G|, so the orbifold is singular.

This is where the resolution process comes into play: we add to the
generators of the fan X all the lattice points w; that lie in between the points
v1, V9, v3 and fulfill the Calabi - Yau condition that the last component of
each vector has to be 1, i.e. w? = 1. To these generators w;, we associate the
exceptional coordinate y; and the corresponding exceptional divisor F;. All
the possible top-dimensional cones of the resulting fan ¥ now have volume
1, hence the resulting toric variety X5 is smooth. Since there are now more
than three generators at our disposal, there are often multiple possibilities to
form the resolved fan ¥, i.e. to construct a set of cones out of the generators
that fulfill the fan conditions of definition This ambiguity in forming
the resolved fan is associated to different possible triangulations in the toric
diagram. These various possibilities only differ in their exclusion set Fy,
which is obtained as follows: Take all v;, w; that do not span a cone in 3.
Then all points that have zeros in the associated coordinates (z;,y;) = 0
belong to the exclusion set F of the toric variety X5.

In the GLSM language, the exclusion set Fy translates to some FI-
parameter b > 0 of a blown-up orbifold that excludes zeros of some set of
coordinates by the corresponding D-term constraint. For example, in C3/Z3
the only existing D-term constraint is

21| + |22)? + |23)% = 3|z|* = 0. (3.9)

So obviously, in the blow-up phase where b > 0, the coordinates z1, 22, 23
can not vanish all together. Hence the point (z1, 22, z3) = (0,0, 0) forms the
exclusion set Fy of C3/Z3. As we will see, the corresponding generators
v1,v2,v3 indeed never share a cone in the resolution of C?/Zs.

3.2.1 The Mori-cone

The relevant data of a toric variety can be compactly summarized using a
so-called (P|Q)-Matrix, in which the rows of P are the vectors v;, w; and

the a-th column of @) are the an) from (3.5). Obviously, there is still an
ambiguity left on the vectors Q. To visualize this, take for example a
(C*)? - action that acts as

).

1
(21,22, 23,91) ~ (A121, A2z2, A1 A2z, IVivia
172

This translates to the vectors Q) = (1,0,1,—2) and Q® = (0,1,1,-2).
Exact the same (C*)? symmetry can be described by renaming for example
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Al = A2 and X, = Ag. The symmetry action then would look like

/
(217 22, 23, yl) ~ (%217 )‘/2227 )‘,1237 %Z/l)
2 1
which results in Q) = (1,0,1,—2) and Q® = (—1,1,0,0).

It is convenient to choose the vectors Q@ to be the generators of the
Mori-cone C,. The Mori-cone is the space of all curves C € Xy that have
positive intersection numbers with all divisors D € Xyx. A useful result is
that the components of the generators of the Mori-cone directly give the
intersection number of the curve C, with the corresponding divisor. The
whole derivation of the construction of the Mori-cone is given in [15], but
[9] presents a nice and short recipe of how to construct it in this context:

1. Ina §peciﬁc triangulation, consider all top-dimensional cones Sy, of the
fan . Take all pairs of top-dimensional cones (S, S;) that have two
generators in common.

2. Find the minimal integer relation between the four generators of each
such pair (Sg,S;). The coefficients of the complementary generators
(S U SH\(Sk N S;) have to be positive.

3. Find the minimal integer basis of the equations obtained in 2. The
resulting coefficients are the components of the generators of the Mori-
cone.

This procedure will surely become clear when we do our first example.

Equivalence relations between the divisors can be obtained using the
intersection numbers of the divisors with the Mori-curves C,. Two divisors
are equivalent if they have the same intersection numbers with all Mori-
curves C,. The intersection number of three distinct divisors is one if the
three divisors share a cone in 3 and is zero otherwise.

3.3 Examples

Now we have got all tools at hand to locally resolve orbifold singularities
and to compute the intersection numbers of the appearing divisors. We will
now explicitly resolve the singularities of C3/Z3 and C3/Zg_.

3.3.1 Resolution of C3/Z;

The group action @ of Zz on C? reads

0 : (21, 22, 23) — (C21,C22,(23), e=( =M (3.10)
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Vs (D3)

V2 (D)

Vi (D1)

Figure 3.2: Toric diagram of C3/Z3 and the corresponding dual graph

Thus, (3-8) becomes v} +v§ +v5 =0 mod 3. In accordance with this
equation, the generators of the unresolved fan 3 can be chosen to be

v =(-1,-1,1),  w=(1,0,1), wv3=(0,1,1). (3.11)

The corresponding toric diagram is obtained by simply plotting these
points in the hyperplane (z,y,1). A connecting line of two such points in
the toric diagram then corresponds to the intersection curve of the associ-
ated divisors and a face bordered by the connecting lines of three divisors
represents the intersection point of these three divisors. The toric diagram
of C3/Z3 and its dual graph are shown in figure

In general, the dual toric diagram is more intuitive to read because inter-
section points of three divisors are also points in the dual diagram, whereas
intersection curves of two divisors correspond to curves and divisors cor-
respond to faces. We can get the dual diagram by simply requiring its
properties. This means we just have to change points into faces, lines into
lines and faces into points, preserving the combinatorial data of the original
toric diagram.

To resolve the singularity, we see that there is only one point in between
the points v; that we have to add to the generators of the fan to get a smooth
toric variety. Namely, this point is

w = (0,0,1). (3.12)

Obviously, there is only one possible triangulation. The toric diagram
of the resolved singularity and its dual graph are plotted in figure We
directly see that there are three top-dimensional cones possible, that is to
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>
>

/ Vs (Ds)

W (E) o
V3 (Dy)
Vi (Dy)

Figure 3.3: Toric diagram of the resolution of C?/Z3 and the corresponding
dual graph

say the cones generated by

St = (v1,v2,w), S = (v2,v3,w), S3=(v3,v1,w). (3.13)

To find the Mori-cone, we proceed as described in the presented recipe given
in the previous section.

1.

w

Take all pairs of top-dimensional cones that have two generators in
common;:

All the three cones S1, S5, S3 share two generators with the residual
two cones:

S1U Sy = {v1,v2,v3,w},

S1U Sz = {v1,v2,v3,w},
So U S3 = {Ul,Ug,Ug,w}.

. Find the minimal integer relation between the generators of each such

pair. The coefficients of the complementary elements (S US;)\(SkN.S;)
have to be positive.

Since all pairs of cones in 1. form the same set of generators, they

trivially lead all to the same relation

v 4+ v +v3 — 3w = 0.

Find the minimal integer basis of the equations obtained in 2. The
coefficients of each equation of this basis encode the components of the
corresponding generator of the Mori-cone.



30 CHAPTER 3. TORIC GEOMETRY

In this case, there is only one equation in 2. Hence the wanted basis
is the equation itself. This leads to the generator of the Mori-cone

C=(1,1,1,-3). (3.14)

Since the components of C' directly give the intersection numbers of the
curve defined by C' with the corresponding divisors, we can easily read off
the equivalence relations:

D; ~ Dj, E ~ -3D,. (3.15)
Therefore, the curve defined by C' can be written as
C=DE=DyFE=DsE. (3.16)

With this information at hand it is not hard to determine the possible in-
tersection numbers:

1
E3=09, D;E? = -3, D;D;E =1, D;D;Dy, = -3 (3.17)
The (P|Q) matrix is in this case

-1 -1

Pl =, |
0

0

(3.18)

The generator of the Mori-cone also encodes the C* symmetry acting on
the resolved toric variety. It is

(212223, ) ~ (21, A2, Az, 75) (3.19)
and the new blown up geometry reads
X, = (Ch{0})/C", (3.20)
3.3.2 Resolution of C?/Z_;
The Zg_; action # on C? is
0 : (21,22, 23) ~ (kz1, K22, /<;423) €=k = e2™/0, (3.21)

This directly leads to vf +v5 +4v5 =0 mod 6. A convenient choice of the
generators of the fan 3 is

o1 =(1,-2,1), wy=(=1,-2,1), w3=(0,1,1). (3.22)
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V(D)

Y

V(D) Vi(D1)

Figure 3.4: Toric diagram of C3/Zg_; and its dual graph

In figure [3.4] we see that we have to add the generators
wi = (0,0,1),  wo=(0,-1,1),  wy=(0,—21). (3.23)

in order to only have volume 1 top-dimensional cones in the resolved fan
3, which leads to a smooth toric variety X5. As can be seen in the toric
diagram, the triangulation is unique again.

We see that the generators (vs, ws), (vs, ws), (w1, ws) and (vy,vy) never
share a cone in 3. This means that the exclusion set Fs is

Fs, = {(23,92) =0, (23,93) = 0, (y1,43) =0, (21, 22) = 0}. (3.24)

To determine the Mori-cone, we have to look which 3-dimensional cones
are contained in Y. These are the cones spanned by S; = (v1,y2,y3), S2 =
(v1,92,91), S3 = (v1,¥1,23), Sa = (v2,¥2,¥3), S5 = (v2,¥2,¥1) and Sg =
(v2,y1, 23)-

The pairs of cones having two generators in common and the minimal
integer relations between the corresponding generators are

Se U S5 = {v1,v2,v3, w1}, v1 + vy + 4vg — 6wy = 0,
S5 U Sy = {v1, v, wy, wa}, v1 + V9 + 2wy — 4wy = 0,
S1US) = {v1, v, wa, w3}, v + v9 — 3wz = 0,
S3 U Sy = {v1, v3, w1, w2}, v3 — 2wy + wy = 0,
SaUS) = {v1, w1, w2, w3}, w1 — 2ws + w3 = 0,
Se U S5 = {v2, v3, w1, wa}, vz — 2wy + wy = 0,

S5US4:{v2,w1,w2,w3}, wy — 2wo + w3 = 0.
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The minimal integer basis of these 7 equations is
v +vg —2w3 =0, wv3—2w;+we=0, w —2ws+ wsz=0.
This directly translates into the Mori-cone which is spanned by

¢ = (1,1,0,0,0,—2),
Cy = (0,0,1,-2,1,0), (3.25)
Cs = (0,0,0,1,-2,1).

To see to which intersection curves these generators belong, we notice
that the generators associated to the divisors D1 Do, E1E3, D3FEs3, and D3FE»
never span a cone in f], hence all triple intersections containing these pairs
vanish. Since the intersection of C7 with D, Ds and FEj3 is nonzero, C4
can not be an intersection of one of the divisors of Dy, Dy, D3, Fy with
any other divisor. Hence, C; = EsF3. Analogously one can see that Cy =
D1E1 = D2E1 and 03 = E2D1 = EQDQ.

Divisors that have the same intersection number with all of these three
curves are equivalent. Thus we can read of the equivalence relations

0~6D + Fy 4+ 2F, + 3E3,
0 ~ 6Dy + E1 + 2E» + 33, (3.26)
0~ 3Ds3+2E; + BE».

The (C*)? symmetry of the resolved orbifold singularity can be read off from
(13.25)):

A A A
(Zla 22,23, Y1, Y2, y3) ~ ()\12;17 )\1227 )\2237 %yla %y?, %y:i) (327)

The resolved geometry is

X5 = (CO\Fg)/(C*)°. (3.28)

3.4 Global orbifold resolutions

3.4.1 Inherited divisors

In a compact orbifold, there exist further divisors that can have nonvanishing
intersection numbers with the already familiar divisors D;, which fix the
covering space coordinate z; to an orbifold fixed point z; = zfized,io, and
the exceptional divisors E. These divisors are called inherited divisors R;
and can be defined by fixing the local orbifold coordinate Z; to a constant
value Z; = ¢ # Zfiged,i,o, Where n; is the order of the orbifold action in the
i-th T2-torus. Here we have to be careful not to confuse the local orbifold
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coordinate z; with the coordinate z; on the cover. With a convenient choice
of cover coordinates the inherited divisor R; can be defined as [9]

R; = 0 {z - ekc}. (3.29)

k=1

Multiplying all these equations together we obtain z;" = ¢™ = Z;. Keeping
in mind that the ordinary divisors D;, are defined by fixing the cover coor-
dinate z; to a constant value whereas the inherited divisors fix z; = 2;"*, one
can claim the equivalence relation

R; ~n;D; 4, (3.30)

which is valid near the orbifold fixed point.
In the resolved orbifold, the equivalence relation is assumed to take the
form [9]
R; ~ niDi,a + Z ak,a,ngk,a’gm Va,1, (331)
k.By

where Ej, . g, denotes the exceptional divisors emerging from the resolution
process with some coefficients ay, o 5., depending on the singularities we deal
with.

Furthermore, one can define inherited divisors that do not fix the two
degrees of freedom of one complex coordinate z;, but fix one degree of free-
dom of two distinct coordinates z;, zj, @ # j. This is only possible if the
order of the orbifold action in both coordinates is equal, n; = n; = n. This
divisor is defined as

Ry=J{z +2) =culy! — 5! =} (3.32)
k=1

with z,ij =z + eij. It is not known how to determine the corresponding
equivalence relations (3.31)) explicitly, but they also are claimed to be [9]

Rij ~nDija+ ) thapsyErapq (3.33)
k,B,y

3.4.2 Intersection numbers involving inherited divisors

In many cases, there is a very direct way to compute the intersection numbers
between the inherited divisors R; and the ordinary divisors D, using their
definition polynomials on the cover. For example, consider RjRoR3. These
divisors are defined on the covering space as R; := {z" = ¢"}. So, RiR2R3
is simply the number of solutions of the equation system {z]"' = ¢j*, 252 =
cy?, 25 = ¢4*}, which clearly is ningns. But, since this is on the covering
space, we have not taken into account that the orbifold action # identifies
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these solutions in groups of size |G|, by which we still have to divide. This

finally yields
n1n2ng

|Gl

RiRyR3 = (3.34)
Since the ordinary divisors D; , are defined linearly on the cover, intersection
numbers involving them are simply obtained setting the corresponding n;
equal to 1. Hence

RiDj oDy 5 = (3.35)

ng
G|
Note that R; and D; ., can never intersect as well as R; does not self-intersect.
Thus, i, j, k have to be pairwise distinct.

Using the definition (3.32), one also can find such equations involving
the divisors R;;. Some of them are for example

RinjiRk = — |ZG|k, Rinijki = ﬁ7 (3'36)

where the negative sign is an effect of taking into account the change of
orientation of complex conjugation. Since R;; can only exist if n; = n;, we
can set n; = n; in the first and n; = n; = n; in the second intersection

number of (3.36)).

3.4.3 The resolution process

The global resolution in [9] was done as follows: As in the local resolutions,
a lattice N =2 Z3 has to be introduced. The basis of this lattice is this time
fi = m;e; with e; the euclidean basis vectors. The m; are € N* and must be
chosen such that they satisfy mimaoms = ningns/|G|. Then the inherited
divisors correspond to the one-dimensional cones

Ri : V; = —fl', 1= 1,2,3. (337)
The ordinary divisors D; are associated to the vectors
Vi+3 = nifi, 1= 1, 2, 3 (338)

and the exceptional divisors F; are again the lattice points that lie in be-
tween the triangle spanned by the points {vy4, v5, v6}. Roughly speaking, this
procedure continues like in the resolution of local singularities. This means
we look for possible triangulations that fulfill the fan conditions and use the
basic rule that the intersection number is 1 if the relevant divisors share a
3-dim cone in the resolved fan ¥ and is 0 else.
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3.4.4 Nonvanishing intersection numbers in 7°/Z;

Fortunately, in this example, we can go the easy way computing the inter-

section numbers using the equations (3.34)-(3.36). Without much effort we
see that

Ri1RoR3 = Ria2Ro3R31 = Ri3R32Ro1 =9,
R1Ro3R32 = RoR13R31 = R3R12Roy = —9. (3.39)

Using the equivalence relation

3
Ri~3Dia+ Y Eapy (3.40)
By=1

we get the only nonvanishing intersection number left, namely

E} 5., =9. (3.41)






Chapter 4

GLSM resolutions of 7°/7Zs
orbifolds

The T°/Zs orbifold is one of the easiest and best understood orbifolds,
which is the main reason why we focus on this orbifold here. We review
the maximal fully resolvable model for this orbifold from [7] as well as the
computation of the intersection numbers in this resolution model. After-
wards, we take a look at the minimal fully resolvable model and determine
the intersection numbers based on this resolution model, which has not been
done before in [7]. Moreover, we consider further resolution models which
lead to factorized A3 lattices before we examine a resolution model leading
to a non-factorized Fjg lattice. To this model, we depict remaining problems
we had in the computation of the intersection numbers.

We use the same notation as in [7], in particular we label the 27 fixed
points of T%/Z3 by the indices (a, 3,7) each running from 1 to 3, denoting
the the place of the singularity in the first, second and third two-torus,
respectively.

To construct a six-torus with a Zs orbifold symmetry out of our GLSM,
we introduce the superpotential Wigpys,

Wiorus = Y CaZ5; (4.1)

with the chiral superfields C, and Z,; with the charge assignment given in

table [4.1]

The F¢ -term constraints then directly give the torus defining equations
(2.17) in Weierstrai-mapped coordinates,

3 3 3
Zal + Za2 + Zq3 = Y-
As we have already seen, the orbifold-action 6 is
0 : (211, 221, 231) ~ (C211, (221, C231),

37
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Superﬁeld Zli sz ng Cl C2 C3

U(1) charges\ scalar component || z1; | 225 | 236 || ¢1 | c2 | €3
Ry 1 0 0 310 0

Ry 0 1 0 01-3]0

Ry 0 0 1 0] 0]-3

Table 4.1: Charge assignment for the construction of a T%-torus possessing
a Zs symmetry

whereas the 3-volutions o, act as

Qg : (Za17 Za2s ZaS) ~ (Zalv 422a27 Cza?))-

An exceptional gauging U(1)g_ . spares a Zs-action on the coordinates

that looks like

afBy

Oapy © (2105 2285 237) ~ (C210s (228, (237 ). (4.2)

It can be shown that these are not 3% = 27 but only 4 independent Zs actions
that can be generated by 6, a1, as and ag as

Oopy = 90/11_1045_1047_1. (4.3)

4.1 The maximal fully resolvable model

In the maximal fully resolvable model, an exceptional gauging U(1)g,,,
is introduced for each of the 27 T%/Zj orbifold fixed points. Since each
T°/Z3 fixed point locally looks like a C3/Zs3 singularity, we recall the cor-
responding GLSM resolution charge assignment, Together with the
torus-constructing fields and charges given in table we can claim the
overall charge assignment for 7°/Z3 in the maximal model by table
Performing our exceptional gaugings, we have to take care not to modify
the target space dimension. For this reason we again introduce the excep-
tional coordinates x;jx, 7,7,k = 1,...,3, one for each exceptional gauging.
As we have seen in section if 25, takes on a VEV, this leads to a
Zgz symmetry acting on the coordinates (214, 22, 23;). This is the reason to
claim equation . We see that in the maximal fully resolvable model, we
have four independent Zg-actions Zs3 op; X Z§73_V01, namely 6, a1, as and as.

The D-term constraints can easily be read off from the charge assign-
ment:

‘Zal‘z + ‘Za2’2 + ‘Za3’2 - 3‘0(1‘2 = Qq, (44)

|Zloé‘2 + |225|2 + |Z3’Y|2 - 3‘xa67‘2 = bagr,
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Superﬁeld Zli Zgj ng Cl C2 C3 Xijk
U(1) charges\ s. comp. || 2z1; | 225 | 236 || ¢1 | c2 | ¢3 Tijk
Ry 1 0 0 310 0 0
Ro 0 1 0 01-3]0 0
R3 0 0 1 0] 0]-3 0
Eopy [ dia [ 0jg | Oy [| O [ O [ O [ -3 iadjpdhy |

Table 4.2: Charge assignment for 7°¢/Z3 in the maximal fully resolvable
model

with a, a, 8 and + running from 1 to 3.

Since we performed the exceptional gaugings U(1)g,. , we have lost the
gauge invariance of our six-torus producing potential (4.1). This can be
fixed by multiplying the exceptional fields Xj;; to the fields Z,; in a proper
way. Equation then becomes

Wiorss = C1 > 23 [ [ Xign +C2 > 28, [ [ X +Cs Y 25 [ [ Xise- (4.6)
5 ik j ik K ij

This gauge invariant superpotential Wi,,s now is the source of various
F-term constraints. We denote the F-term constraints following from the
derivative of Wiorys with respect to x;jk, 24 and ¢, by injk, F, 6 and Fi,,

respectively.
The 27 Fy, ), constraints read
173 H Tigy + Cng’j H Tojy + C323; H Tapr =0 (4.7)
(B7)#(k) (e, )7 (i,k) (0, 8)#(i.)

and the 9 F}, , terms are

12 H Tigy =0, oz, chm =0, 323, Hl’aﬂi = 0. (4.8)
5»7 Oé7,y a:ﬁ

From now on, we use the shorthand notation
X = Hﬂfiﬁw Xo; = onci'y; X3 = Hwamr (4.9)
By ay a,

We furthermore find the three torus-generating constraints F,, to be
231 X1 + 255 X12 + 235 X13 =0,
25y Xo1 + 239 Xoo + 233 X093 = 0, (4.10)
Z§)1X31 + z§2X32 + z§3X33 =0.

As we have seen in the resolution of C3/Zs, the resolution of 7°/Zj3
now only depends on the value of the Fl-parameters a, and b,g, in the



40 CHAPTER 4. GLSM RESOLUTIONS OF T°/Zs3 ORBIFOLDS

D-term constraints. In general, to resolve the orbifold singularities, we need
aq,bagy > 0 Va,a,B,v, which is the blow-up phase condition. We will
analyze the phase structure a bit more thoroughly in the minimal fully
resolvable model, because there we have to deal with less Fl-parameters a
and b, which makes the discussion much clearer.

4.1.1 Divisors in the maximal fully resolvable model

In [9], three different types of divisors where imposed, which are called
ordinary (Dg;), exceptional (E,3,) and inherited divisors (R,). We now
give a proper definition of these divisors in the maximal fully resolvable
model.

Ordinary divisors

In [9], the ordinary divisors D,; are defined as divisors which fix the coor-
dinate u, of the a-th two-torus to the value of an orbifold fixed point. To
obtain a proper definition in the Weierstrafl coordinates z,;, we take a look
back on the orbifold action 8 in equation . Obviously, the fixed points
under this action should fulfill the condition (z11, 291, 231) = (0,0,0).

One could naively think that the three ordinary divisors in each two-
torus are obtained by the three solutions to z,; = 0 combined with the
corresponding torus defining equation in , like

212 X13 g

- X0 ¢ (4.11)
for the ordinary divisors in the first two-torus. But this is not the case:
evidently, these 3 solutions for k = 1,2, 3 are all identified applying the 3-
volution action a;;. Hence this can only be one out of three ordinary divisors.
This shows clearly that it is indispensable not just to look for fixed points
under the action of 8, but to search for fixed points under 6, «, and the
C*-action of the weighted projective space Pfli,l,l we are in.

This means we can go the other way around of what we did in
and write our Zg actions again as z4; — ( © Zas, @,7 = 1,2,3. We now see
clearly that the 3 - 3 ordinary divisors correspond to

Dai = {Zai = 0}, (412)

which is what we use to define the ordinary divisors in the maximal fully
resolvable model.

Exceptional divisors

The definition of the exceptional divisors in the GLSM language is easy to
give: we simply set to zero the exceptional coordinates x,g, which arise in
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the resolution process,
Eogy = {xapy = 0}. (4.13)

Inherited divisors

In contrast to the work of [9], we only consider the inherited divisors R, that
fix both the real and imaginary part of the coordinate of only one of the three
two-tori, i.e. we do not consider divisors of the type R;;. On the covering
space (i.e. the space where we have not divided out the orbifold symmetries
yet), we define the inherited divisor R, by setting the corresponding complex
coordinate u, to a fixed value u,. Since every divisor has to be invariant
under the orbifold symmetries, we have to add to the definition the image
points of 4, under the 3-volution and orbifold actions. Hence we can write

2

R, := | {ua:Ck&a+l-<_1}. (4.14)

3
k=0

The most direct way to obtain a hypersurface constraint for R, in the
Weierstrafl coordinates z,; we use goes as follows: we map the 9 points in
the a-th two-torus that make up the inherited divisor R, by mapping the
first point @,, which we call (Z41, Z42, Z43). The 8 remaining points are the
image points of (Z41, 242, Z43) under 3-volution and orbifold action, which
are given by equation (2.18)) and (2.19). Hence we can write the definition
of R, in Weierstraf} coordinates as

2

R, = (Zala Za2, 2a3) = U (Ckzala C2l2a2a Clza3) . (415)
ke, 1=0

To get the hypersurface equation for R,, we simply have to think about
how it has to look in order to reproduce the 9 points of when we
compute the intersection set with the equation that defines the a-th two-
torus in the projective space P%,l,l X ]P’iL1 X ]P’iL1 given in the corresponding

equation of (4.10).

In order to get a more handy form of our equations where we do not
have to care anymore about the C* symmetry of Pil,l’ we divide (4.10]) by

2q3 and call (%) = pg and (%) = g, to get
Xa1ps + Xazqy = —Xa3. (4.16)
We see that the orbifold action 6 and the 3-volution «, act as
0:  Pa—CPa; o (4.17)
i Pa=CPa o= (das
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on our new coordinates pg, ¢q.
Since 6 and o, form a basis of Zs actions on p, and g, a hypersurface

equation for R, in <§ a> coordinates has to reproduce all the 9 points
a

(qz> N on { (g%:) } (4.18)

in the intersection set with equation (4.16]), where p, = 2:1:,’ (o = %
The only possible equation for R, reproducing such a solution set is a

third degree polynomial in p, and qq,
Ry = {pi + Aa‘]i = Ba} ) (4'19)

with some complex constants A, and B, depending on (];a>
a

Multiplying this equation with 235, we get back our Weierstrafl coordi-
nates of the weighted projective space IP)%M, where R, reads in the maximal
fully resolvable model

Qal (aa)zg’l + Qa2 (ﬁa)zgz + Qa3 (ﬁa)223 =0, (4.20)

with some complex coefficients a,; depending on the place u, of the inherited
divisor on the covering space.

Since we want the inherited divisors R, to be fully gauge invariant, we
have to multiply the coordinates z,; in with the exceptional coordi-
nates g, on the right places. The final defining equations for the inherited
divisors in the maximal fully resolvable model then read

R, = {aalXalzgl + g2 X 2230 + a3 X 03255 = O} . (4.21)

as it was already found in [7].

Equivalence relations

From (4.21]) we can read off an equivalence relation between the inherited,
ordinary and exceptional divisors as it was done in [7]. They read

Ry ~3D11+ Y Eipy~3D1p+ Y Fagy ~3Dis+ Y Esgy,  (4.22)
By By By

and analogously for Rs, Rs.

4.1.2 Intersection numbers

In this section, we will compute the triple intersection numbers (i.e. the
number of distinct intersection points of three divisors) of the divisors we
just introduced in both the orbifold and the resolved blow-up phase.
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The orbifold phase

The orbifold phase is characterized by b,z < 0 < a,. We directly see in the
D-term constraint that the exceptional coordinates x,g, are forced to
have a VEV, hence there are no exceptional Divisors E,g, := {Zagy = 0}
possible. This means we just have to calculate the triple intersection num-
bers involving only ordinary and inherited divisors.

In principle, we can obtain all the intersection numbers of the orbifold
phase without using all the divisor-defining equations we derived previously,
we only have to think about how many points the divisors fix on the cover.
As already stated, the inherited divisors are defined by fixing 9 points on
the cover, one point and its 8 images under 3-volution and orbifold action.
Contrary, since the ordinary divisors fix one coordinate to the value of an
orbifold fixed point, they are only defined by one point (the images under
orbifold action and 3-volution would again be that point). Hence it is easy
to derive the intersection numbers by simply multiplying the numbers of
points the divisors define. After that, we only have to divide out all the
orbifold symmetries by only counting once solutions that can be identified
using combinations of € and «,. We directly get

DliDQngk = 1, DliDQjRg = 1, DliRgRg = 3, R1R2R3 = 9, (423)

fori,j,k=1,2,3.

We can also determine these intersection numbers in a GLSM way using
the F- and D-term constraints as well as the divisor hypersurface equations
we derived. In the resolved blow-up phase, this will be the only consistent
way to go.

In the orbifold phase, since all 2,3, have a VEV and since at least one z4;
for each index a has to be nonzero (see eq. (4.4), a, > 0), the F,_,-constraints
force all ¢, to vanish. The only nontrivial F-term constraints are then
F,,, ([10).

We can compute Dy;Dq; D3y, plugging in the definition Dy := {24 = 0}
into the F,, constraints and counting the number of solutions. Clearly,
we get 3 cubic equations which give 3 solutions differing by a factor of (™,
n = 0,1, 2 each. In total, these are 3-3-3 solutions which all can be identified
using the 3-volutions o, and the orbifold symmetry 6. Hence this confirms
that DuDQjD3k =1.

Next, D1;D2;R3 can be computed inserting the definitions of Dj; and
D»; in the first two equations of . Furthermore, we have a homoge-
neous third degree polynomial for R3 as the third one in and the last
equation of left over. Hence we have four homogeneous degree three
polynomials which we can intersect to obtain 3% solutions differing again by
factors of (™. Once more, these 3* solutions all can be identified using the
0 and «, actions. So as expected, we get D1; Do R3 = 1.
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For Dy;R2 R3 we end up with five homogeneous cubic polynomials, giving
3% solutions which differ by factors of powers of ¢ again. This time, since we
just have four independent Zs actions at our disposal, we only can identify
the solutions in groups of 3* each, which means that we obtain Dy; RoR3 = 3,
as we should.

Finally, for Ry RoR3, we have three cubic equations for all the R, and
three cubic polynomials out of the Fi -term constraints. So with six homo-
geneous cubic equations we naturally get 3% solutions that we can identify
in groups of 34 using 6 and «, to obtain Ry RoR3 = g—i =9.

All these triple intersections are consistent with the D-term constraints
and the phase condition b,gy < 0 < a4, as the reader can easily check
himself.

The blow-up phase

The blow-up phase is defined by 0 < bygy << a,. Since byg, > 0, the
Tapy do not necessarily have to have a VEV, so in this phase, exceptional
divisors Eagy := {Zagy = 0} occur. This is the phase where the orbifold
singularities are resolved, thus we should get the same results as in [9],
which are presented in chapter [3]

Clearly, in the orbifold phase, R, and D,; did not intersect by definition.
With the D- and F-term constraints as well as the hypersurface equations
for the divisors at hand, we can show that this remains the same in the
blow-up phase. We insert the D,; condition z,; = 0 in the corresponding F-
term constraint (4.10]) and the defining equation for R, to obtain two linear
independent homogeneous polynomials in zg’j and zZ’k for 7,k # i. We can
combine these polynomials to get the conditions

Xaj - 205 = Xk - 2 = 0, (4.24)

If one of the z-coordinates is zero, then atomatically by all the three
coordinates zq4;, ¢ = 1,2, 3 are zero, which violates the blow-up phase condi-
tion a, > 0 in . Hence R, and D,; do not intersect. There is a complete
analogous way to show that R, does not intersect with E;;;. This was done
explicitly in [7], so we will not do it again here. This directly means taking
use of that R, does not self-intersect.

Next, let us investigate R RaR3. Since R, does not intersect with Ejjp
we surely know that on the divisors R, all exceptional coordinates x4, have
to have a VEV. Thus, with the definitions of the inherited divisors (4.21))
and the F, -term constraints , we have six homogeneous polynomials
of degree three of which we want to have the intersection set. As in the
orbifold phase, these six cubic equations give 3% solutions that differ by
factors of potentials of (. Hence these solutions can again be identified in
groups of 3* by the orbifold action @ and the three 3-volutions o, we have
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in that model. Thus we get R1RoR3 = g—z = 9 as we also had in the orbifold
phase.

As we know that R, N Ejj, = { }, we can take the equivalence relations
to determine the intersection numbers involving R, and D,/;, with
a’ # a. We compute

1 1
RiRyDg; = RaRog | By =) Ejii | = g RiRaRs = 3. (4.25)
gk

Analogously, we get

R1D9; D3 = Rl% Ry — ZEkil % R3 — ZEklj = 3313233 =1
k,l k.l
(4.26)
The only intersection that vanishes in the blow-up but was present in
the orbifold phase is the intersection Dq;D;D3j: We directly see that zq; =
29j = 23 = 0 would contradict the blow-up phase condition 0 < byg, << @q,
because b;ji, = —3]wa57]2 < 0. It is nice to see that the orbifold fixed point
D1;D2jD3y, is present in the orbifold phase, but vanishes in the blow-up
phase. This is where the GLSM resolution process delivers a very intuitive
picture of how we get rid of orbifold singularities using these methods.
Next we consider intersections containing at least two different excep-
tional divisors, Ejj; and Ey i, with (4,4, k) # (¢, 5, k). Looking at (4.10)),
we see that an exceptional divisor Ejj;, sets one term to zero in each of the
three torus defining equations of . A further exceptional divisor Ej
would set to zero at least one other term in the three equations , o)
in at least one of these three equations, we get something like

Xuiz3, = 0. (4.27)

This always indicates a violation of the blow-up phase condition since in this
case we can always construct relations like

> kapybagy > Y kata, (4.28)

aBy a

with some coefficients kg, k, which are either 0 or 1. This contradicts the
condition 0 < bygy << ag, hence we conclude that there are no intersections
of two or more different exceptional divisors in the blow-up phase.

Since we know that different exceptional divisors do not intersect, we can
use the equivalence relations to compute the triple self-intersection
E%k
E}. = (R1 — 3Dy;) (Ry — 3Dy;) (R — 3Dsy,) = 9. (4.29)

2
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Superﬁeld Zli Zgj Z3k C1 C2 63 X111

U(1) charges\ s. comp. || z1; | 225 | 236 || €1 | ¢2 | e3 || 111
Ry 1 0 0 310 0 0
Ry 0 1 0 01-3]0 0
R3 0 0 1 0] 0]-3 0

| B [ 0n [0 [dm [OJOJO] -3 |

Table 4.3: Charge assignment for 7%/Z3 in the minimal fully resolvable
model

Furthermore, using (4.22)), one gets

1 1
D1iDa; EBije = ZE%,C =1, Doi B}y, = _gEgjk = 3. (4.30)

,L"j

4.2 The minimal fully resolvable model

In the minimal fully resolvable model, which appeared first in [I1], only one
exceptional gauging is needed to resolve all the 27 orbifold singularities of
T%/Z3 at once. The charge assignment is given in table where x111 is

the exceptional coordinate corresponding to the U(1)g,,, gauging.
This directly leads to the D-term constraints

’Za1|2 + |ZOL2|2 + |za3|2 - 3|Ca|2 = Qq, (4'31)

|z11|% + |221| + |231]* = 3|z111]* = b1t

The gauge invariant torus producing superpotential Wig.us looks like

Wiorss = > Ca (2510111 + 200 + 23) , (4.32)
a

hence we obtain the F-term constraint Fj,,
12}y + 2 + 3z =0, (4.33)

the F

Zai

terms are
2 _ 2 _ 2 _
CaZg1T111 = 0, Cazgy =0, Cazgz =0, (4.34)
and the torus-defining constraints Fr, read

xnlzgl + 2’22 + 223 =0. (435)
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4.2.1 Divisors in the minimal fully resolvable model

According to equation , the exceptional gauging U(1)g,,, spares only
one Zs action on the Weierstrafl coordinates z,;, rather than the four ac-
tions Z3 orbi X Z% 3.vo1 We had in the maximal fully resolvable model. This
action is the orbifold action @ in . Hence all divisors in the minimal
fully resolvable model have to be invariant under the orbifold action 6, but
not anymore under the 3-volutions ay. This leads to some necessairy mod-
ifications in their respective hypersurface equations. We will work out the
proper definitions in the following.

Ordinary divisors

An ordinary divisor fixes two real coordinates of the orbifold to the value of
an orbifold fixed point [9]. Since the only orbifold symmetry in the minimal
fully resolvable model is

0 : (z11, 221, 231) = (C211, C221,C231),

clearly, an orbifold fixed point must fulfill the condition (z11,221,231) =
(0,0,0). Hence we obtain the ordinary divisors in the minimal fully resolv-
able model by setting one of the coordinates z,; to zero. Naively, one could
have the impression that there is just one orbifold fixed point and only the
three corresponding ordinary divisors D, exist. But this is not quite right:
combining the condition z,; = 0 with the F, -term constraints (4.35)), we
obtain three distinct points for each divisor D,;, namely the three solutions
to

<a2 s Za?2 7 -

<) =-1, — =", n=0,1,2. (4.36)

Za3 Za3
This means that an ordinary divisor that is equivalent to an ordinary divisor
in the maximal fully resolvable model has to be defined by

Dyy = {Zal =0

a2 _ —g”}. (4.37)

Za3

In particular, we have to keep in mind that the number of our solutions of
the equation system with the torus defining equations and the hyper-
surface constraints z,; = 0 will be raised by a factor of 3 for each ordinary
divisor involved in the triple intersection number we compute. The reason
for this is that by setting z,1 = 0, we actually compute the intersection with
Uizo D, rather than with D,,,.

Furthermore, we will see that in the minimal fully resolvable model, the
conditions z,2 = 0 and 2,3 = 0 do not define an ordinary, but an inherited
divisor!
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Exceptional divisors

Since the orbifold symmetries never affect the exceptional coordinates, the
definition of an exceptional divisor is in every model simply given by setting
the associated exceptional coordinate to zero. Hence in the minimal fully
resolvable model, we only have one exceptional divisor,

Ey11 = {x111 =0}. (4.38)

Inherited divisors

To find a proper hypersurface equation for the inherited divisors R, in the
minimal fully resolvable model, we proceed analogously as we did in the
maximal fully resolvable model.

On the covering space, the inherited divisor R, is again defined by setting
the coordinate u, to some fixed value u, = 7, nonequal to an orbifold fixed
point. Once more, we want our inherited divisor to be invariant under all the
symmetries our resolution model possesses. Since there is just the orbifold
action 6 in this model, the inherited divisor is now defined by only three
points on the cover rather than nine as it was in the maximal model. These
three points are the point u, = 4, and its two image points under 6 ,
hence R, is defined by

R, = {ua = O <kaa} . (4.39)

k=0

To transform this definition to the Weierstrafl coordinates z,;, we simply
call (Z41, Za2, Za3) the mapped point of @, and add the image points under
the orbifold action # as it acts in these coordinates. We then obtain

2
R, = {(Zala Za2; ZaB) = U (Ckgala Za2s 2a3)} : (4‘40)

k=0

To get a hypersurface equation for R, in the projective space of our Weier-
strafl coordinates, we simply have to think about how such an equation has
to look in order to reproduce the three points that define R, in when
we intersect it with the corresponding F. -term constraint in (4.35)).

Since is cubic in all z,;, we necessarily need a linear equation
for R, in order to get three solution points in the intersection set of both
equations. To see this, we use the coordinates p, = %, Qo = %I’ to get rid
of the C*-symmetry. Then becomes

Py + 4y = —111. (4.41)
Clearly, the orbifold action 8 acts as

0: Pa = CPas qa — Cqa (4.42)
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on the coordinates p,, q,. Hence, we need to find an equation that has the

intersection set )
a) k ﬁa
(o) = UL ()] =

with equation (#.41]), where p, = 222, §, = 223, Such an equation necessarily
has the form

Aa2Pa + Aa39a = O> (444)

with some complex constants aq2, aq3 depending on <§a Eg“;) . We multiply
a a

this equation by z,1 to get the hypersurface constraint for R, in Weierstrafl

coordinates,

Ra = {aag(ﬁa)zcg + aag(ﬂa)zag = 0} . (4.45)

We see that, as already mentioned, the constraints z,2 = 0 and z,3 = 0
indeed correspond to an inherited divisor R,, namely the one where either
aq3(Ug) = 0 or age(t,) = 0, respectively. An inherited divisor with agze = a3
forces z41 = 0 in the orbifold phase and hence corresponds to Ui:o Dgy,.

There is another way to see that the inherited divisors in the minimal
fully resolvable model have to be homogeneous linear polynomials. It is
analogous to the way used in [7] to show that the inherited divisors in the
maximal fully resolvable model are given by cubic polynomials.

It goes as follows: from the Weierstrafl mapping we see that

Ya = PaVa (446)

. —3/2 ¢/ (ia s~ . . . .. .
with p, = € / % for some point u,. Since this equation is invariant

under Z3 orpi, it is valid for all the three points within the union of (4.39)), so
it can be seen as the hypersurface constraint for R,. We take the relations

V3

Ya = %(zaQ - Za3)7 Vg = 2_2/3(2(12 + za3) (447)
to write (4.46) in the form

(Pa(tia) — 1)za2 + (Pa(ta) + 1)23 = aa2(ta) 202 + aa3(Ua)za3 = 0,  (4.48)

which exactly reproduces the equation found in (4.45|).

Equivalence relations

In order to get an equivalence relation between D,;, R, and E, we combine
the definition (4.45)) of R, with the always valid torus-equation (4.35)) to get

3
Inlzgl + (1 - <Za§) ) 222 =0. (449)
a,
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From the first term we read off the equivalence relation
Ry ~ 3Dg; + En11. (4.50)

The root of the second term would set z,5 = 24,3 = 0 and thus would lead
to the same equivalence relations after a short calculation.

4.2.2 Intersection numbers in various phases of the minimal
fully resolvable model

In [7], a thorough analysis of the various phases of the minimal fully resolv-
able model was given, so we will not redo that here. What was not done
before is the computation of the intersection numbers in any of these phases
of the minimal fully resolvable model, so we will focus on that in this section.

To simplify our life in the following, we set the Fl-parameters a, all to
the same value, a, = a. Furthermore, we use a more compact notation and
call b111 = b and x111 = . The whole set of D- and F-term constraints then
reads

2a1|* + |za2]? + |2a3]* — 3|cal? = a, (4.51)
|z11 |2 + | 201 |* + |231)% — 3|z|? = b, (4.52)
12y + a2y + 3z =0, (4.53)

CaZol® = CaZgy = CaZay = 0, (4.54)
w23+ 23+ 23 =0, (4.55)

So effectively, we only have the two parameters a,b that determine the
whole phase structure of our resolution model.

A preliminary remark on the inherited divisors R,
With (4.45) and (4.55)), we can replace the modulus of the coordinate |z |
by

3 (aa2/aa3)3 -1 ) |Z 2‘ |3 (aa3/aa2)3 -1
At At A— w2l = At e A—

. . 4.56
: : 2l (4.56)

|za1] =

Hence we can write equation (4.51)) as
x

<l Nawr/aw)® — 11 |(ausjam)® 1

= F(aq2, aa3,$)|za1|2 - 3|ca|2 =aq.

2/3

2/3
)pﬂﬁ—3%ﬁ— (4.57)

So, for the intersection of R RsR3 we get a constraint like

a + 3cql? 9
——— —3lz|* = 0. 4.58
Z F(aa2aaa3yx) | ‘ ( )
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Phase Dimension Dg; R, E

a,b<0 0 triv. | nonex. | nonex.

b<0<a 3 ex. ex. nonex.
O<b<a 3 ex. ex. ex.
0<a<b<2a 3 ex. ex. ex.
0<2a<b<3a,c1,c0#0,c53=0 1 Ds,,, R3 triv.
0<2a<b<3a,cg=0Va 3 ex. ex. ex.
0<3a<b,cqg#0Va 1 nonex. | triv. triv.
0<3a<b,cr,c0#0,c5=0 1 D3n3 R3 triv.

Table 4.4: Resolution phases in the minimal fully resolvable model and
their target space dimension. The existence of the divisors Dg;, R, and
FE is specified, whereas triv. means that the corresponding hypersurface
constraint is fulfilled trivially. In two phases, only the divisors Ds3,,, and R3
are nontrivial.

Hence, for given ranges of a and b in a specific phase, it depends on the
value of the exceptional coordinate x and on the location of the inherited
divisors R, encoded in a,o and a,3 if there is an intersection or a violation of
the phase condition. The latter would mean that no intersection is possible,
which is a rather surprising fact. One can easily generalize the constraint
to intersections involving both inherited and ordinary divisors: for an
ordinary divisor Dy, , one just has to leave out the a’-term in the sum over
a.

In our computation of intersection numbers in the following, we will only
consider divisors that fulfill this condition, so we do not have to care about
it anymore.

a,b < 0: The non-geometric regime

In this phase, all the ¢, and x have to be nonzero. Hence all z,; are forced to
be zero, z,; = 0 Va,7 = 1,2,3. So the target space collapses to a single point.
Exceptional and inherited divisors are obviously nonexistent in this phase,
whereas the ordinary divisors D,, are part of the target space geometry.

b < 0 < a: The orbifold phase

Since b has to be negative, we see on the D-term constraint that x
has to have a VEV, hence no exceptional divisors are possible.

For R; R R3, we combine the R, hypersurface equations with the
F¢, -term constraints to obtain 3 - 3 - 3 solution points that differ by
factors of potentials of ¢ on the z,; coordinates. Hence we can identify these
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solutions in groups of three using the orbifold action 6. The intersection
number R;RsR3 then reduces to R1RoR3 = % = 9, as we have already
found in the orbifold phase of the maximal fully resolvable model.

Computing Ry R2Ds3,, we use the hypersurface constraint z3; = 0 for
D3, keeping in mind that we thereby actually compute R Rs (Uizo D3n>.
Thus, we have to divide our solution by a factor of 3 afterwards. Intersecting
the hypersurface equations of the divisors with the torus defining constraints
(4.55)), we get 3-3-3 = 27 solutions. Again, we can identify these solutions in
sets of 3 taking use of the orbifold action 8. Hence, Ry Ro D3, = % . 3%—3 =3,
as we have expected from the maximal fully resolvable model. Analogously,
we get Ry Doy, D3y, =1 and Dyy, Doy, D3p, = 1 as we should.

0 < b < a: Blow-up phase I

Here, the D-term constraints forbid the sets of coordinates {za1, za2, a3},
{z11, 221, 231} and {z, 242, 243} to vanish. This directly implies that ¢, = 0
Ya.

Since (211, 221,231) # (0,0,0), all the orbifold fixed points have disap-
peared, hence this phase is fully resolved. This includes that D1,,, Doy, D3p, =
0.

Again we see that R, does never intersect with D,,, because this would
set {2za1, 242, Za3} to zero, which is not allowed in this phase. Furthermore,
an intersection of F with R, would lead to b > a, hence they do not intersect
either.

Assuming that the following inherited divisors are chosen such that they

fulfill (4.58)), we again get

RiRsR3 =9, R1Ro D3y, = 3, R1DapyD3py = 1. (4.59)

We can make use of the equivalence relation (4.50) to determine the
intersection numbers involving FE,

D1;Do;E =1, D, E? = -3, E3=09. (4.60)

As already shown in [7], the blow-up phase I has a sharp upper bound on
the value of b. Considering the intersection curve of two ordinary divisors,
let us take Dy, and Day,, we get

a—b=|z3* + |2z33]* + 3[z[%. (4.61)
We see that this is impossible for b > a. Hence b = a marks the limit

where on the one side (b < a) the curve Dy, Da/n; , a # da’ exists whereas it
vanishes on the other side (b > a). This leads us to the next phase.
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0 <a<b< 2a: Blow-up phase 11

The first thing we check is if the coordinates ¢, vanish again. If we consider
that only one ¢,, for example ¢, is nonzero, we immediately see that
forces z11 and forces z12 and z13 to be zero. Hence a would be negative,
which is not allowed. Also, it is impossible that all the three ¢, are nonzero
for b < 2a: if they would, we could write b = 3a + Y, |cq|> which would
mean that b > 3a. Furthermore, for only two of the three ¢, being nonzero
(e.g. c1 and c3), we would get b = 2a + 3|c1|? + 3|e2|? + |231/* > 2a, which
is the reason why we set the upper bound of the present phase to b " 2a.

As we have found out a few lines above, intersection numbers with more
than one ordinary divisor are forced to vanish in this phase.

For inherited divisors satisfying , we find the nonvanishing inter-
section numbers

RiRyR3 =9,  RyRyDs, =3. (4.62)

To obtain the intersection numbers involving the exceptional divisor E, we
use the equivalence relation (4.50)) to see that

RiRyF =0, R1DyE = 3, Dy E? = -3, RE? =0, E?=09.

0 < 2a < b < 3a: The critical blow-up phase

This phase branches in two components that differ by their dimensionality.
As we have seen in the discussion of the last phase, either all the ¢, are zero,
or two of them are nonzero. We start with the latter case.

The case ¢; and ¢y # 0, ¢3 = 0:

In this case, z19 = 213 = 299 = 293 = 0. The remaining F-term constraints
are

230 + 235 = 0, c123) 4 cazs) = 0. (4.64)

Hence, the target space dimension becomes d = 9—4—2—1—1 =1, so triple
intersection numbers do not make any sense anymore here. Already a single
divisor intersects with the target space to give distinct solution points.

Because of 219 = 213 = 209 = 293 = 0, a = |211]* — 3|c1|? = |221]* — 3|e2|%.
Thus, the ordinary divisors Dy,, and Da,, do not exist here. Besides, x =0
has to be always fulfilled so F does not give any further constraint.

Furthermore, the hypersurface equations for Ry and Ro are triv-
ially fulfilled since z42 = 2,3 = 0. So the only existing divisors in this phase
are D3, and Rs.

The Rs3-defining equation asszss + asszss = 0 intersected with the first
equation in leads to z39 = 233 = 0. Hence the only nonvanishing
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coordinates are 211, 291, 231. Since we just have one single nonvanishing co-
ordinate in each two-torus, their moduli are fixed by the D-term constraints
to a nonzero value. Their U(1) phases are physically identified, so we con-
clude that there is only one intersection point of Rs with the target space.

For Ds,, we set z31 = 0 so that 211, 221, 232, 233 are the only nonzero
coordinates. As argued above, the values of zy; and zo; are fixed by the
D-term constraints, so we only have 239, z33 and the first equation in
left over. The intersection number of Uzzl D3y, is then given by the number

3

of solutions to % = —1, which is 3. So the intersection number of one
33

specific D3, with the target space is also 1.

The case ¢, =0Va=1,2,3:

In this component, we get back the D- and F-term constraints we already
know from the orbifold- and the blow-up phases I+11,

12a1|? + |2a2|* + |2a3]* = a, 1211 + 2212 4 |231 )% — 3|z|* = b,

33221 + 222 + 223 = 0,

hence we also have the same target space dimension, d = 3. Since b > a, it
is impossible to have intersections with two ordinary divisors, as we already
argued in blow-up I+1II. Thus, we get all the same intersection numbers as
in blow-up phase II.
If we sum up the three D-term equations for a and substract the one for
b, we get
30— b= (za2” + |2as|’) + 3|z[>. (4.65)
a
This means that b can not grow bigger than 3a, so b = 3a marks the upper
bound of this phase.

0 < 3a < b: The over-blow-up phase

In the over-blow-up regime, at least two ¢, are forced to be nonzero to avoid
phase contradictions. This directly entails that since a > 0, the exceptional
coordinate x has to vanish. Hence the exceptional divisor F¥ does not estab-
lish a further constraint.

The F- and D-term constraints are truncated to

3 3 3 2 2 3 3
C1211 + c2251 + 3231 = 0, CaZgn = CaZy3 = 0, Zyo + 253 = 0,
(4.66)

\Za1|2 + |za2|2 + |Za3|2 - 3|Ca|2 =a, |211|2 + |Z21|2 + |231|2 =b.

This phase also splits in two branches:
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The case where all ¢, # 0:

In the second equation in (4.66)), it is easy to see that in this component,
Za2 = 2q3 = 0, a = 1,2, 3. Thus,

1za1|* — 3|ca]? = a. (4.67)

Since a > 0, z41 is not allowed to be zero, which means that there are no
ordinary divisors present. Furthermore, the hypersurface constraint for the
inherited divisors R, := {aa2242 + @a32a3 = 0} is trivially fulfilled. Hence
we can not give any intersection number here.

The case where ¢, = 0, ¢,z # 0:

Assuming that c1,co # 0, c3 = 0, this phase leads to exact the same con-
straints as in the c¢y,co # 0, ¢3 = 0 case of the critical blow-up regime,
equation . Again, the only existing divisors in the one-dimensional
target space are R3 and Dsy,,. For values of z4 that are in accord with the
D-term constraints, we infer the same intersection numbers as in the corre-
sponding component of the critical blow up phase, R3 = 1 and D3, = 1.

One could say that the phase transition between critical blow-up and
over-blow-up does not happen in the ¢, = 0, ¢,z # 0 component, but
occurs between the two other components.

4.3 A fully resolvable model with the exceptional
coordinates 711,211 and x31;

In this section, we discuss a further fully resolvable model with three excep-
tional gaugings U(1)g,,,, U(1)Ey,, U(1)Es,,- We take an analogous charge
assignment as in the last two sections which can be read off from table
for the fields we introduce in this model. The gauge invariant superpotential
Wiorus that reproduces the torus constraints has the form

3 3
Wiorss =C1 Y Z5Xm +Co | [[ 125+ 23 | + (4.68)
i i=1 =2

3 3
+Cs [ [Txmzs + 25
i=1 =2

We get the D-term constraints

|2a1|* + |2a2]” + [2a3]* = 3cal* = da, (4.69)

|215]? + |221 )% + |231]% = 3|zi11]? = bit, (4.70)
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with a,i = 1,2, 3.
As before, the F-term constraints are obtained by taking to zero the
derivatives of Wigus With respect to the scalar components of the chiral

superfields involved. We get the three constraints Fy,

clzi’i + szgl H Tj11 + ngg’l H Tj11 = 0, 1=1,2,3. (4.71)
J#i J#i

Taking the derivative %Wtorus, we get the nine F), ;-constraints

i

2 2 2
c121;%i11 = 0, cozy; =0, c3z5, =0, (4.72)
3 3
2 0 2 N
2291 i1l =Y, 3231 Ti11 = 0.
i=1 i=1

fori=1,2,3 and 5,k = 2, 3.
The F,, -terms read

T11125) + 211259 + 1311255 = 0, (4.73)
H$i11221 + 23, + 23, =0, a=2,3. (4.74)

(2

4.3.1 Divisors in the L1115, 2211, T311 model

In accordance with equation (4.3)), we get the symmetry actions for this

model,
0111 =0, 0211 = o, 0311 = 0a3. (4.75)

We see that the actions 6 and oy form a basis of all the Zs actions we
have around. Since the free action «; acts in only the first of the three
two-tori, we obtain a factorized Ay x As x As lattice. Once more, these
symmetry actions have consequences on the definition of the divisors we
consider: they all have to be invariant under # and «;. In general, the
hypersurface constraints are the ones of the maximal fully resolvable model
for divisors of the first two-torus and those of the minimal fully resolvable
model for divisors that constrain coordinates of either one of the second two
two-tori.

Ordinary divisors

In the first two-torus, the orbifold action 6 is present as well as the 3-volution
1. Furthermore, we can use the C* symmetry of the weighted projective
space we are in to form a complete basis of Zz-symmetries acting on the
coordinates z1;, ¢ = 1,2,3. As in the maximal fully resolvable model, we are
free to change our basis of Zs-actions such that they act on the coordinates
as

(211, 212, 213) — (C'211, {219, CF213), (4.76)
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where there is no further dependency between i,j,k € {1,2,3}. In this
form, it is obvious to see that the orbifold fixed points in the first two-torus
correspond to z1; = 0, which is what we use to define the three ordinary
divisors of the first two-torus:

Dli = {Zli = 0} . (477)

However, in the second two two-tori, the situation is different. We have no
3-volutions acting there, so for an orbifold fixed point it is indispensable that
291 = z31 = 0. Hence it is necessary for each of the three ordinary divisors
of each of the last two two-tori to fulfill the condition Dgy,, := {zq1 = 0},
a =2,3. As in the minimal fully resolvable model, this directly means that
the condition z,1 = 0, a = 2,3 does describe Ui:l D, rather than D, as
it was in the maximal fully resolvable model. To pick one ordinary divisor
out of the union of these three, we have to combine the condition 2,1, a = 2
or 3, with the F,_ -term constraint to get

fa2_ A [ =0,1,2. (4.78)
Za3

The ordinary divisor Dy, a = 2,3 now is defined by

Dyp :={21=0|n=n—1}. (4.79)
Thus, in this model, it is important for the definition of divisors to keep in
mind in which of the three two-tori we are.
Exceptional divisors

As already mentioned, the exceptional coordinates are never affected by
the symmetries that act in the orbifold. Hence in the present model, the
exceptional divisors F;11 are simply defined by

Ei11 = {xi1n =0} . (4.80)

Inherited divisors

Because of the 3-volution v, the inherited divisor R; that fixes the coordi-
nates in the first two-torus is defined by

2

Ry = U {ul = Ckﬂl +1- C_l} ) (4.81)

3
k=0

Hence it can be shown in a complete analogous way as in equations (4.14)
- (4.20)) that R; is a homogeneous cubic polynomial in the coordiantes zy;,
i =1,2,3. The gauge invariant form is given by

a1 (1) z11123) + a12(l1)T211 25 + a19(ti1) 2311255 = 0, (4.82)
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with some coefficient functions a1; depending on .
On the other hand, since the divisors Ry and R3 need not to be 3-volution
invariant, they are defined on the covering space as

Ry = O {ua - gkaa}, a=2,3, (4.83)

k=0

which, according to equations (4.39)) - (4.45]), translates in Weierstrafl coor-
dinates to

Ry := {aa2(lg)za2 + aq3(lg)2zq3 = 0}, a=2,3. (4.84)

So, as for the ordinary divisors, in the first two-torus the inherited divisors
are defined as in the maximal fully resolvable model, whereas in the other
two two-tori they are defined as in the minimal fully resolvable model.

Equivalence relations

From equation (4.82)) we can directly read off the equivalence relations
Ry ~3D11 + E111 ~ 3D19 + E911 ~ 3D13FE311. (4.85)

For equivalence relations involving Ry and Rs3, we again have to combine
their hypersurface constraints (4.84)) with the torus defining equations (4.74))
to get

mezi’l + (1 — %2> 222 =0, a=2,3. (4.86)
i Aq3

From this we get the equivalence relations

R, ~3Dai+ Y Eqi,  a=23. (4.87)

1

4.3.2 Intersection numbers

As in the maximal fully resolvable model, we confine ourselves to intersection
numbers of the orbifold- and blow-up phase 0 < b << a, where the orbifold
singularities are resolved.

4.3.3 The orbifold phase

The orbifold phase is characterized by b;11 < 0 < a,. As we have already
seen, this forces the exceptional coordinates x;11 to be nonzero, hence there
are no exceptional divisors Fj1; := {x;1; = 0} present in this phase. Thus,
we can only compute intersection numbers involving ordinary and inherited
divisors. Once more, the D- and F-term constraints force all ¢, to vanish
in the orbifold phase, so the only nontrivial F-term constraints are ,
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(4.74). These are the constraints that we have to intersect with our divisor
hypersurface equations. The number of distinct solutions to the emerging
equation system is the intersection number of the corresponding divisors.

The torus-defining equation of the first two-torus has an inter-
section set of 9 and 3 points with R and Dy; , respectively.
Using the 3-volution a7, these points are identified in groups of 3, so that
the intersection number of R; with the first two-torus equation reduces to
3 and to 1 for the ordinary divisor Dy;.

In the other two two-tori, the intersection numbers of the divisors with
the torus constraints are also 3 and 1 for the inherited and ordinary
divisors, respectively. However, the reason for that is another: since there
is no 3-volution around, the inherited divisors are linear polynomials in 242
and z,3, as in (4.84)). Hence the intersection set of this linear polynomial
with the cubic polynomial of directly leads to 3 solutions. Intersecting
(4.74) with the necessary condition z,; = 0 of the ordinary divisor D,,, we
firstly get 3 solutions. But, as already mentioned, this corresponds to the
intersection of the two-torus with Uiazo Dy, , hence we have to divide by
3 and obtain 1 again.

To get the triple intersection numbers, we simply have to multiply these
numbers of solutions and divide by 3 afterwards to consider the Zs-orbifold
action. Hence we get again

3-3-3 3-3-1
RifpRy = "5 =9, RiRyDan, = >5— =3,  (489)
3-1-1
R1Dop, D3py = 5 = 1, Dipy DopyD3py =1-1-1=1.

The last intersection number, D1y, D2y, D3y, has not to be divided by 3 for
the orbifold action, since this intersection corresponds to an orbifold fixed
point.

4.3.4 The blow-up phase

The blow-up phase is determined by 0 < ;11 << aq. The D- and F-term
constraints - again force all ¢, to be zero. Since b;17 > 0,
exceptional divisors Ej11 := {11 = 0} are allowed. It is easy to show that
an intersection of an inherited divisor R,;, a = 1,2,3 with an exceptional
divisor Fj;i1 is impossible because this would lead to a phase contradiction
of the form b;11 > a,.

We can compute the intersection numbers involving R, a = 1,2,3 and
Dy in exact the same way as we did in the orbifold phase and obtain
the same results as in , with only one exception: the intersection
D1; Doy, D3y, vanishes in the blow-up phase since this would contradict the
phase condition b;11 > 0. Here we see again that the orbifold has been
resolved, because Dy;Day,, D3y, corresponds to an orbifold fixed point which
is present in the orbifold phase, but vanishes in the blow-up phase.
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By use of the linear equivalences (4.85)) and (4.87)), we get the intersection
numbers of the exceptional divisors,

El?)ll =9, Dy; Z E]zll = DanaEinl = -3, (489)
J

D1 Dgp, ZEjll = Dop, D3y Einn = 1, a=2,3.
J

4.4 A non-factorized orbifold resolution model

The last model we discuss is the most subtle one: We consider a fully resolv-
able model with the exceptional gaugings U(1)g,,,, U(1) £y, and U(1) gy,
and the corresponding exceptional coordinates 111, 222, £333. According to
, this model possesses the symmetry actions

0111 =0, 000 = Bayanars, 0333 = 9&%05%04%. (4.90)

It is easy to see that the two independent actions 6 and ajasas form a
basis of these symmetries. Since the 3-volution action ajasas operates in
all three two-tori simultaneously, we clearly do not have a factorized A%
lattice anymore.

We try to go the naive way here, which means we define all our divisors
such that they are invariant under the actions of . On the covering
space, this means that the inherited divisors R, are defined by union over
the nine points

’ k ¢—1
R.:= {ua—g“ua—i—l 2 } (4.91)

k,1=0

Hence on the cover, the intersection Ry RsRs has 9-9-9 = 36 distinct points.
Using the orbifold- and 3-volution action of , we can identify these
points in groups of 9, so we get the intersection number Ry RoR3 = 3—2 = 81.
This is completely in contrast to all the other models we considered so far,
where we always had R;RoR3 = 9.

This conflict can be solved as follows [13]: first, we have to determine a
refined torus lattice that contains the shift oy aocvg as a lattice vector. Then
we redefine the fundamental domain of our orbifold to be the parallelepiped
spanned by the lattice vectors of the refined lattice. Finally, we count how
many branches each of our divisors has under the actions within this
new fundamental domain. We multiply them and divide out the size of
the symmetry group defined by as we identify points that differ by
combinations of 8 and ajasas.
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4.4.1 The torus lattice of the x111, T222, 333 model

The A3 lattice of the resolution models of T°/Z3 we treated so far is given
by [7]

=
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since we have chosen our two-tori to be spanned by 1 and the fixed complex

structure ¢ = —% + @z To get the refined lattice that fits to our model,
the vector of the 3-volution action ajagas has to be included to the torus
lattice. Since aqasag acts as

1 V3

Ug ~ Ug — 5 + ?Z, a = 1, 2, 3, (492)
the new lattice vector is
1
Carazas = 3 (e2—e14+es—e3+es—es5). (4.93)

So we get the new lattice é; [7]

. . N 1
é1 = e3 + ey, €y = —ey, és3=—(ex—e1+es—e3+es—es)

3
(4.94)
€4 = —eg, é5 = e5 + eg, €6 = —e2.
Note that each of the old lattice vectors e; can be written as an integer
relation of the new lattice vectors é;.
A well-defined orbifold lattice has to be invariant under the orbifold

action. This means that the lattice vectors of the refined lattice have to
satisfy the relations [7]

9
€2q—1 — €2a, (4.95)
9
€2q — —€2q4 — €241, a=1,2,3.

Demanding this to our lattice basis é;, we end up with the final refined
lattice vectors é; for this model [7]:

€1 = e3, €9 = ey, é3 = 3 (—e1+ex—e3+es—es5+es), (4.96)
- 1 . _
€4 = —§<61+2€2+€3+2€4+€5+2€6>7 €5 = €5, €6 = €6.

By computation of the Cartan matrix A,,, = 2%, we can classify
this lattice to be an Eyg Lie-lattice.



62 CHAPTER 4. GLSM RESOLUTIONS OF T°/Zs3 ORBIFOLDS

4.4.2 The new fundamental domain

We choose the parallelepiped spanned by the vectors €;, ¢ = 1, ..., 6 to be the
fundamental domain of the orbifold we are investigating. This fundamental
domain can be parametrized by

6
1
TJ%G = {Z xie; + gyl(—el +eg—e3+eq—e5+ep) (4.97)
i=3

1
— gyg(el +2e9 4+ e3+2eq +e5+2¢e5) | 0 < mi,y1,y2 < 1}.

An inherited divisor R, fixes the cover coordinate u, to some value 4, hence
we have to give a mapping from the coordinates z;,y1,y2, ¢ = 3, ...,6 back
to the cover coordinates u, in order to parametrize the fundamental domain
Tgﬁ in the coordinates u,. This mapping is given by

1 V3
uy SU1 T ¢ i(y1 — 2y2),
1 1 V3 1 2
— oy — —mg — 1y + L2 Sy =2 4.
ur=T3— T4 Gt Z(96‘4—1-33/1 3y2)a (4.98)

1 1 V3. 1 2
us =5 = 56 — Y1+ 71(%’ +3u - §y2).
Plugging in the extremal values for z; and yi, y2, we can read off the ranges
of the coordinates ug:

1 3 3
—5 < Re(uy) <0, —\g <Im(up) < \6[’
3 2v/3

1< Re(us) < 1, —‘3[ < Im(up) < Sf (4.99)
3 2v/3
—1 < Re(us) < 1, —\3[ < Im(ug) < \3[

It is important to note that the fundamental domain Tgﬁ is not given by
the cuboid spanned by the ranges of the complex coordinates u,, because
the coordinates y;,y2 appear in each coordinate u,. Nevertheless, an in-
herited divisor R, can fix the coordinate u, to any value in between its
coordinate range (the orbifold fixed points excluded). However, it might
happen that the intersection of the inherited divisors does not lie in the fun-
damental domain ng anymore. These intersections can be mapped back to
the fundamental domain using the torus vectors. As we see in figure
such intersection points become identified with already existing intersection
points within the fundamental domain.
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range U,

A

range u,

>

L L
l.:la l':Ia' ua

Figure 4.1: Two (real) inherited divisors R, Ry, in a (real) two-dimensional
torus T2. We see that the divisor R, splits in two parts, which is why we
get two intersection points A, A’ that differ by the torus lattice vector e;.
Hence these two intersection points A, A’ are identified, A ~ A’.

4.4.3 The branch counting

First, we look how many 3-volution branches each inherited divisor R, has
within its coordinate range given in (4.99). Afterwards, we see which of
these branches can be identified using the torus lattice vectors.
The 3-volution acts as
V3

1
Qoo : Ug —> Ug — 5 + ?i, a=1,2,3, (4.100)

so we directly see that R; can only have one single 3-volution branch: the
range of the real part of u; only has the length %, so there can not be
any further 3-volution image of R; within the fundamental domain we have
chosen, because the action ajasas already shifts the real part by —%. To
count the 3-volution branches in the second and third two-tors, we look at
figure We see that in these two-tori, each inherited divisor has three 3-
volution branches. This has its reason in the fact that the action of ajasas

in the 2. (3.) two-torus satisfies the equation

_3
3(0[10[20[3)(1 == <> == ( ) - ((1]> — €2q — €2q—1, a = 2,3. (4101)

MS

wWno!

M‘% |
W —
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A Im(u, 3)
(2/3)3"2i
X X
X X
‘ \
-1 E x| 1 >
€2a Re(uy3)
X X
* €2a-1
L(312/3)i

Figure 4.2: One inherited divisor Ry 3 in the coordinate range of the sec-
ond/third two-torus and all its 3-volution branches. Points that are coloured
the same can be identified using the torus lattice vectors. As we see, we have
3 distinct 3-volution branches (one for each colour).

Hence every third 3-volution can be expressed by an integer relation of the
lattice vectors eg,, €2,_1, so there are three independent 3-volution branches.

Next we investigate how many orbifold action # branches there are of an
inherited divisor within the fundamental domain we have chosen. We
see in that the orbifold action 6 always maps points from the inside
to the outside of the fundamental domain. But, we can use the lattice
vectors €1, éa, €5 and €g to shift them back to the fundamental domain we
defined. The lattice vectors é3,é4 can not be used to shift points back to
the fundamental domain since they would induce a coordinate shift in the
other two two-tori, which is not allowed. Hence, we get a single orbifold
branch in the first two-torus, whereas we have three of them in the second
two two-tori.

We can multiply the number of branches to get the intersection number
1-3-3-1-3-3 = 3% on the cover. Dividing out the orbifold- and 3-volution
action 0 and ajasas, we get

1-3-3-1-3-3

Ri1RoR3 = 3.3

9, (4.102)

as we already had in the other resolution models on a factorized A3 lattice.
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Conclusion

5.1 Summary

We considered the six target space extra dimensions of superstring theory
to be compactified on an orbifold or rather a smooth Calabi-Yau resolution
space thereof. Such a resolution space can either be obtained using toric
geometry (described in chapter 3| furthermore in [9], [12], [16]) or by means
of a Gauged Linear Sigma Model (GLSM) [7]. In particular, we focussed
on GLSM resolutions of the T%/Z3 orbifold. We considered the underlying
six-torus to be factorizable as T® = T? x T? x T%. As we knew from [7], such
six-tori 76 can be described as the intersection set of three elliptic curves
in a toric variety X (X = P? x P? x P?), one curve for each two-torus.
In a GLSM setting, the hypersurface equations of these elliptic curves can
be recovered as the roots of the derivatives of a superpotential Wigus with
respect to the scalar components of some superfields C, (the so-called Fi, -
term constraints).

By introduction of exceptional coordinates x at appropriate places and
a gauge fixing of their phases (if they are nonzero), we got back the symme-
try actions of the orbifold of the resolution model we chose. We saw that
different resolution models in general lead to different symmetries acting in
the orbifold. In detail, there are free symmetry actions, called 3-volutions
g, that are not present in every resolution model.

This had important conseugences on how one has to define the equations
of the complex codimension 1 hypersurfaces in 7% /Zs called divisors, because
each divisor has to be invariant under all symmetry actions the orbifold
possesses. As we computed the intersection numbers of three such divisors
in each resolution model anew, we observed that they do not depend on the
resolution model chosen.

In contrast, using the so-called minimal fully resolvable model, we saw
that the intersection numbers may change varying the FI-parameters of the
resolution model from one specific interval to another.

65
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Furthermore, we saw in section that there are resolution models that
lead to non-factorized torus lattices, i.e. we do not have a six-torus that is
writeable as T¢ = T2 x T? x T? anymore. In such resolution models, the
usual GLSM fashion we used to compute intersection numbers breaks down.
This seems to be in correlation with the fact that the Weierstrafl mapping
described in section [2.1.1] can only be generalized to six-tori that can be
factorized as 7% = T2 x T? x T?, which is not the case in Anyway, using
another reasoning, it was possible to compute an intersection number in a
rather extensive way without using any GLSM methods.

5.2 Outlook

We were only able to compute intersection numbers in a GLSM way using
resolution models that lead to factorized six-tori. A consistent way to com-
pute intersection numbers even for non-factorized orbifold resolution models
has still to be worked out. The key point to this may eventually be the de-
scription of the six-torus as elliptic curves in the space X = P? x P? x P?,
which is only valid for factorized six-tori. Perhaps one could find a similar
description even for non-factorized six-tori which would allow to compute
intersection numbers in the same algebraic way as for resolution models with
factorized torus lattices.

Furthermore, it is an open task to give a strictly mathematical derivation
of the equivalence relations between divisors in toroidal orbifolds. It would
be very helpful to have a reliable standard procedure at hand that gives such
equivalence relations for each orbifold in each resolution model.

Clearly, it is possible to extend the discussed GLSM methods to compute
intersection numbers to other orbifolds. In a minimal fully resolvable model,
it would be realizable to give intersection numbers in resolution phases that
are beyond the orbifold and blow-up regime, as it was done in section
for T°/7Z;.



Appendix A

Intersection numbers -
summary

We give a compact summary of the intersection numbers found in various
phases in the minimal fully resolvable model, section Unlisted inter-

sections vanish.

a,b < 0: The non-geometric regime

There are no nontrivial divisor intersections.

b < 0 < a: The orbifold phase

RiRoR3 =09, R1Ry D3y, =3,
R1 D2y, D3y = 1, D1y Dopy D3y = 1.

0 < b < a: Blow-up phase I

RiRyR3 =9, Ri1R2D3y, = 3,
R1D2n2D3n3 = 1, D1n1D2n2D3n3 = nonex.,

Dip, Do, E =1, Dy, E*=-3,  E>=09.

0 <a<b< 2a: Blow-up phase 11

RiRyRs =9, R1RyD3,, = 3,
RiRyE =0, R Do, E =3,
Dy, E? = -3, RIE?>=0, E3=0.

67
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0 < 2a < b < 3a: The critical blow-up phase, ci,c2 # 0, ¢3 =0
Rs =1, D3y, = 1. (A.4)

0 < 2a < b < 3a: The critical blow-up phase, ¢, =0 Va =1, 2, 3.

RiRoR3 =9, R1R9 D3y, = 3,
RIRyE =0, RyDsy,,E =3, (A.5)
Dan, E? = =3, RiE? =0, E3=09.

0 < 3a < b: The over-blow-up phase, ¢, # 0 Va = 1,2, 3.

There are no nontrivial divisor intersections.

0 < 3a < b: The over-blow-up phase, c¢1,c0 #0, c3 =0
Ry=1,  Ds,, =1. (A.6)
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