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Abstract

The central theme in this thesis is compactifications: reductions of higher dimensional
theories to lower dimensions and how the geometry of the compactification manifold deter-
mines features of the low energy physics. This is studied in the context of non-perturbative

string theory in the framework of M-theory and F-theory.

Supersymmetry requires the compactification manifold in F-theory to be an elliptically
fibered Calabi—Yau, where the complex structure of the elliptic fibration is identified with
the complexified coupling constant in type IIB string theory. The non-perturbative nature
of the theory originates from the strong-weak duality of type IIB, which manifests itself
as the SL(2,Z) modular transformation of the complex structure. Non-abelian gauge
symmetries arise naturally in this framework and engineering Grand Unified Theories
within F-theory has been an active area of research. Compactifications on Calabi-Yau
four-folds give rise to gauge theories with A/ = 1 supersymmetry in four dimensions

coupled to gravity.

In the first part of this thesis we focus on abelian gauge symmetries in F-theory, which are
essential in SU(5) GUTs for forbidding couplings which result in fast proton decay. These
arise from rational sections in the elliptic fibration and from the geometric constraints
on these sections one can determine the set of possible U(1) charges of GUT matter
representations. Armed with this constrained set of charges we then proceed to study the
phenomenology of these abelian gauge symmetries in the context of SU(5) GUT models.
We analyse their effectiveness at suppressing proton decay operators and explore the types

of realistic flavour textures that can be generated using the Froggatt—Nielsen mechanism.

In the latter part of this thesis the focal point changes to M5-branes, one of the two
fundamental objects of M-theory. The theory of multiple M5-branes is known to be a
6d N = (2,0) superconformal field theory, of which only the space-time symmetries and
abelian equations of motion have been determined. In spite of this, fascinating corre-
spondences have been shown to arise from the reduction of the Mb5-brane theory to lower
dimensions. In particular, supersymmetric observables in the reduced theories capture
non-trivial aspects of the geometry of the compactification manifold. The final chapter of
this thesis studies the compactification of the 6d N' = (2,0) theory on the two-sphere as

a step towards deriving a correspondence related to four-manifolds.
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Chapter 1

Introduction

In 1921 Kaluza considered General Relativity extended to five space-time dimensions and
showed that the dimensional reduction of the equations of motion to four dimensions yields
both Einstein and Maxwell’s equations, unifying gravity and electromagnetism into one
theory [1]. In obtaining the four-dimensional equations of motion Kaluza made the crucial
assumption, “the cylinder condition”, that the five-dimensional metric is independent of
the fifth dimension. This was later justified physically by Klein in 1926 using the recent
developments in quantum mechanics at the time. By considering the fifth dimension to
be compact and microscopic the momentum of components of the five-dimensional metric
become quantised and the lowest lying states are exactly those satisfying the cylinder

condition [2].

Since the introduction of Kaluza—Klein theory the number of compact dimensions has
become greater, and therefore also the has complexity and richness. This is never more
true than in the context of string theory. Born from models [3] constructed to explain
hadrons and mesons, which we now know to be the theory of Quantum Chromodynamics,
string theory has become the leading candidate for unifying the fundamental forces and
has led to remarkable developments in mathematics. In its most elemental form it is a
theory whose fundamental objects are one-dimensional strings instead of point particles.
This however has remarkable consequences, one of which is the natural appearance of a

massless spin-2 particle identified as the graviton.

The five string theories, which can all be unified under the umbrella of M-theory, are ten-
dimensional. The existence of compact dimensions is then a requisite if the interactions
we observe in nature, which are confined to four dimensions, are to have a UV completion
in string theory. However, this is not the only basis to study compactifications in string
theory and from a purely field theoretic perspective dimensions both larger and smaller

than four are also of interest.

18
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Types of strings | No. of supercharges ‘ Chiral/Non-chiral

Type 1 Open-+closed 16 Chiral
Type ITA Open-+closed 32 Non-chiral
Type 1IB Open-+closed 32 Chiral

Heterotic SO(32) | Oriented closed 16 Chiral
Heterotic Fg x Eg | Oriented closed 16 Chiral

Table 1.1: The five supersymmetric string theories.
1.1 Theories of Superstrings

In the perturbative expansion of gravity as a quantum field theory one encounters an
infinite number of divergences and the theory can not be regularised with a finite number
of counter-terms i.e. it is non-renormalisable. This should be contrasted with Yang-Mills
theories in dimensions d < 4, where the number of counter-terms required is finite. These
divergences can be cured by the introduction of new physics appearing at high energies.
In string theory this is the scale at which one can resolve the string and is related to the
string tension. Below this scale the different modes of the string manifest themselves as
point particles with different properties, such as spin. Of great consequence is of course
the existence of a spin two particle among the massless states of the theory, which can

play the role of the graviton.

String theory originated from models for the strong interactions and it was not until the
work of Green and Schwarz [4] on anomaly cancellation in string theory that it gained
stature as a possible candidate for being the fundamental description of nature. At the
time only three of the five supersymmetric string theories had been discovered: type I,
type ITA and type IIB [5]. The heterotic string was later derived by Gross, Harvey,
Martinec and Rohm in [6], uncovering the two remaining supersymmetric string theories.
The distinguishing features of the five supersymmetric string theories are summarised in
table 1.1. They are determined by two conditions: consistency of the conformal field
theory (CFT) on the worldsheet of the string and the absence of tachyons, which lead to
an unstable vacuum'®. String theories contain two parameters in which one can perform
a perturbative expansion, the string tension and the string coupling, where the latter is
associated to the quantum loop expansion. The low energy description is obtained by
keeping only the massless modes in the full theory, and the presence of a graviton in the
massless spectrum implies the effective action to the lowest order in the string tension and

coupling is ten-dimensional supergravity.

'For the derivations we refer to the original papers [5,6] and [7].
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In 1995 Polchinksi realised that Dp-branes, (p + 1)-dimensional hypersurfaces in space-
time on which open strings can end, are in fact dynamical objects [8]. They arise as non-
perturbative BPS solitons carrying Ramond-Ramond (RR) charge and couple electrically
to the RR (p + 1)-form in the string theory. The Dp-branes in each string theory are

String Theory ‘ Dp-branes
Type 1 p=1,59
Type IIA p even
Type 1IB p=—1, odd

(1.1)

The two heterotic string theories have no RR potentials and therefore no Dp-branes. The
presence of open strings in type II string theory is in fact a consequence of D-branes. In
the type II string theories there only closed string fluctuations around the vacuum and the
open strings arise as excitations around the non-perturbative D-branes. This should be
contrasted with type I string theory which has both open and closed strings perturbations

around the vacuum.

The five supersymmetric string theories are related by various dualities [9]. S-duality,
which is a strong-weak duality between two theories, is a self-duality symmetry of type
IIB string theory which relates the weak coupling and strong coupling regimes. S-duality
forms part of the SL(2,Z) symmetry of type IIB string theory, and is fundamental in
the construction of F-theory, which is reviewed in section 2. In essence F-theory makes
the action of SL(2,Z) on the string coupling manifest in the compactification geometry,
and is thereby able to capture non-perturbative aspects of type IIB string theory. Type
ITA and type IIB are mapped into each other under the action of T-duality. A T-duality
transformation of type ITA on a circle of radius R gives type IIB on a circle of radius
proportional to 1/R. Analogously, the two heterotic string theories are also exchanged

under T-duality. For more details on the network of dualities see, for example, [10].

Analogous to the unification of gravity and electromagnetism in Kaluza—Klein theory, the
five supersymmetric string theories can be unified in one dimension higher and obtained as
perturbative limits of M-theory. M-theory, which first arose with the supermembrane [11],
was discovered to be the non-perturbative limit of type IIA string theory in [12,13] with
the surprising feature that its low energy description is eleven-dimensional supergravity.
The appearance of the additional dimension at the strong coupling limit of type ITA is
very natural in the context of Kaluza—Klein reductions where the size of the compact
dimensions often descends as the coupling constant in the lower dimensional theory. In

this context the compact direction is a circle and the exact relation is given by

Rio = g114ls, (1.2)
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where Ry is the radius of the M-theory circle, g1 is the type ITA string coupling and I
is the string length. From this we observe that the radius of the circle decompactifies in

the limit grrp — oc.

Through the various dualities between the ten-dimensional string theories Witten was
able show that type IIB, type I and Heterotic SO(32) string theory also arise as different
compactification limits of M-theory. The connection to Heterotic Fg x Fg was later made
in [14] completing the evidence for M-theory being the overarching non-perturbative theory
from which the known string theories can be derived. However, due to the lack of a
dimensionless coupling constant the theory does not admit a perturbative expansion and
as a result not a great deal is known about M-theory itself. In chatper 5 we shall discuss
its low energy description and the two fundamental objects in M-theory; M2-branes and

Mb5-branes.

1.2 Supersymmetry and the MSSM

If string theory is to be a UV complete description of nature then it must incorporate the
Standard Model which has been, both theoretically and experimentally, very successful
[15]. Despite this great achievement the Standard Model is not an entirely satisfactory
description and supersymmetry, which is naturally integrated into string theory, is a highly
favoured extension of the Standard Model. One of the most prominent reasons for its
popularity is that it provides a natural solution to the hierarchy problem, or the fine-

tuning problem of the mass of the Higgs boson [16-19].

The observed mass of the Higgs boson, approximately 125GeV [20,21], is a combination
of the tree level mass and quantum loop corrections. It can be shown that the latter is
proportional to the cut-off scale, the energy scale up to which the Standard Model remains
an accurate description of fundamental interactions. In order to achieve the observed value
of the Higgs mass one needs to cancel the quantum corrections with the tree level mass,
which requires extreme fine-tuning. This problem can be resolved by the introduction
of scalar superpartners for the fermions participating in the loop interactions. The loop
contributions from the fermions and their superpartners cancel and the Higgs mass is

protected from quantum corrections.

Despite all its theoretical favour there has been no evidence for supersymmetry at the
first run of the Large Hadron Collider (LHC), which probed energies up to 8 TeV. These
searches have resulted in tighter constraints on the supersymmetry parameter space [22],

which will be probed in the second run of the LHC with center of mass energies 13TeV.
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Under the constraints of the current results the minimal supersymmetric extension of the
Standard Model (MSSM) is not under pressure but other more constrained supersym-
metric extensions have become highly disfavoured [23]. Irrespective of the final verdict
on the phenomenological advantages of supersymmetry, supersymmetric gauge theories
are irrefutably an interesting class of gauge theories in their own right, and we will only

consider compactifications preserving supersymmetry in this thesis.

In order for a compactification to preserve supersymmetry the compactification manifold,

X, must admit covariantly constant spinors, which satisfy (in the absence of flux)
Vxe=0, (1.3)

where € is a spinor. The existence of solutions to (1.3) means the manifold admits spinors
which transform as scalars under the holonomy group of X. This is not possible for
a manifold with general holonomy SO(d), where d = dimX, and therefore X must be
a special holonomy manifold i.e. Hol(X) C SO(d). One class of such manifolds with
holonomy contained in SU(n) are the Calabi—Yau n-manifolds, Y,,, which can be specified
by the topological condition of having trivial canonical bundle [24,25]. It was shown in [26]
that compactifications of type I and heterotic string theories to four dimensions preserving
at least N/ = 1 supersymmetry required X to have holonomy SU(3), i.e. a Calabi-
Yau three-fold. Since the type II string theories have twice the number of supercharges
in ten dimensions, they preserve 4d A/ = 2 supersymmetry on Calabi—Yau three-folds.
Reductions preserving /' = 1 in 4d can be obtained by taking orientifold quotients of

Calabi—Yau three-fold compactifications.

The MSSM introduces, in addition to a superpartner for every particle in the Standard
Model, two Higgs fields. These are referred to has the Higgs up, H,, and Higgs down, Hy,

and transform in the representations

Field | Gsyr = SU(3) x SU(2) x U(1)y
H, (1,2) 1 (1.4)
Hd (17 2)—%

The introduction of a second Higgs field is required for the masses of the up-type and down-
type quarks to be supersymmetric [27,28]. The allowed couplings in the superpotential

consist of the Yukawa couplings, the p-term
Wassm D pHyHg, (1.5)

and also dangerous proton decay couplings. These undesirable couplings are forbidden by

assigning the R-symmetry charges of the fields such that these couplings are not consistent
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with the U(1) R-symmetry transformation of the superpotential. These assignments also

forbid the u-term and only the Yukawa couplings remain.

One theoretical motivation for considering the MSSM is that it exhibits precision unifica-
tion of gauge coupling constants around 10'%GeV [29] hinting at the presence of some
higher rank unification group. The lowest rank Lie groups in which one can embed
the MSSM are SU(5), SO(10) and Eg, which all which have a simple realisation in F-
theory [30,31]. In this thesis we focus on SU(5) GUT models in which one generation of
quark and lepton representations in the MSSM fit exactly into one 5 and 10 representation

of SU(5). The gauge bosons are obtained from the decomposition of the adjoint of SU(5)
SU(B) = Gey = SU(3) x SU((2) x U(1)y
_ B (1.6)
24 — (8,1)0®(1,3)0® (1,1)0® (3,2)_5 B (3,2)15.
The first three representations correspond to the gauge bosons for the strong and elec-
troweak interactions whereas the latter two representations are known as the XY bosons.

These bosons are referred to as exotics as they do not appear in the matter spectrum of
the MSSM.

The spectrum of quarks and leptons is obtained from the decompositions
10 = (3,2)16 ® (3,1) 93 ® (1,1)1

_ _ (1.7)
5—(3,1)139(1,2)_1)2-

The Higgs sector in the MSSM also arises from decompositions of the (anti-)fundamental
representation, however we also obtain exotic representations in the form of Higgs triplets.
These representations can be seen in (1.7) and the issue of how the Higgs triplets become
massive such that they do not appear in the spectrum after GUT breaking is the doublet-
triplet splitting problem. In fact, as will be discussed in section 2.4, the resolution to this
problem and the removal of the XY bosons can be built into the GUT breaking mechanism

itself.

A pure SU(5) GUT model is however not feasible as it predicts a proton lifetime much

shorter than the lower bound of 1034

years [15]. Additional abelian symmetries which
commute with the GUT group can be used to forbid dangerous proton decay operators,

for example the dimension four coupling
AWB510, (1.8)

if the 10 and 5 representations are charged appropriately under the additional U(1) sym-
metries. In the chapters 3 and 4 we shall determine the types of U(1) symmetries which are
realisable in the framework of F-theory and study the phenomenology of these additional

symmetries with respect to constraints of proton decay in SU(5) GUT models.
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1.3 Outline of the Thesis

Following this short introduction to string theory the remainder of this thesis is structured

as follows.

The first part of this thesis is centred on the study of abelian gauge symmetries in the
context of GUT model building in F-theory. In chapter 2 we introduce F-theory as a
framework for studying non-perturbative type IIB string theory in the presence of 7-branes.
Of utmost importance will be the geometry of the compactification manifold, which is
taken to be elliptically fibered Calabi—Yau three-folds and four-folds in this thesis. The
mathematical implements required to extract the low energy physics from the geometry
of the elliptic Calabi-Yau will be presented in this chapter with a focus on SU(5) GUT

models.

Using the dictionary between aspects of the elliptic Calabi—Yau and the lower dimensional
theory discussed in chapter 2 we explore in chapter 3 how the U(1) charges of GUT
matter representations are constrained by the geometry. Additional U(1) symmetries are
engineered by additional rational sections in the elliptic fibration. By understanding the
behaviour of the sections over loci where matter is localised we determine the possible

charges of GUT matter under these additional abelian symmetries.

In chapter 4 the results from chapter 3 are used to study phenomenological aspects of
SU(5) GUT models with one and two additional U(1) symmetries. The primary motiva-
tion for incorporating abelian symmetries into the low energy theory is for the prevention
of proton decay couplings which plague SU(5) GUT models. In this chapter we survey
the effectiveness of the U(1) charges determined in chapter 3 in suppressing proton decay
and the feasibility of also generating favourable Yukawa textures via the Froggatt—Nielsen

mechanism.

The final two chapters of this thesis change gear to the study of M5-branes in M-theory.
The six-dimensional theory which describes the dynamics of multiple Mb5-branes has re-
mained largely elusive. Chapter 5 begins with a review of what is currently known about
these objects and then proceeds to describe their compactification to lower dimensions and
the related correspondences which arise. It ends with a brief section on the subsequent

derivation of these correspondences.

Chapter 6 discusses the compactification of a stack of k M5-branes on a two-sphere. The
reduction is carried out by coupling the free theory to off-shell conformal supergravity in
order to preserve supersymmetry. We proceed by first compactifying on a circle to five

dimensions where a non-abelian action is obtained. The final result is a four-dimensional
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topological sigma-model into the moduli space of Nahm’s equations, or equivalently the
moduli space of k& SU(2) monopoles, and the action for cases of one and two monopoles

is obtained.

The material in chapters 3,4 and 6 are based on the papers [32-34]. The work [35] is not

featured in this thesis but was also conducted during the course of the author’s PhD.



Chapter 2

F-theory and Elliptic Fibrations

The twelve-dimensional theory describing non-perturbative type IIB string theory known
as F-theory was constructed by Vafa in [36]. While dualities with heterotic string theory
and related phenomenological aspects were explored in the early days of its discovery
[36—44] , it was not until the three seminal papers [30,31,45] that F-theory started gathering
attention as a powerful framework for constructing supersymmetric GUTs within type IIB

string theory.

More recently, compactifications to six-dimensions have seen revived interest since the
classification of 6d superconformal field theories (SCFTs) using F-theory [46,47]. Genuine
4d N = 3 SCFTs were also obtained in [48] by considering D3-branes probing F-theory
singularities. The general framework of F-theory has therefore been shown to have far
reaching applications not solely limited to string phenomenology, however in this thesis

we will only discuss the latter.

In this chapter F-theory is motivated by considering type IIB string theory in the presence
of 7-branes. The mathematical framework of F-theory, centred around the geometry of
elliptic fibrations, is introduced and a connection is made between various aspects of the
geometry of the compactification manifold and features of the low energy physics. By
employing the duality between M-theory and F-theory, non-abelian gauge symmetries can
be seen to arise from singularities in the elliptic fibration. In addition matter multiplets

and Yukawa couplings appear naturally from enhancements in the singularity.

In relation to F-theory, the primary focus of this thesis is the phenomenology of SU(5)
GUT models in the presence of additional U(1) symmetries. Geometrically additional
U(1) symmetries are realised differently to the aspects of the low energy theory described
above, and it is exactly the interaction between these different aspects of the geometry

that is studied in chapter 3. The final ingredient we will be considering is fluxes, which

26
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are essential for obtaining a chiral matter spectrum and for breaking the GUT group to
the MSSM.

2.1 Type IIB String Theory and 7-branes

To motivate the F-theory construction we start in ten-dimensional type IIB string theory.
The field content of type IIB contains the Neveu-Schwartz-Neveu-Schwartz (NSNS) and
Ramond-Ramond fields (RR) [5]

NSNS | RR
Metric, g Axion, Cy (2.1)
Dilaton, ¢ Two-form potential, Co

Kalb—Ramond two-form, By | Four-form potential, Cy

where the dilaton is related to the string coupling by g; = e?. The ten-dimensional action
has classical SL(2,R) invariance, which is broken to SL(2,Z) at the quantum level. The
action of this duality symmetry on the fields takes a more compact form when the axion
is combined with the string coupling into the axio-dilaton

7=Co+—. (2.2)

S

The action of SL(2,Z) then takes the form

bB
_>aT—i—b7 Cy . aCs + bBs OOy (2.3)
ct+d B cCy + dBs

where ad—bc = 1. From the action of this symmetry we observe it contains the strong-weak

duality, S-duality, which maps 7 — —1/7 as mentioned in the introduction.

In [36] the transformation of the axio-dilaton under the duality symmetry of type IIB
string theory was identified with the SL(2,Z) modular transformations on the complex
structure of a two-torus. This presented a natural way to encode the variation of the string
coupling into the geometry of the compactification manifold. By considering a fibration of
a two-torus over the compactification manifold the variation of the coupling is tracked by
the complex structure of the 72 !. In this way one is able to capture the non-perturbative
regime of type IIB and the perturbative physics is recovered by taking the fibration to
be trivial, so that the string coupling is constant, and taking gs; to be small. In generic

fibrations the fiber can become singular and over these loci the complex structure can

We will in fact be interested in fibrations where the fiber is an elliptic curve, which is a T2 with a
marked point. The resulting fibrations are known as elliptic fibrations and will be discussed in more detail
in section 2.2.
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=

Base, B

Figure 2.1: Over generic points on the base, B, the fiber is a smooth 72. However the
fiber can also become singular over special loci on the base where one of the 1-cycles on
the T2 shrinks to a point.

diverge. These singularities occur when one of the 1-cycles in the torus shrinks to a point
as shown in figure 2.1. The physics of theses divergences can be understood by considering

the coupling of the axio-dilaton to D7-branes.

The field strengths in the theory are given by
Hs =dBs, F,.1=dC,, where n=20,2,4. (2.4)
In additional one has the hodge dual of each field strength,
x Foy1 = Fo_p, = dCs_y, . (2.5)

The potentials Cpy1 and C7_, couple electrically and magnetically, respectively, to Dp-
branes, for p odd?. In this way we see that the axio-dilaton couples magnetically to
D7-branes. In the presence of a D7-brane the equation of motion for the field strength Fy
takes the form

dx Fy = 0% (2 — z), (2.6)

where z is a complex coordinate parametrising the plane transverse to the world-volume

of the brane and zq is the location of the D7-brane.

The profile of the axio-dilaton which solves this equation of motion takes the form

1
T =1+ %ln(z — 20), (2.7)

where 7( is a constant and holomorphicity is imposed by its equation of motion. From
this we observe that the axio-dilaton diverges logarithmically at the location of D7-branes,
this is the physical interpretation of singularities in the fiber. Note that this solution for

7 also means that the potential does not fall off to zero asymptotically far away from the

2This does not hold for the D9-brane in type IIB string theory, which couples to a ten-form potential.
This ten-form does not appear in (2.1) as it is non-dynamical.
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brane, as is the case for the other branes with p < 7. This means that the backreaction of

the brane on the geometry is not negligible and in fact results in a deficit angle at infinity.

This framework allows for more general types of 7-branes known as (p, ¢)-7-branes on which
(p, q)-strings end. In type IIB there are F1-strings and D1-strings which are charged under
By and Cs, respectively. As By and Co are mixed by SL(2,Z) transformations there exists
(p, q)-strings which are charged under both two-form potentials where the fundamental
string has charges (1,0) and the Dl1-string has charges (0,1). The existence of these
strings means there is a corresponding generalisation of the objects on which the strings
can end resulting in (p, ¢)-7-branes. The standard D7-brane on which fundamental strings
end corresponds to a (1,0)-7-brane. The (p, g)-type of the brane changes under the action
of SL(2,7Z), however it is not always possible in the presence of multiple (p, ¢)-7-branes to

perform a transformation such that they are all of D7-type.

In this section we have motivated the study of elliptic fibrations in type IIB string theory.
They provide a framework in which the variation of the axio-dilaton in the presence of
7-branes can be encoded into the compactification manifold and allow for the study of non-
perturbative physics in type IIB. In the following sections we shall look at the geometry
of these fibrations in more detail and how the low energy physics is dictated by various

aspects of the geometry.

2.2 The F-theory Framework

As mentioned in the introduction, supersymmetry is preserved in compactifications of
perturbative type IIB string theory on some manifold, B, when B admits covariantly
constant spinors. Compactifying on a Calabi—Yau three-fold preserves N' = 2 in four
dimensions. However, we now allow the axio-dilaton to vary over B as the complex

structure of an elliptic curve, E;, fibered over B
E, < Y,

I (2.8)
Bn—l

In this framework one extends the ten dimensions of type IIB by two additional direc-
tions coming from the elliptic curve and F-theory is defined in twelve dimensions. The
requirement for preserving supersymmetry in an F-theory compactification is that Y,, is
a Calabi—Yau n-fold of real dimension 2n. In particular this means that the base of the
fibration B, _; must be Kahler but not in general Ricci-flat. In fact only when the fibration

is trivial is B,,—_1 a Calabi—Yau manifold.
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In this thesis we shall only discuss elliptically fibered Calabi—Yau three-folds and four-folds

relevant for constructing supersymmetric 6d and 4d vacua, respectively, of F-theory?

An elliptic curve is a non-singular genus one projective curve with a rational point. It can

be written in Weierstrass form [52, 53]
Py = wy? — 2 — faw? — gw® =0, (2.9)

where [w : x : y] are projective coordinates in P? and f, g are constants. The Weiestrass

equation (2.9) has a rational point given by [w:z:y]=1[0:0:1].

To obtain an elliptic fibration in Weierstrass form we promote the constants f and g to
sections of line bundles O(—4Kp) and O(—6Kp), respectively, where Kp is the canonical
class of the the base. The constants f, g are chosen to be sections of these particular line
bundles so that the resulting fibration is Calabi—-Yau. In this way, f, g become functions of
coordinates on the base. The projective coordinates also become sections of line bundles

with classes
Section Class

H
v , (2.10)
x H—QKB
Yy H—3KB

where H is the hyperplane class of P?2. The marked point of the elliptic curve defines
a holomorphic section, og, of the fibration, which is a map from the base to the fiber
satisfying 7 o og = id. The Weierstrass equation (2.9) now cuts out a hypersurface in the
ambient space

X=POaKz*d Kz%, (2.11)

where O is structure sheaf of B, which contains the data of all regular functions on open

sets of B.

The fiber becomes singular when the discriminant, A, is zero,
A=4f3 4279 =0. (2.12)

As the discriminant is also a section of some line bundle it generically vanishes over

4 in the base, ¥, over

codimension one loci in the base. There can be many divisors
which the discriminant vanishes. We shall denote the order to which the discriminant
vanishes over >, by d,. Recall from section 2.1 the complex structure diverges when the

fiber is singular and this is associated with the presence of 7-branes. The 7-branes are

3Compactifications on Calabi-Yau five-folds, which gives rise to 2d N/ = (0,2) gauge theories, were
recently studied in [49-51].

4A (Weil) divisor on a normal variety X is a finite formal linear combination of integral hypersurfaces
of X with integral coefficients [54].
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wrapped on the codimension one loci ¥, over which the discriminant vanishes with their
remaining directions lying transverse to the elliptic Calabi—Yau. The number of 7-branes
in the compactification and the types of singularities which can appear are constrained
by requiring the elliptic fibration to be Calabi—Yau. The first chern class of Y can be

expressed as [37]
1
a(Y)~n* (Cl(B) -5 > 590%) : (2.13)

where c¢1(B) is the first chern class of the base and w, is the two-form Poincaré dual to

Y. in the base. Vanishing of the first chern class requires
12¢1(B) = )  bats (2.14)
x

which constrains, for a particular choice of base, the types and number of singularities

that can arise.

2.2.1 Singularities and Resolutions

From the discussion in the previous section singularities in the fiber indicate the presence
of 7-branes. We are therefore interested in the types of singular fibers which can arise
in elliptic fibrations. In all cases, with the exception of two, singularities in the fiber
result in the total space of the fibration Y to also be singular. Recall that our Calabi-
Yau is described by the hypersurface equation (2.9). The conditions for the Calabi—Yau
to be singular are the vanishing of the first derivatives of (2.9) as this corresponds to a
degeneration in the tangent space of Y. In this section we shall introduce the concept of
a resolution or blow-up of singularities which will feature prominently in the upcoming

sections.

Given an algebraic variety X, a resolution of singularities is a variety X together with a

projective morphism f : X — X such that
(1) X is smooth and f is birational
(2) f:f Y (Xns) = Xns is an isomorphism, and
(3) f~1(Sing X) is a divisor with simple normal crossings®,

where Sing X is the set of singular points on X and X,,s := X\ Sing X is the set of smooth
points [55]. As we are concerned with Calabi—Yau manifolds we require the resolution to

be crepant. Crepant resolutions preserve the canonical class of the manifold such that

SLet X be a smooth variety. A divisor D C X is a simple normal crossings divisor if each irreducible
component of D is smooth and all intersections are transverse.
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ccY YoC
g g
Y
Figure 2.2: Two minimal resolution of singularities Y and Y’ blow-down under g and g,

respectively, to the singular space Y. Each blow-down contracts the contractible curve C'
and C to a point in Y.

Kx = K. We can expand the divisor f ~1(Sing X) into its irreducible components D,

as

f7H(Sing X) => " Da. (2.15)

Often the divisors D, are referred to as the exceptional divisors. An explicit example of

a resolution of a singular elliptic fibration will be discussed in section 2.2.3.

A resolution of singularities can be obtained by a sequence of blow-ups, which is defined
as follows: the blow-up of a variety X along some subvariety Z is a regular birational map
g : X' — X associated to a subvariety Z C X that is an isomorphism away from Z but

may contain non-trivial fibers over Z. The exceptional divisor F is defined as
E=gY2)cXx'. (2.16)

Given a resolution of singularities X, one can obtain another resolution of singularities
by blowing up a point of the exceptional divisor of X [56]. One important class of such
resolutions are the minimal ones, through which all other resolution of singularities factor.
For singular varieties with complex dimension d > 2 there does not exist a unique minimal
resolution as is true for the case of singular surfaces. The different minimal resolutions

are connected by birational transformations called flips and flops [57,58].

For Calabi—Yau varieties the relevant birational transformations are flops. Consider two
minimal resolutions Y and Y’ where each contains a contractible curve C C Y and C C Y’ ,
respectively, such that the blow-down of the contractible curve gives the singular space
Y. This set-up is depicted in figure 2.2. The flop transition from Y to Y is given by the

1

composition g o g~ ", which has the effect of blowing down the curve C' and performing a

different blow-up of Y, which introduces the curve C.

2.2.2 Classification of Singular Fibers and Tate’s Algorithm

Kodaira and Néron classified the singular fibers for elliptic surfaces [59-61]. In their
classification each singularity is specified by the vanishing orders of (f, g, A). Their results
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showed that the intersection matrix of the exceptional curves, obtained from the resolution,
can only take the form of the zero matrix or one of the Cartan matrices of the simply laced
affine Lie algebras. This classification can be generalised to codimension one singularities

over higher dimensional bases [62].

Below are the fiber types and groups that will appear in this thesis, in particular I5
singularities will feature prominently, where the exceptional curves in this case intersect

in the affine Dynkin diagram of su(5).

Fiber Type ‘ Algebra ‘ Vanishing Order of (f, g, A)

h - (0,0,1) (2.17)
I,~o su(n) (0,0,n)
IF 50(10) (2,3,7)

The classification by Kodaira and Néron [59-61] was however not constructive and did
not give the forms of f, g required to realise a singularity of a particular type. This
was done for elliptic surfaces by Tate [62] who constructed an algorithm for determining
the hypersurface equation required for a specific singularity. The work of [63,64] then
generalised this to higher dimensional bases. The algorithm, for an elliptic fibration with

a section, is carried out by writing the hypersurface equation in Tate form

wy? + aywzy + asw?y — 23 — apwaz? — e’z — agw® =0, (2.18)

where [w :  : y] are coordinates in P?. The coefficients a; are appropriate sections of line

bundles over B. One then expands each of the coefficients as
o0
a; = Zam-zj 5 (219)
j=1

where z is a coordinate on the base and the a; ; are arbitrary coefficients independent of

z. The discriminant then takes the form
A =pg+pi1z+p2® +0(z%), (2.20)

where po, p1, p2 are some polynomials in the coefficients a; ;. Solving these to vanish order
by order increases the vanishing order of the discriminant over z = 0. In the simplest
cases this can be achieved by specifying a set of vanishing orders, n,,, for the coefficients
a; such that (2.19) becomes

oo
a; = Z ai 2. (2.21)

J=Na;



Chapter 2. F-theory and Elliptic Fibrations 34

2.2.3 SU(5) Example

In this section we shall give an example resolution of an [5 singularity in a Calabi—Yau
four-fold and discuss how intersections between divisors in the Calabi—Yau are computed.
These intersections are relevant for determining key features of the low energy effective

theory, as shall be made apparent in sections 2.2.4 and 2.2.5.

The hypersurface equation for the [I5 singularity is specified by the vanishing orders
(0,1,2,3,5) [63,64] such that the Tate form is given by

2 3 2 3,,,2

wy? + aqwzry + azz?w?y — 23 — agzwa® — ayPw’s — ag2duwd =0, (2.22)

where the class of 7z is denoted SG. The discriminant vanishes as
A =0(z%), (2.23)

over the divisor z = 0 in the base. From the projective relation between the coordinates
(w, z,y), the associated divisors can not intersect in the ambient five-fold. This implies

an intersection relation on the homology classes of the divisors
H-(H-2Kp)-(H-3Kp)=0. (2.24)

Keeping track of these intersection relations is important for computing intersections be-

tween curves and divisors in the Calabi—Yau.

To see that this is an I5 singularity we need to resolve the singularity and determine how
the exceptional divisors from the resolution intersect. We will work in the patch w = 1.
The hypersurface (2.22) is singular over z = y = z = 0, and we can perform a resolution

where the coordinates x, y, z are replaced by,

€T = i%Cla Yy = g)Ch z = 2<1 ; (225)

where the new coordinates [Z : § : 2] can not vanish simultaneously. The singular locus
x =y = z = 0 has been replaced with an exceptional divisor whose polynomial equation
is (1 = 0. Denoting the class of the exception divisor as by [(;] = E1, the classes of the

new coordinates are given by
[Z]=H —-2Kp—FE,, [yj=H—-3Kp—FE,, [(]=5G—-EF;. (2.26)
The intersection relation between the new projective coordinates is given by

(H—2Kp—Fy)-(H—-3Kg — Ey)-(SG— Ey) =0. (2.27)
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The hypersurface equation after the blow-up takes the form
G2 + ardf + asia>C — £3¢1 — a9i?2¢) — aa@23(E — ag®CF) = 0. (2.28)

However, this equation does not define a Calabi—Yau anymore as the resolution was not
crepant. In order for this to be a crepant resolution we need to take the proper transform,
which requires dividing by ¢? leaving us with only the irreducible component. The space
is still singular after this resolution and in order to reach a fully resolved space we must
perform three further blow-ups. The final two blow-ups are small resolutions, which resolve
codimension two, and are not unique. The distinct smooth Calabi—Yau varieties which
arise from each choice of small resolutions are related by the flop transitions [65] discussed

in section 2.2.1.

One choice of resolutions is given by,

Resy: z =20, y=yl, z=2z20
Res3: y =y, =0 (2.29)
Ress: y=yG, =00,

where we have dropped the hat notation on the coordinates and instead keep track of
the intersection relations. Introducing the classes E,, for the exceptional divisors D, ,

defined by (,, = 0, the additional relations are
(H—-2Kp—FE1—FEy)-(H—-3Kp—E, —Es) - (SG—FE;—E3) =0
(H—-3Kp—FE1—FEy—E3)-(E1—E3)=0 (2.30)
(H—-3Kp—FEy—FEy—FE3—FE4) - (Es—Ey) =0.

Each of the four resolutions required to resolve the singularity introduces a new exceptional

divisor Df,, in Y. These divisors are of the form,
Py
1 (2.31)
Saqur

where Sgyr is the divisor in the base defined by z = 0. We denote the rational curves (the
Pis) by Fy,, wherem = 1,--- 4. These are sometimes referred to as the exceptional curves.
The associated exceptional divisors Dp, are obtained by fibering F},, over the singularity
locus, Sgyr. The fiber is there a collection of curves consisting of the exceptional curves
and the curve, Fy, distinguished by its non-trivial intersection with the section of the
fibration. Together these are referred to as fibral curves, denoted by F; where i = (0,m),

and the associated divisors are fibral divisors.
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We would now like to compute the intersection of the fibral divisors to confirm that they
intersect in the affine Dynkin diagram of su(5). In order to do so we note that the
intersection relations (2.24), (2.27) and (2.30) allow us to replace triple intersections of
H, E, and E5 with lower powers of each. A similar statement is true for the double
intersections of F3 and E4. The only non-trivial intersections in the ambient five-fold are
then of the form

H?.D;-Dy- D3, (2.32)

where D1 o3 are pullbacks of divisors in the base. The intersections computed in chapters
3 and 4 were carried out using the Mathematica package Smooth [66]. One can check
explicitly that the fibral curves intersect to give the affine Dynkin diagram of su(5), where

the curve Fj corresponds to the affine node.

The Kodaira-Nerén classification allows us to determine the singularity type by resolving
the singularity and computing the intersection matrix of the exceptional divisors. However
we note that the resolved space is not the relevant one for F-theory compactifications. The
relevant space is obtained by taking the F-theory singular limit [37] of the smooth elliptic
Calabi—Yau, which contracts all curves in the fiber which do not intersect the section oy i.e.
the F,’s. The remaining singular fibration has only a single K&hler parameter associated

with the volume of the component which remains large in the singular limit Fj.

2.2.4 M/F-duality and Non-abelian Gauge Symmetries

There is a correspondence between the Lie algebra of ADE type associated with the
singularities in the fiber and the gauge group living on the stack of 7-branes wrapping the
discriminant locus. To see how these are related we will need to make use of the duality

between M-theory and F-theory [67].

The duality proceeds as follows. We begin in M-theory, which is eleven-dimensional, com-
pactified on a 7% = S} x S§. Taking S} to be the M-theory circle we obtain perturbative
type ITA on S}g by shrinking the radius 74 — 0. T-dualising type ITA on S}B gives type 11B
on 5'}9 where the radii of the two S%; and 5’}_—), are inversely proportional. The decompactifi-
cation limit is given by 75 — co which corresponds to shrinking the remaining cycle in the
M-theory T2 to zero size. As the volume of the T is now zero there are no Kéhler moduli,
however there is still the complex structure 7 = iR4/Rp which is related to the string
coupling g, in type IIB. This is extended to a duality between M-theory and F-theory by
taking the 72 in M-theory to be fibered over some base B and then performing the above

steps fiberwise.
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Armed with the understanding of the relation between M-theory and F-theory we return
to the question of how gauge degrees of freedom arise from the singularities in the fiber.
Let us consider M-theory compactified on an elliptic four-fold, Y. This preserves N’ = 2
supersymmetry in three dimensions. If the fibration is singular one needs to resolve the
Calabi-Yau as described in section 2.2.1. The divisors Df,, obtained from the resolutions
are Poincaré dual in Y} to (1, 1)-forms, w,,, and the reduction of the M-theory C5 potential
gives one-forms A™,

Cy =A™ A wy, . (2.33)

These one-forms are associated with the degrees of freedom from the Cartan subalgebra of
the gauge group. The remaining generators come from M2-branes wrapping chains of P;s
in the fiber, which become massless when the volume of the fiber is taken to zero. Using
M/F-duality, the singular limit decompactifies the circle in type IIB and the low energy
theory is four-dimensional. The number of supercharges remains the same so we obtain

N =1 supersymmetry.

We should note that U(1) symmetries in the low energy effective theory are not engineered
from singularities in the fiber. Although single 7-branes correspond to [ singularities in
the fiber the total space of the fibration is not singular. One can see this explicitly by
looking at the Tate form for an I; singularity [64]

T, = v* + a1zy + azyz — 2 — agx® — agrz —agz = 0. (2.34)
In order for the total space to be singular the Tate form and its first derivatives need to

vanish. The obstruction to the space being singular is the derivative with respect to z
0.Ty, = a3y — ayx — ag , (2.35)

which is non-vanishing for ag # 0. Forcing ag to vanish to a higher order in z increases the
vanishing order of the discriminant and one obtains an I, singularity. Since the Calabi—
Yau is smooth there is no need to resolve and one obtains no new divisors in the geometry.
In fact abelian gauge symmetries arise geometrically in a different way, which is the topic

of section 2.3.

2.2.5 Appearance of Matter and Yukawa Couplings

We have just seen how codimension one singularities in the fiber determine the non-abelian
gauge symmetries on the stack of 7-branes wrapping the discriminant locus. As the bases
we consider are either complex two- or three-dimensional one can consider what happens

over higher codimension. Over codimension two loci in the base the vanishing order of the



Chapter 2. F-theory and Elliptic Fibrations 38

Figure 2.3: One possible splitting of the curves in the I5 fiber over a codimension two
enhancement to I [69,65].

discriminant can increase which corresponds to an enhancement in the singularity. These

loci are associated with matter [68] transforming in some representation, R, of the gauge
group.

To illustrate this let us consider an I5 singularity. Over codimension two the singularity

can enhance generically in one of two ways, evident from the discriminant
A = PsPyp2° + P28 +27 4 - (2.36)

The singularity enhances to I and I over P5 = 0 and Pjp = 0, respectively. Over
these loci it was observed in [69] that the curves in the I5 fiber become reducible. Let us
consider the enhancement over P5 = 0. In this case one of the fibral curves splits into two

irreducible curves

We shall consider the splitting depicted in figure 2.3. One can compute the intersection

of C* with the exceptional divisors

| D, | Dr, | Dr, | D,
cCt| o | -1] 1 0 (2.38)
cC-| 1 |-1]01]0

and we obtain weights of the 5 and 5 representation of su(5). The new set of irreducible
curves (Fy, Fy,C*,C~, F3, Fy) intersect in the affine Dynkin diagram of su(6), the Lie

algebra associated to an Ig singularity.

The matter representations can be determined from the group theoretic decomposition of

the adjoint representation of su(6) into su(5)
35 — 24y + 5—6 + 56 + 19, (2.39)

which gives the adjoint of su(5) as well as the fundamental and anti-fundamental repre-
sentations. Analogously, the enhancement over Pjg = 0 gives rise to the antisymmetric

representation from the decomposition of adjoint of the associated Lie algebra so(10)

45 — 249 +10_4 + 104 + 1. (2.40)



Chapter 2. F-theory and Elliptic Fibrations 39

In order to understand how these additional curves arising from the splitting of codimen-
sion one fiber components correspond to massless matter we employ M/F-Theory duality.
Consider M-theory compactified on the same elliptic Calabi—Yau. The massless modes
transforming in some representation R under g arise from M2-branes wrapping these ad-
ditional curves in the fiber over codimension two. Matter is therefore localised to the
codimension two loci over which the discriminant enhances. The additional curves in the

fiber arising from the splitting of the fibral curves will be referred to as matter curves.

The possible splittings of the fibral curves over codimension two were studied in [70]. These
splittings were determined by analysing the phases of the classical Coulomb branch of the
3d N = 2 gauge theory arising from the compactification of M-theory on a Calabi-Yau
four-fold. The presence of matter charged under the gauge group subdivides the Coulomb
branch giving rise to the different phases which correspond to different resolutions of the
singular Calabi—Yau three-fold. The different phases/resolutions were encoded in the so-
called decorated box graphs associated to each codimension two fiber. The splitting for
a codimension one singularity, with associated Lie algebra g, follows the rules for the

decomposition of the simple roots of g into the weights of the representation R of g [71].

In elliptic four-folds the discriminant can enhance further over codimension three loci,
which are points in the base. These special points are the intersections of curves in the base
over which matter is localised and correspond to Yukawa couplings between the matter
representations. For an [I5 singularity these enhancements produce couplings between 5,
5 and 10 representations producing the usual top and bottom Yukawa couplings

A 45:10,10,

_ (2.41)
Ab.5:5,10,.

ija
2.3 The Mordell-Weil Group and U(1) Symmetries

Abelian gauge symmetries arise from the presence of additional rational sections in the
elliptic fibration [37,38]. A rational point on an elliptic curve, a solution to the Weierstrass
equation where the coordinates take rational values, lifts to a rational section for an elliptic
fibration. This a map from the base to the fiber, which defines a Q-divisor in the Calabi—
Yau. The explicit fibrations we have considered so far have only a single holomorphic
section called the zero-section, oy. One can also consider fibrations with rational sections,

in addition to the zero-section, and these give rise to abelian gauge symmetries.

The rational sections of an elliptic fibration form a group, the Mordell-Weil group which

is a finitely generated abelian group [72,73]. The group law is given by the group law
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of rational points on elliptic curves, where the zero-section plays the role of the identity.
In order to generate a rank 1 Mordell-Weil group one must have in addition to the zero-
section an additional rational section. For each rational section, o, one can define the
Shioda map,

S(oa) =00 — 00 + 5§ (2.42)

where S} is a linear combination of the exceptional divisors Dp,, and pullbacks of divisors

in the base. It is determined by the condition
S(0a) v Fi =0, wherei=0,---,4, (2.43)

where -y denotes an intersection in the Calabi—Yau. The Shioda map defines an addi-
tional divisor in Y with dual (1,1)-form, w,. Using M/F-theory duality the dimensional
reduction of the C5—form along this (1,1)-form by (2.33) gives an additional gauge field
A% associated to an abelian gauge factor [38]. The condition (2.43) ensures that the

non-abelian gauge bosons are uncharged under these additional U(1) symmetries.

In codimension one both holomorphic and rational sections intersect the fiber transversely
in a point. They are distinguished over codimension two matter loci where rational sections

exhibit two types of behaviours
(1) Intersects the fiber transversely in a point.
(2) Contains curves in the fiber.

In comparison a holomorphic section can only continue to intersect the fiber in a point. It
is exactly this feature of rational sections that will be exploited in the analysis in chapter
3 to obtain the possible U(1) charges for 5 and 10 matter. The U (1) charges of the matter
representations are computed by intersecting the Shioda map with the matter curves which
arise from the splitting of codimension one fiber components. For the example considered
in section 2.2.5, where the splitting was given by Fy — Ct + C~, the U(1) charges of the

corresponding 5 and 5 matter are determined by

4a(C*) = S(0a) -y C*. (2.44)

We note that discrete gauge symmetries also play an important role in GUT model building
and can be used to prevent fast proton decay in SU(5) GUT models. Examples of such
discrete symmetries include R-parity and baryon triality [74]. In this thesis we will not
consider abelian or non-abelian discrete symmetries beyond commenting on how they can
be obtained by Higgsing additional U(1) symmetries. Discrete symmetries arise from
genus one fibrations, elliptic fibrations without a section, which are beyond the scope of

this thesis. These have been studied in [75-82].
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2.4 GUT Breaking and Fluxes

We have now seen how GUT groups and matter representations arise from singularities
in the elliptic fibration. However, in order arrive at the MSSM a mechanism for breaking
the GUT group needs to be employed. In addition the matter representations arising
from codimension two enhancements come in pairs R @ R for some representation R,
which means that the spectrum has no chirality. An additional ingredient is required for
obtaining a chiral spectrum, which is G4-flux [30,31,83]. In this section we shall review
how fluxes can be employed to break the GUT group as well as generate chirality in the

matter spectrum.

There are three main mechanisms for breaking the GUT group in string theory, sum-
marised in [30]. We will briefly review them here focussing on SU(5) GUT models in
Calabi—Yau four-fold compactifications breaking to the MSSM.

e Higgs Field
In this scenario the GUT group is broken by giving a vacuum expectation value to a
Higgs field transforming in the adjoint representation of the GUT group. Engineering
this is possible in F-theory, however this mechanism suffers from the doublet-triplet
splitting problem. Recall the decomposition of the fundamental of SU(5) into the
representations of the MSSM is

SU(5) = Ggy = SU(3) x SU(2) x U(1)y

(2.45)
5 (3,1)_1 ©(1,2)

1,
2

with a similar decomposition for the anti-fundamental representation. The doublet
we obtain has the correct transformation for the Higgs up, H,, however the triplet
is an exotic. The existence of the triplet is problematic as it participates in proton
decay couplings and in order for these to be sufficiently suppressed the mass of the
triplet has to be large. The double-triplet problem is therefore a question of how to
make the triplet representations sufficiently massive while keeping the masses of the

doublets of the order of the electroweak scale.

e Wilson Line Breaking
This mechanism has been used heavily in Heterotic GUT model building as it has the
virtue of splitting the Higgs doublet and triplets providing a natural solution to the
doublet-triplet splitting problem. GUT breaking in F-theory using Wilson lines (flat
line bundles) was first proposed in [30,45] while a more detailed study was carried
out in [84,85]. These models require the surface Sgyr wrapped by the 7-branes in

the Calabi-Yau four-fold to have non-trivial fundamental group. Models obtained
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from Wilson line breaking in the hypercharge direction U(1)y, the commutant of
Ggy inside SU(5), are however also not phenomenologically ideal as they contain
light exotic matter in the form of the XY bosons [30]. These are states arising from

the decomposition of the adjoint of SU(5)
SUB) = Gem = SU(3) x SU((2) x U(1)y

N B (2.46)
24 — (87 1)0 S (17 3)0 @ (17 1)0 @ (37 2)—5 @ (37 2)+5 )

where the latter two representations are the exotic XY bosons. When the line bundle
is not flat the reasoning in [30] is no longer valid, however in these scenarios there
is a tension between engineering a massless photon and gauge coupling unification,

which was studied in [86].

e U(1) Fluxes
Lastly, one can consider turning on fluxes for a U(1) factor inside the GUT group
which commutes with the standard model gauge group. In the case of SU(5) GUT
models the commutant is U(1)y, which breaks SU(5) to Ggps. This line of study
was initiated in [87,84,45]. In order for the hypercharge gauge field to be massless
there is a topological constraint on the associated line bundle Ly: the 2-cycle, =,
Poinaré dual to ¢;(Ly) inside Sgyr must be a non-trivial two-cycle in the GUT
surface but trivial in the base. Formally this means that there is a 3-chain in the
base with boundary Z. The advantage of this method is that it does not lead to a

double-triplet splitting problem and can avoid massless XY bosons.

In chapter 4, hypercharge flux will be used for decomposing SU(5) GUT models with
additional U(1) symmetries to the MSSM. In order to obtain a chiral spectrum we also
need non-trivial G4-flux. The flux quantisation condition for the four-form flux G4 was

determined by Witten in [88] and reads
1
Gat+5ea(Y) € HY(Y,Z), (2.47)

where c2(Y') is the second Chern class of the smooth Calabi-Yau. For Calabi-Yau three-
folds the second Chern class is always divisible by two [89,90] and the flux quantisation
condition reduces to a constraint on G4 only. In the Calabi-Yau four-fold case the im-
plication of (2.47) is that depending on the topology of the Calabi—Yau the G4-flux may

necessarily be non-vanishing.

The chirality of a representation R of the MSSM, denoted x(R), induced from the presence
of non-trivial G4-flux and hypercharge flux is given by [45, 84]

x(R) = /ch(Vz ®£qyl'¥*), (2.48)
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where ¥ is the codimension two curve in the base over which matter is localised, Vy is the
vector bundle associated with the G4-flux, Ly is the line bundle for the U(1) hypercharge
flux and q%/{ is the U(1)y charge of the representation R. The chirality can be expressed
in terms of two parameters

X(R) = My + qrNs, (2.49)

where My, and Ny, are the contributions to the chirality from the G4-flux and hypercharge
flux, respectively. They are the same for all MSSM representations which originate from
the same GUT matter representation and from these we can define the chirality of the

MSSM spectrum to be

SU(5) representation ‘ MSSM representation ‘ Particle ‘ Chirality

(372)1/6 Q M,
1Oa (3, 1)_2/3 u Ma - Na (250)
(171)1 € Ma +Na
£ (3,1)1/3 d M;
l (1,2)_1)2 L M; + N;

where M, M;, N,, N; can be expressed in terms of Ms, Ns..

Various constraints on the parameters determining the chirality of each MSSM representa-
tion arise from the cancellation of anomalies and the absence of exotics. From the absence

of MSSM anomalies the the chiralities are required to satisfy
> My=> M;, Y N,=> N;=0. (2.51)
a i a %

In pure SU(5) GUT models, i.e. no additional U(1) symmetries, there only exists a single
curve in the base over which 10 and 5 representations are localised i.e. @ =i = 1 and the
absence of exotics requires Mg = Ms = 3 and Nig = N5 = 0. However, in the presence
of additional U (1) symmetries there can be multiple codimension two loci with matter in
the 10 and 5 representations with different U(1) charges. Mixed anomalies between the
additional abelian symmetries and the MSSM gauge groups must now be cancelled which
leads to constraints on the chirality parameters and the U(1) charges of GUT matter.

These will be discussed in detail in chapter 4.



Chapter 3

F-theory and All Things Rational:
Surveying U(1) Symmetries with
Rational Sections

3.1 Introduction

Recent years have seen much progress towards refining F-theory compactifications, in-
cluding the realisation of symmetries of the low energy effective theory that allow more
realistic model building. These developments have been fuelled by increasingly sophisti-
cated mathematical techniques that are required to construct the geometries underlying
such F-theory compactifications. In lockstep with this, there has been a definite trend
towards characterizing universal aspects of string compactifications, with a view to going
beyond an example-driven approach. One of the areas where a universal characterisa-
tion would be particularly bountiful is that of additional symmetries, such as abelian and

discrete gauge symmetries, due to the direct phenomenological impact.

The main result of this chapter is to provide such a universal characterisation of possible
U(1) symmetries and associated matter charges in F-theory. Furthermore, we obtain a
characterisation of U(1)-charged singlets, which in turn can be used to Higgs abelian gauge

groups to discrete symmetries.

The framework we are working within is F-theory compactifications on elliptically fibered
Calabi—Yau three- and four-folds, where non-abelian gauge groups are modelled in terms
of singularities above codimension one loci in the base of the fibration [36]. Applications
include the modelling of six-dimensional N = (1,0) or four-dimensional A’ = 1 super-
symmetric gauge theories, whose gauge group is determined by the Kodaira type of the

singularity [60,59,61]. Matter is engineered from codimension two singularities, whose

44
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fibers are characterised in terms of representation theoretic data, associated to the repre-
sentation graph of the matter multiplet [70]. Abelian symmetries, which for instance are
important model building tools for four-dimensional GUT models in F-theory [30,31,45],
are realised mathematically in terms of rational sections of the elliptic fibrations, i.e. maps
from the base to the fiber [38]. The rational sections, under the elliptic curve group law,
form an abelian group, the Mordell-Weil group, Z" ® I', where I' is a discrete group, the
origin of which is the zero-section og. Such a rank r Mordell-Weil group gives rise to r
abelian gauge factors in the low energy effective theory, by reducing the M-theory Cs-form

upon the (1, 1)-cycles that are dual to the rational sections.

Numerous examples of F-theory compactifications with U(1) symmetries are by now
well-studied starting with the general theory of realising the elliptic fiber with one [91],
two [92-95] and three [96] rational sections, toric constructions of various kinds [97-100],
models based on refined Weierstrass fibrations [101-103,76], as well as a survey of all local
spectral cover constructions [104] or from Higgsing of Eg [105]. Unfortunately, none of
these approaches are both comprehensive, i.e. explore the complete set of possible U(1)
symmetries, and at the same time global (in the case of the spectral cover survey and Eg

embedding, which are general but only in terms of local models).

Clearly it is highly desirable to determine the possible U (1) symmetries in general, as these
impose vital phenomenological input, and can lead to potentially non-standard physics
beyond the Standard Model (see e.g. [106]). Furthermore, from a conceptual point of
view, it is very appealing to be able to constrain these symmetries from the analysis of the
fiber alone. One avenue that would lead in principle to such a general result is to determine
the possible realisations of non-abelian gauge groups via Tate’s algorithm [63, 64] applied
to the elliptic fibrations with extra sections in [91,93,94]. This program was pursued
in [107,108], resulting in a large class of new Tate-like models, however, in order to be
able to carry out the algorithm, some technical simplifications had to be made, thus

potentially jeopardizing the universality of the result.

In this thesis, we propose and provide a systematic analysis and universal characterisation
of such U(1) symmetries in F-theory. Recall, that matter in a representation R of the
gauge group, arises from wrapping M2-branes on irreducible components of the fiber in
codimension two. The U(1) charges of such matter multiplets are computed by intersect-
ing the U(1) generator, which is constructed from the rational sections, with these fiber
components. To classify the possible charges, one requires the following input: firstly, a
complete understanding of the types of codimension two fibers that realise matter, which

is now available in [70], and secondly, the possible configurations that the rational sec-
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tions can take within these fibers. As we will demonstrate, the latter can be constrained
in terms of general consistency requirements on P!s, i.e. rational curves, in Calabi-Yau

varieties.

The possible codimension two fibers in an elliptic fibration with a holomorphic zero-section
can be characterised in terms of classical Coulomb phases of d =5 or d = 3 N = 2 super-
symmetic gauge theories [109-113,65], in terms of so-called box graphs [70]. In particular,
the box graphs characterise all possible splittings of the codimension one Kodaira fibers
into codimension two fibers, which realise matter. In terms of the singular Weierstrass
model, these characterise distinct small resolutions, which are connected by flop transi-

tions.

A rational section is characterised by the property that its intersection with the fiber is
one. In codimension one, this implies that the section intersects a single rational curve
in the Kodaira fiber transversally in a point'. In codimension two, the section can again
transversally intersect a single rational curve in the fiber, however, in addition, it can also
contain components of the fiber. This effect has been referred to in the existing literature
as the section wrapping the fiber component. This phenomenon was first observed in [91],
where these fibers were shown to produce U(1) charges distinct from fibers where both

the zero-section and the additional section intersect transversally.

For each section o there are two configurations that can occur in codimension two. Either
the section intersects a single component transversally, or it contains (i.e. wraps) fiber
components. The wrapping is highly constrained by the requirement that the intersection
of o with the fiber remains one, which we shall see translates into conditions on the normal
bundle degrees of the wrapped curves. Concretely, we consider smooth elliptic Calabi—
Yau varieties Y of dimension three and four and, subject to the following constraint, we
determine the possible section configurations: intersections of ¢ with fiber components in
codimension one are preserved in codimension two, in particular, they are consistent with

the splitting as dictated by the box graphs.

For purposes of F-theory model building our main focus will be on SU(n) gauge theories
with fundamental and anti-symmetric matter, and in fact large parts of this chapter will
focus on n = 5 with the view to realise SU(5) GUT models in F-theory with additional
U(1) symmetries. We determine all possible section configurations in codimension two
fibers for these matter representations, and thereby the U(1) charges. For SU(5) with

one U(1) there are three distinct codimension one configurations of the zero-section oy,

In principle, the section could contain codimension one fiber components, however, it would then not
be irreducible.
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relative to the additional rational section o1, where they intersect transversally the same
P! Iém), nearest Iéoll) and next to nearest IE()OHD neighbor P!s of the I5 Kodaira fiber (see

figure 3.3).

We determine all section configurations for 5 and 10 matter, under the assumption that
the sections remain smooth divisors in the Calabi—Yau geometry — the precise setup that

enters this discussion is summarised in section 3.4.1. The resulting charges are as follows:

I € {-3,-2,-1,0,+1,+2, +3}
U(1) charges of 5 matter for IE()OH) €{-14,-9,—4,+1,+6,+11}
1 € (~13,-8, 3,42, +7,+12}
(1 € {—3,-2,-1,0,+1,+2, +3}
U(1) charges of 10 matter for Ié0|1) e {-12,-7,—-2,43,+8,+13}

Iéo“l) €{-9,—4,+1,+6,+11} .

This result holds for both three- and four-folds alike, which we will carefully derive using
the constraints on the normal bundles of rational curves in Calabi-Yau varieties. For
four-folds we also discuss some extension to Yukawa couplings, which arise in codimension
three, and show how the box graph analysis generalises as well as how the U(1) charges
of the interacting matter representations are consistent with the section configuration in

codimension three fibers.

At this juncture we should clarify an important point regarding the normalisation of the
charges. The rational section, o1, gives rise to a Q-divisor that is suitably orthogonal to
the divisors associated to the SU(5) singular fibers, using the homomorphism between
the Mordell-Weil group and the Q-divisors written in [114], ¢(o1). The generator of a
U(1) symmetry is an integral divisor and must be a multiple of the above Q-divisor to be
orthogonal to the gauge group, that is, it must have the form me(o1) where m is such
that the divisor is integral. Normalisation of the U(1) charges fixes the multiplier: there
must not exist another integral divisor D € H?(Y,Z) such that m¢(o1) = m'D for any
non-unit m’ € Z. With a U(1) generator so defined and normalised the U(1) charges will
be in the possibilities listed in (3.1).

One key realisation here is that the analysis of the section configuration holds true for
any rational section, and thereby models with multiple sections and thus U(1)™ additional
gauge symmetry, can be obtained by combining the configurations in our classification.
We discuss several examples with multiple U(1)s in section 3.9. All matter charges and
fiber types in codimension two known from explicit models in the literature with one or

more U(1) symmetries appear in our classification, however these form a strict subset of
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possible charges, and it would indeed be very interesting to construct explicit realisations
for the new fiber types. We also compare our charges to the ones obtained from Higgsing
Eg in [105], and find that our class of models is strictly larger than the ones arising from
Eg. Regarding the singlets in [105], we provide realisations for all charges of singlets in
terms of I fibers with rational sections. A detailed discussion of the comparison to Fg

can be found in appendix A.2.

Furthermore, we are able to determine the fiber configurations for singlets, i.e. enhance-
ments from [; fibers in codimension one to I fibers in codimension two. Contrary to the
remaining part of the chapter, this analysis is general only for three-folds. One important
criterion for determining the singlets is the contractibility of curves, which is known for
three-folds, but not to our knowledge, in the case of four-folds. However, we determine all
possible codimension two I fibers with rational sections, without imposing any constraints
on the normal bundle degree. This result can be seen as a general study of singlets, and
imposing further constraints on the normal bundle to impose contractibility should then
reduce these to the set of singlets in four-folds. Finally, we discuss flops of fibers with
rational sections. It appears that flops can map out of the class of fibers where the section
remains a smooth divisor in the Calabi-Yau, and it would be particularly interesting to

study such singular flops in the future.

Finally, we discuss the possibility, based on the singlet curve classification, to study more
general Higgsings of the U(1) symmetry to discrete symmetries, by giving U(1)-charged
singlets a vacuum expectation value (vev). The case of charge ¢ = 2,3 singlets and the
Higgsing to Z, has recently appeared in [79-81]. We provide both singlet fibers for higher
charges, as well as determine the realisation of the various KK-charges, i.e. intersections

with the zero-section.

The plan of this chapter is as follows. In section 3.2 we summarise all the necessary infor-
mation about codimension two fibers from [70]. Furthermore, we extend that analysis, and
determine the Coulomb phases for SU(n) gauge theories with a general (not necessarily
the one arising from U(n)) additional U(1) symmetry. In section 3.3, we discuss rational
curves in Calabi—Yau three- and four-folds, and determine constraints on their normal
bundles. These results will be an important input and constraining factor in our analysis.
We then argue at the beginning of section 3.4 that the constraints on the rational curves
contained in a rational section, turn out to be identical in elliptic three- and four-folds?,
thus allowing us in the remainder of this section to perform full classification of the codi-

mension two fibers for both dimensions simultaneously. The case of fundamental matter

2This is true only in this specific context of elliptically fibered Calabi-Yau geometries and we make the
complete setup clear in section 3.3. It is by far not true, for rational curves in general Calabi—Yau varieties.
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for SU(n) is discussed in the second half of section 3.4 and the anti-symmetric matter
for n = 5 is discussed in section 3.5 and appendix A.1. The latter can of course also be
generalised to n > 5, however we leave this for the enterprising reader. Flops among these
fibers are discussed in section 3.6. Singlets are discussed in section 3.7 and multiple U(1)s,
as well as Higgsing to discrete subgroups are the subject of section 3.9. For four-folds we
generalise our results to codimension three, and describe some of the Yukawa couplings
and section compatibility conditions in section 3.8. We close with discussions and future

directions in section 3.10.

To summarise the applicability of our results to three- and four-folds: sections 3.4 and 3.5
on charges of fundamental and anti-symmetric matter apply to both three- and four-folds.
The section on flops is applicable to three-folds, the section on singlets 3.7.2 to three-folds
and section 3.7.3 to four-folds. Finally, the section on codimension three to four-folds,

only.

3.2 Coulomb Phases and Fibers

Before discussing rational sections we will review the results in [70], which give a compre-
hensive characterisation of the singular fibers in codimension two of an elliptic fibration.
The main idea is that the classical Coulomb phases of a 5d A/ = 1 or 3d N = 2 supersym-
metric gauge theory with matter obtained by compactifying M-theory on an elliptically
fibered Calabi—Yau three- or four-fold, encode the information about the structure of sin-
gular fibers in codimensions one, two, and three. Distinct Coulomb phases, which are
separated by walls characterised by additional light matter, correspond to distinct smooth

Calabi—Yau varieties, which are related by flop transitions.

For this chapter, the main case of interest is su(5)% and we shall restrict our attention
in section 3.2.1 to explaining the correspondence between singular fibers, gauge theory
phases, and box graphs to the case of su(5) with matter in the 5 and 10 representations,
respectively. For more general results see [70]. In addition, in section 3.2.3 we will also

extend the analysis of Coulomb phases to su(5) & u(1).

3.2.1 Box Graphs and Coulomb Phases

Our main interest regarding the results in [70] is the characterisation of the fibers in

codimension two in an elliptically fibered Calabi—Yau variety of dimension three or four.

3From the point of view of the box graphs, and also the elliptic fibration, it is more natural to consider
the Lie algebra, rather than group.
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We will assume that any such fibration has at least one section. The generic codimension
one fibers in such a variety are either smooth elliptic curves, or singular fibers, which are
collections of rational curves, i.e. smooth P's, intersecting in an affine Dynkin diagram
of an ADE Lie algebra g. This classification, due to Kodaira and Néron [59-61], holds
true in codimension one, however fibers in higher codimension can deviate from this. The
main result in [70], is to map the problem of determining the codimension two fibers to
the problem of characterizing the Coulomb branch phases of a 3d N =2 or 56d N =1
supersymmetric gauge theory with matter in a representation R of the gauge algebra
g [109-113].

Let us first discuss briefly the connection between Coulomb phases and resolutions of
singular elliptic Calabi—Yau varieties. The topologically distinct crepant resolutions, i.e.
resolutions preserve keep the Calabi—Yau condition, of a singular Calabi—Yau variety are
parameterised by the phases of the classical Coulomb branch of the 3d AN/ = 2 gauge
theory* obtained from the compactification of M-theory on the four-fold [113,65,70].

The 3d N' = 2 vector multiplet V' in the adjoint of the gauge algebra g has bosonic
components given by the vector potential A and a real scalar ¢. We are interested in the
theory with additional chirals ), transforming in a representation R of g. The classical
Coulomb branch is characterised by giving the scalars ¢ a vacuum expectation value, which

breaks the gauge algebra g to the Cartan subalgebra, where ¢ is such that

(¢, a) 20, (3.2)

and oy are the simple roots of g. The Coulomb branch is therefore characterised by the

Weyl chamber of the gauge algebra g.

The presence of the chiral multiplets @ in a representation R of g adds a substructure to

the Coulomb branch. The vevs of ¢ give rise to a real mass term for the chiral multiplets,

L > [, N*[QP, (3.3)
where X is a weight of the representation R. The mass term vanishes along walls
(6,) =0. (3.4)

A classical Coulomb phase of the 3d gauge theory is then one of the subwedges of the
Weyl chamber delineated by the walls where chiral multiplets become massless. A phase
associated to the representation R is then specified by a map

e: R — {£1}

A= eV, (35)

4A similar statement is true for Calabi-Yau three-folds in terms of the phases of the associated 5d gauge
theory.



Chapter 3. F-theory and All Things Rational 51

Ly-Ly LyL, LLs
I AV AV
L12 L13 L14 L15

> LL,
L23 L24 L25

Li-L, L,-L; Ls-Ly Ly-Ls > L
NN PN Ly | Lss v
L1 Lo Las]Lsg|Ls Lis > Ls-Ly

Figure 3.1: The 5 and 10 representation of SU(5). Each box represents a weight L;
(L; + Lj) of the fundamental (anti-symmetric) representation and the walls inbetween
each box correspond to the action of the simple roots oy = Li — Liy1 on the weights
as indicated by the arrows. The direction of the arrow indicates the addition of the
corresponding simple root.

such that (¢, A) has a definite sign e()), i.e.
e(N){(p,A) >0. (3.6)

Solutions for ¢ will not exist for every possible sign assignment ¢, i.e. the phases are the
non-empty subwedges of the Weyl chamber satisfying (3.6). In particular the condition
(3.6) means that the weight () is in this subwedge that characterises the corresponding
phase. In [70] the phases for g of ADE type were determined with various representations
R, and shown to be characterised in terms of sign-decorated representation graphs, so-
called box graphs, of R, which are essentially a graphical depiction of the maps . It was
shown that there are simple, combinatorial rules for determining the box graphs corre-
sponding to non-empty subwedges, and that furthermore these encode vital information
about the elliptic Calabi—Yau geometry (the intersection ring and relative cone of effective

curves in the elliptic fiber).

For our purposes g = su(5) and R = 5 or 10. We denote the weights of these representa-

tions in terms of the fundamental weights L;
5: Xe{Li,Lo, L3, Ly, L5}, 10: Me{L;+Ljli<y;4,j=1,---,5}, (3.7)
where ). L; = 0. The simple roots of su(5) in this basis are
ap =L — Lyyq. (3.8)

The result of [70] applied to g = su(5) with R = 5 can be summarised as follows: each
consistent phase ®. is characterised by a map ¢ as in (3.5), subject to the constraint that

it satisfies

e(Li)=+ = ¢e(Lj)=+ forallj<i
5 flow rules : (3.9)
e(Ly))=— = ¢e(ly;)=— forallj>i
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This results in phases that also include all 4+ or all — sign assignments to the weights.
These are in fact phases of the su(5) @ u(1) theory. The phases for the su(5) theory
need to satisfy an additional constraint, which ensures that the sum of all the L; vanishes
(trace condition) [70]. In this chapter we are interested in the phases for the theory with
additional abelian factors. It is a priori not clear that all phases of any su(5) ®u(1) theory
can be characterised in terms of the phases above, and we will prove this fact in section

3.2.3.
Likewise, for R = 10 a sign assignment ¢ gives rise to a phase, if and only if

e(Li+Lj)=+ = e(Ly+L)=+ forall (k1), k<i, 1<j

10 flow rules :
e(Li+Lj)=— = ely+L;)=— foral (k1), k>i, 1>
(3.10)

Again for su(5) there is an additional trace condition, which however we do not impose as
we are interested in theories with u(1) factors. The connection between Coulomb phases

and box graphs is then formulated as follows (see [70] and section 3.2.3):

Fact 3.2.1 The classical Coulomb phases for 3d N = 2 supersymmetric su(5)@®u(1) gauge
theories with matter in the R =5 or 10 representation are in one-to-one correspondence
with maps € as in (3.5), satisfying the flow rules (3.9) or (3.10), respectively. We will
denote these by ®E.

Each phase @? associated to such a map € can be represented graphically in terms of a

box graph BR.

Definition 3.2.1 A box graph BE for a Coulomb phase ®R is given in terms of the
representation graph of R, i.e. a graph where each weight A of R is represented by a boz,
and two weights are adjacent if they are mapped into each other by the action of a simple

root, together with a sign assignment/coloring, given by £(X).

Generically we will draw these by coloring + as blue and — as yellow. The representation
graphs for 5 and 10 of su(5) are shown in figure 3.1. The phases/box graphs for 5 are
shown in figure 3.2, for 10 in appendix A.1.

3.2.2 Box Graphs and Singular Fibers

The Coulomb phases encode information about the effective curves of the elliptic fibration
in codimension two. Let us begin with a few useful definitions. In the following Y is
a smooth elliptic Calabi—Yau variety of dimension at least three with a section, which
guarantees the existence of a Weierstrass model for this fibration. The information about

the Coulomb phases can be reformulated in terms of the geometric data of a certain
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relative subcone inside the cone of effective curves. A curve is defined to be effective if
it can be written in terms of a positive integral linear combination of integral curves (i.e.
actual complex one-dimensional subspaces) of Y. The cone of effective curves in Y is
denoted by NE(Y).> For an elliptic fibration, the notion of relative cone of curves is of
particular importance. Let W be the singular Weierstrass model, associated to Y. In fact,
for a given singular Weierstrass model there are generically several, topologically distinct

smooth models, Y;. The singular limit corresponds, in codimension one, to the maps
me Y, = W, (3.11)

such that all rational curves in the singular Kodaira fibers, which do not meet the section,
are contracted [115]. Associated to this, there is the notion of a relative cone of effective

curves (see e.g. [54]):

Definition 3.2.2 The relative cone of curves NE(m;) of the morphism m; in (3.11) is the
convez subcone of the cone of effective curves NE(Y;) generated by the curves that are

contracted by ;.

The phases/box graphs are in one-to-one correspondence with pairs (Y, 7;), specified in
the following way: Each fiber in codimension one is characterised by rational curves Fj
associated to the simple roots of the gauge group G. In codimension two some of the Fj,

become reducible and split into a collection of rational curves
Fk — Cl—l—---—i-Cg, (3.12)

where each C} is associated to €(A)A for A a weight of the representation R, or to a simple

root. The main result in [70] can then be stated as follows:

Fact 3.2.2 There is a one-to-one correspondence between consistent phases or box graphs
Bg characterised by the sign assignments €; satisfying the conditions in Fact 3.2.1 and
crepant resolution of W, (Y;, m;). In particular, the box graphs determine the relative cone

of effective curves for the maps w; as
NE(m;) = ( {Fr | k=0,--- ,rank(g)} U {C.,0x | X weight of R} ), . (3.13)
The extremal generators of this cone are
1. The rational curves Fy, that remain irreducible in codimension two.

2. C,ona is extremal if there exists a j such that Bf; = Bg\sj()\):,gim, i.e. there is
another consistent box graph or phase, such that the only sign change occurs in the

weight .

5These are numerically effective curves, where we mod out by the equivalence that two curves are
identified if they have the same intersections with all Cartier divisors.
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Figure 3.2: Box graphs for u(5) phases with 5 matter. On the left are the splittings that
occur over matter loci for the corresponding phase.

From the box graphs we can determine which F}, remain irreducible: F}, associated to the
simple roote «yj, remains irreducible, if any weight A, for which X + « is another weight

in the representation R, the weight A + oy, has the same sign assignment, i.e.5

eN)=e(A+ag). (3.14)

Fact 3.2.3 Two crepant resolutions (Y;,m;) and (Yj, ;) of the singular Weierstrass model
W are related by a simple flop, if the corresponding box graphs are related by a single sign

change
B = B, 00=—sin) (3.15)
for some weight A. Le. they correspond to single box changes of signs, which map one

extremal generator to minus itself.

In the remainder of this chapter, it will be very important to understand the degrees of
normal bundles of curves in the fibers of elliptic Calabi—Yau varieties. The description of
the codimension two fibers in terms of box graphs allows us to determine the intersections
of the extremal generators with the so-called Cartan divisors, D, , which are Fj, fibered
over the codimension one discriminant locus. They are dual to the rational curves Fj,
with which they intersect in the Calabi—Yau Y in the negative Cartan matrix —Cy; of the
gauge algebra

Dpg, -y Fi = —Cyy . (3.16)

Consider now a codimension two fiber where Fj, splits as in (3.12). Then
Dp, v Cy=c¢ <)\(a)) )\7(7‘;) , m=1,--- rank(g), (3.17)

i.e. it intersects with the rational curves C, in a weight A(® of the representation R. Which
weight this is, i.e. the intersections of the fiber components with the Cartan divisors, and

with which sign assignment it occurs can be determined from the box graphs.

5This condition is formulated in [70] as adding the simple root does not cross the anti-Dyck path that
separates the 4+ and - sign assigned weights in the box graph.
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Fact 3.2.4 Let C be an extremal generator of the cone NE(m;) for a pair (Y;,m;), asso-
ctated to the box graph Bg” as in Fact 3.2.2, associated to a weight A of the representation
R. The Dynkin labels €;(\) A\, = Dp,, -y C can be computed from the box graph 85 as
follows: If A £ ap, is not a weight in the representation then D, -y C' = 0. Else:

1. If £i(N) = €i(A £ au) then Dp, -y C = +1.
2. If ;(A\) = —ei(A £ auy) then Dp,, -y C = —1.

This fact together with D, -y Fy,, = —2, will be used quite regularly in the analysis of

the normal bundles in sections 3.4 and 3.5.

Finally, let us note that the number NR« of phases, i.e. pairs (Y;,m;), with matter in the
representation R and u(1) charge ¢ under the gauge algebra g @ u(1) is given in terms of

the quotiented Weyl group:

Fact 3.2.5 The number NqR of classical Coulomb phases for gauge algebras g ® u(1) and

representation R with u(1) charge q is

W~
NRa = ’9 : (3.18)

g

where g is the Lie algebra characterizing the local enhancement in codimension two, i.e.
decomposing its adjoint into representations of the gauge algebra contains the representa-

tion Ry and its conjugate as follows

g — gou)

B a (3.19)
Adj(g) — Adj(g) ® Adj(u(1)) ®R; &R,

For g = su(5) and R = 5 or 10, g = su(6) or s0(10) and N® = 6 and N = 16. For
su(5) with 5 we summarised the phases in figure 3.2, including which of the F}, split. The
components into which they split are precisely those adjacent to the sign change, which
is clear from the statements in Fact 3.2.2. The curves Cii correspond to the weights £1;,
which are generators of the cone defined by ®F. Note that the 5 representation can also
arise from a higher rank enhancement e.g. to su(n), n > 6. Such enhancements when
realised in the geometry would require very special tuning of the complex structure, with
the fibers corresponding to monodromy-reduced I,, fibers. These will not be considered
here, but the reader is referred to [116]. The structure of splittings in codimension two for
10 matter are listed in appendix A.1, tables A.1 and A.2, which include all the information
about the splitting in codimension two, the extremal generators of the relative cone of

effective curves, and the associated box graphs.
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3.2.3 U(1)-Extended Coulomb Phases

In [70] the phases for the su(5) & u(l) theory were determined in the case where the
u(1) corresponds to Y.°_| L;, where the L; are the fundamental weights introduced in
the previous section, i.e. this u(1) corresponds to the trace of the u(5). In this section
we show that the analysis there holds more generally for the classical Coulomb phases of
su(5) @ u(1), where the U(1) does not necessarily have this origin”. Note that the phases
for the su(5) @ u(1) theory are one-to-one with the elements of the quotiented Weyl group
Ws/ Way(5), as summarised in Fact 3.2.5, which is strictly larger than the number of phases

for the theory without an abelian factor.

Let R, be a representation R of su(5) with charge ¢ under the u(1). Let us consider
the maps ¢ : R, — {%1} corresponding to a consistent, non-empty, subwedge of the

fundamental Weyl chamber. The walls of these subwedges are characterised by

(9, (Nisq)) = (¢, Ai) +qdu =0, (3.20)

where ¢, is the additional component of ¢ along the u(1) generator. Consider the 5,
representation of su(5) @ u(1). The fundamental weights of su(5), the L;, in the Cartan-
Weyl basis take the form

Mo (1,0,0,0)

X (=1,1,0,0)

Ao (0,-1,1,0) (3.21)
Ag 0 (0,0,—1,1)

X (0,0,0,—1).

In the same basis the simple roots of the su(5) are

ar : (2,-1,0,0), az: (-1,2,-1,0), a3 : (0,—-1,2,-1), a4 : (0,0,—1,2).
(3.22)
To reiterate, to determine the maps € which correspond to non-empty phases it is needed

to find the maps ¢ : 5, — {£1} such that the inequalities

(gi),ai) >0
(3.23)
e((Mi; ) (9, (Nisq)) >0

have integral solutions for ¢.

Similarly to the derivation of the flow rules alluded to in the earlier parts of this section

one can show that if €((A;;¢)) = —1 and e((N\i1+1;¢9)) = +1 then there would be no such

"There can corrections to the classical Coulomb phase analysis with additional abelian factors, as
discussed in 6d in [117,118], which will not play a role here.



Chapter 3. F-theory and All Things Rational 57

solutions: for such an € it would be the case that

(B Aig1) +qPu — (&, Ni) +qdu) >0 = (P, Aip1 — i) > 0. (3.24)

However, the simple roots are a; = A; — A\j11 and the first of the inequalities in (3.23)
implies

(. Ai — Aig1) > 0. (3.25)

Obviously there is no such ¢ which solves these inequalities: all subwedges of the funda-
mental Weyl chamber defined by this map ¢ are empty. This leads to the same flow rules
as listed in (3.9).

Again there are six phases, of which two have all positive or all negative signs, and are
only non-empty in the theory with a u(1) symmetry in addition to the su(5), indeed these
extra phases occur precisely for matter charged under the additional u(1). Consider now
the phase associated to the map e((A;;q)) = +1 for all . Then, using that Y \; = 0, as

can be seen explicitly above from the presentation in the Cartan-Weyl basis,

5

SUo ) +adu) >0 & gy > 0. (3.26)

i=1
Such inequalities can only be solved if ¢ # 0, and similiarly for the all negative phase.

These are the two additional phases for charged matter.

One can also consider the 10, representation of su(5) @ u(1) in the same way. Similarly
to the case when of the 5, representation one finds an augmented set of maps € when ¢ is
non-zero. There are sixteen phases when ¢ # 0 and eight when ¢ = 0. These sets of phases
correspond to the different sets of phases in [70], except here there is no assumption that

the generator of the u(1) symmetry is necessarily that in the u(5).

To summarise if the matter is charged under the u(1) symmetry then there are additional
phases of the classical Coulomb branch for the su(5)@u(1) theory with fundamental or anti-
symmetric matter. The additional phases imply that there are additional distinct resolved
geometries associated to the singular Calabi—Yau four-fold, induced by the specialisation
of complex structure necessary to produce matter charged under the additional u(1), i.e.

geometrically, the existence of additional rational sections.

3.3 Rational Curves in Calabi—Yau Varieties

The goal of this chapter is to constrain the possible U(1) charges of matter in 4d and

6d F-theory compactifications, by determining the possible codimension two fibers with
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rational sections. The relevant characteristic of the codimension two fibers that determine
the U(1) charge are the intersection numbers between the rational curves in the fiber
and the section. We constrain these by combining the input from the box graphs on the
codimension two fibers with general constraints on the normal bundles of rational curves
in projective varieties. From section 3.2 we obtain the information about the relative cone
of effective curves N E(m;), for each resolution (Y;, ;) of a singular Weierstrass model W.
All curves in N E(7;) are rational, i.e. they are smooth P!s in Y;. In the following we will
summarise several Theorems that we use in the later sections to constrain the fibers with
rational sections for Calabi—Yau three- and four-folds. The protagonist in this discussion

is the normal bundle of rational curves in Calabi—Yau varieties.

3.3.1 Rational Curves and Normal Bundles

In this section we collect useful results about rational curves in Calabi—Yau varieties, in
particular related to the normal bundle, which will allow us to constrain the fibers with

rational sections. Unless otherwise stated Y is a smooth Calabi—Yau variety.

The first theorem constrains the degree of the normal bundle of a rational curve in a

Calabi—Yau variety.

Theorem 3.3.1 Let Y be a smooth Calabi—Yau variety of dimension n and C' a smooth

rational curve in'Y. Then the normal bundle of C in'Y, Ngy, is

n—1 n—1
NC/Y = @ (’)(al) 5 with Zai =—-2.
=1 =1

Proof: E.g. for n = 3 see [119]. Let Y be of dimension n, then N¢/y is defined by the
short exact sequence

0—1Tc — Tylc — Neyy — 0, (3.27)

where 1" denotes the respective tangent bundles. This implies that N¢/y is a rank n — 1
vector bundle on C' which, by the Birkhoff-Grothendieck Theorem [120], can be written

uniquely up to permutations, as a direct sum of line bundles on C,

n—1

NC/Y = @(’)(az) .

i=1
By the Calabi-Yau condition on Y, the canonical bundle is trivial and thus, ¢;(Ty|¢) = 0.

Combining this with ¢1(T¢) = 2 the exact sequence gives that ¢1(N¢/y) = —2. Thus
Z a; = —2. 0
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In the following we will encounter rational curves which are contained within divisors, for
instance, Cartan divisors associated to the elliptic fibration, which we introduced in (3.16).
They are ruled by the rational curves Fj associated to simple roots of the gauge algebra,
above the codimension one discriminant locus. Likewise we will see that the section, which
we will assume to be a smooth divisor in the Calabi—Yau, can contain rational curves in
the fiber that occur above codimension two. In all such instances it will be crucial to relate
the normal bundle of the curve in the Calabi—Yau to the normal bundle in the divisor.

This is achieved using the following exact sequence of normal bundles:

Theorem 3.3.2 LetY be a smooth projective variety, D a non-singular divisor in'Y, and
C a smooth rational curve contained in D. Then there is a short exact sequence of normal
bundles

0— NC’/D;)NC/Y*)ND/Y’C%O' (328)

Proof: [121], 19.1.5. O

One of the goals in later sections will be to determine the intersection of the rational section
with various curves in the fiber. In particular, when these rational curves are contained
in the section, this intersection is determined by the degree of the normal bundle of the

divisor as follows — here C' does not necessarily have to be a rational curve:

Theorem 3.3.3 Let Y be a smooth projective variety, D a divisor in' Y and C a curve
ccDcY. Then

Dy C = deg(Npyvl,,) (3.29)

Proof: [122], Theorem 15.1. O

Combining these properties, we can in fact relate the intersection of any non-singular
divisor and a smooth rational curve contained inside it in terms of the degree of the

normal bundle of the curve inside the divisor.

Corollary 3.3.4 Let Y be a smooth Calabi—Yau n-fold and C a rational curve contained

inside a smooth divisor D in'Y. Then

Dy C=-2—deg(Ng/p) - (3.30)

Proof: By Theorem 3.3.1 the degree of N,y is —2, which by Theorem 3.3.2 has to be the
sum of the degrees —2 = deg(N¢/p) + deg(Np,y|c) = deg(N¢/p) + D -y C by Theorem
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3.3.3. 0

With these general results we now turn to determining the possible degrees of normal
bundles of rational curves in Calabi—Yau three-folds and four-folds in the next two sections,
respectively. In particular we will constrain the normal bundles of rational curves in
divisors, for instance rational sections, which by the above corollary will imply constraints

on the intersections and thereby U(1) charges.

3.3.2 Calabi—Yau Three-folds

In this section, let Y be a smooth Calabi—Yau three-fold. Some results in rational curves
in elliptically fibered three-folds (not necessarily Calabi-Yau varieties) can be found in
Miranda [123], which however does not discuss rational sections, or the generalisation
to higher dimensional varieties, which we will be important for us. Let D be a smooth
divisor in Y, and C a smooth rational curve contained in D. Then it follows directly from
Corollary 3.3.4 that®

DyC=-2-C-pC. (3.31)

We will often encounter the following situation: consider a rational curve C in a smooth
elliptic Calabi—Yau variety Y. From the box graph analysis, we know its normal bundle
in Y. We can then ask what normal bundles the curve can have in a divisor D — for
instance the section. By the Corollary 3.3.4, the degree of the normal bundle N¢,/p is
linked directly to the intersection in Y of the divisor with the curve, which in the case
when D is a section determine the U(1) charge. Thus, constraining the normal bundles
of C in the rational section results in constraints on the possible charges. The following
theorem determines what the possible normal bundles of rational curves in divisors can
be, given the normal bundle of the curve in Y. We furthermore summarise the bounds

that are then implied upon the intersection of the divisor with the curve.

Theorem 3.3.5 Let Y be a smooth Calabi—Yau three-fold, D a non-singular divisor in

Y, and C a rational curve contained in D.

(i) Let (C)}, = deg(Neyp) = k. If k > —1 the short exact sequence of normal bundles
i Theorem 3.3.2 splits and

Nejy = O(k) & O(=2 — k). (3.32)

8We will most of the time refrain from using (C)% = C -p C as this does not generalise to higher
dimensional varieties.
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(i) Let Noyy = O(=1) @ O(—1). If D is a smooth divisor containing C, then
Nep=0@k), k<1, (3.33)
and there exists a non-trivial embedding
O(k) — Ngyy =0(=1) @ O(-1), (3.34)
and
DyC=-2—k>-1. (3.35)
(i4) Let Noyy = O @ O(=2). If D is a smooth divisor containing C, then
Nep=0@(k), k=0 or k<-2, (3.36)

and there exists a non-trivial embedding

Ok) — Nc/y =00 0(-2), (3.37)
and
-2 k=0
Dyv(C=-2—-k= . (3.38)
>0 k<=2

(iv) More generally, there is an embedding (without loss of generality m > —1)

O(k) — O(m)® O(—-2—m) fork=m or k< -2-m. (3.39)

Proof: To show (i) note that by Theorem 3.3.1 the degrees of the normal bundle have to
sum to —2, so Ngjy = O(a) ® O(-2 — a), where without loss of generality a < —1. By
assumption Ng/p = O(k). The map O(k) — O(a) with k > —1 > a is trivial map, unless
a = k, in which case the Theorem follows. Else, if a # k then O(k) needs to embed into
O(—2 — a) and therefore k = —2 — a. Part (ii) follows by applying (i) which implies that
if £ > —1 then the normal bundle N¢/y cannot be O(—1) & O(—1). Thus k& < —1, and
there is an embedding of O(k) into O(—1) & O(—1). Similar arguments show parts (iii)
and (iv). O

Finally, the following theorem, which we will only make use of in our analysis of singlets,

determines the normal bundles of contractible curves in three-folds:

Theorem 3.3.6 Let C be a smooth, rational curve that can be contracted in a smooth

three-fold Y. Then the normal bundle is
NC/Y - O(a) ©® O(b> ’ (a7 b) = (_17 _1)7 (_27 O)v or <_37 1) : (340)
Such a curve is referred to as a (—2)— curve.

Proof: [124,125].
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3.3.3 Calabi—Yau Four-folds

For applications to 4d F-theory compactifications, including GUT model building, it is
crucial to determine constraints for Calabi—Yau four-folds. In the following section, let ¥
be a smooth Calabi—Yau four-fold, and C' a rational curve, contained in a smooth divisor D.
For elliptic fibrations, we will in fact be interested in a slightly more specialised situation,
where inside the divisor D there is a surface S which is ruled by C. Specifically, we have
in mind what is usually referred to as matter surface, which is a P'-fibration, i.e. a ruled
surface, over the matter curve (the codimension two locus in the base). These matter
surfaces are contained within the Cartan divisors, which are dual to the rational curves
F; in the notation of section 3.2. In this setup, we will now show that the classification

for three-folds will in fact carry over directly to four-folds in codimension two. °

Again, the goal is to connect the intersection of divisors (in particular the section) with
a rational curve C in Y to the degrees of the normal bundle of C' in Y. Recall the short

exact sequence of normal bundles from Theorem 3.3.2 [121]
0 — NC/D — Nc/y — ND/Y‘C — 0. (341)

By Theorem 3.3.1, the normal bundle is a direct sum of line bundles, where the sum of

degrees needs to add up to —2
Ngyy = 0(a) @ O(b) ©O(-2—a —b). (3.42)

To determine the degrees a and b, there are two cases of interest when C' is a rational curve
in a codimension two fiber in an elliptic Calabi—Yau four-fold: either the rational curve C
corresponds to one of the curves that split in codimension two, or it remains irreducible.
From the box graphs, we can determine the intersection of the Cartan divisors with the
curves, D-y C, which in turn by Theorem 3.3.3, constrain Np /Y|C- The following theorem

determines the normal bundle N¢/y given the information about Np,y|c:

Theorem 3.3.7 Let C be a smooth rational curve, contained in a smooth divisor D in a

smooth Calabi—Yau four-fold Y .

(i) If Np)ylc = O(=1) and D contains a surface S, which is ruled by C, then
Neyp = 0@ 0(-1), (3.43)
and the short exact sequence (3.41) splits

Nojyy = 0@ 0(=1) @ O(-1). (3.44)

9Tt would appear that in fact it holds in codimension two for any elliptic Calabi—Yau n-fold.
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(ii) Likewise for Np y|c = O(=2) and D is ruled by C' then
NC/D:O@O, (3.45)

and
NC/Y =000d0(-2). (3.46)

Proof: (i) If there is a surface in D which is ruled by C' then there is an embedding
O <= Ngyp- (3.47)

If Np/ylc = O(—1) and given that the degrees in N¢/y sum to —2, it follows that
Neyp = O(m) @ O(=1 —m). (3.48)

As O = Ng/g needs to embed into N¢/p, it follows that m = 0. The extension group of
O @ O(—1) and O(—1) is trivial, and thereby the exact sequence splits. (ii) By similar
arguments as in (i) Ng/p = O(m) @ O(—m), and for O to embed into this m = 0. Again

the extension group is trivial and the normal bundle sequence splits. [

For ¢ a rational section, which contains curves in the fiber, we can now constrain the
possible normal bundle degrees of C' in ¢. The last theorem provides us with the infor-
mation about the normal bundles Ng/y. As in Theorem 3.3.5, we now determine the
constraints on the intersection numbers o -y C' (where o will be now be a rational section)
by constraining the degrees of the normal bundle of C' in o, which are related by Corollary
3.3.4.

Theorem 3.3.8 Let o be a smooth divisor in Y, a smooth Calabi—Yau four-fold, and

C C o a rational curve.
(i) If Noyy = O © O(—1) ® O(-1), then there is an embedding
Nc/a. = O(CL) D O(b) — Nc/y =0 D O(*l) D O(*l) (349)

and
ocyC=-2—a—b. (3.50)

The values for a and b are constrained to be (wlog a >b)
a<0, b<-1, a+b< -1, (3.51)

which implies that
oy (C>-1. (3.52)
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(i) If Noyy = O © O @ O(=2), then there is an injection
Ngje =0(a) ® O(b) — Ny =000 d0(-2) (3.53)

and

oy C=-2—a—b. (3.54)

The values for a and b are constrained to be
a=b=0 or a<0,b<0,a+b< -2, (3.55)

which implies that

-2 a=b=0
oy C= . (3.56)
>0 a+b< -2

Proof: This follows directly from the short exact sequence (3.41) and Corollary 3.3.4. O

This concludes our summary of properties of rational curves. We now turn to combining
these constraints on the intersection numbers and normal bundles, with the constraints
from the box graphs that specify how codimension one fibers split in codimension two.
The next two sections will discuss this in the case of SU(n) with various matter represen-

tations.

3.4 SU(5) x U(1) with 5 Matter

The ultimate physics application of our analysis of codimension two fibers is the case
of SU(5) GUTs with additional U(1) symmetries. The constraints on the section and
codimension two fiber structure provide a systematic way to obtain a comprehensive list
of all possible U(1) charges for matter in the 5 and 10 representation of the GUT group

SU(5). In this section we will first focus on fundamental matter.

Throughout this section let Y be an elliptically fibered Calabi—Yau variety. The zero-
section of the fibration will be denoted by o¢, and the additional rational section needed

for there to be a U(1) symmetry as o;.

3.4.1 Setup and Scope

There are a few assumptions that go into this analysis, and to make it clear what the

scope of the results in this chapter are, we will now list them.
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(1.) We assume that each section in codimension one intersects exactly one fiber compo-
nent transversally once, i.e. the sections do not contain components of codimension

one fibers!".
(2.) The rational sections, as divisors in Y, will always be assumed to be smooth.

(3.) The codimension one locus in the base of the fibration, above which there are singular

fibers I5, is smooth.
(4.) The U(1) generator is an integral divisor normalised as described after (3.62).

Within the setup outlined above, the following can be regarded as complete classification
of codimension two fibers for both Calabi—Yau three- and four-folds with one extra rational

section, and thereby the possible matter charges.

3.4.2 Codimension one Fibers with Rational Sections
The codimension one fibers for SU(5) GUTSs realised in F-theory are fibers of Kodaira
type Is. These fibers consist of a ring of five smooth rational curves, F; for i =0,--- , 4.

Further, as these curves are the components of the fiber over generic points above a
codimension one locus in the base, Sgyr, one can define divisors in Y, which are ruled by

the curves F; over Sgur. These divisors, Dp,, are called the Cartan divisors, and satisfy
Drp, v F; = —Cjj, (3.57)
where Cj; is the Cartan matrix of affine SU(5).
Let o be a rational section of the elliptic fibration, i.e. it has to satisfy
o -y Fiber = 1. (3.58)

Throughout this chapter it shall be assumed, see section 3.4.1, that this condition is
satisfied by ¢ having exactly one transversal intersection with one of the components of
the generic codimension one fiber and having no intersection with the other components.

The section thus intersects, say, the mth component of the fiber

1 2=m
oy F;= ) (3.59)
0 i#m.

It shall always be supposed, without loss of generality, that one section, the zero-section,

shall intersect the component Fy. Up to inverting the order of the simple roots there

10This in fact seems to not be a real constraint, as wrapping in codimension one would imply that the
section is either ruled by rational curves in the fiber (and thereby would contract to a curve in the singular
limit) or not be irreducible.
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Figure 3.3: Three types of codimension one I5 fibers with sections oy (blue) and o7 (red)

distributed as Iém), Iéoll) and I5(0H1), respectively.

are three distinct codimension one fiber types once this information about the additional

rational section is included. These are, using the notation introduced in [107],

IE()OI) . g0 -yFOZO'l % F(]:l
. sy Fy=ory =1 (3.60)
Iéonl) : ooy Fop=o01-v Iy =1,

corresponding to the three configurations shown in figure 3.3.

The U(1) generator comes from the Shioda map as applied to the extra rational section,
o1. The Shioda map associates to a rational section o1 an element S(oy) in Hog—2(Y,Z),
where d is the complex dimension of Y, which is perpendicular to all horizontal divisors
(i.e. divisors pulled back from the base), the zero-section as well as the Cartan divisors,
associated to the F;, which ensures that the non-abelian SU(5) gauge bosons are uncharged
under the U(1) [91]. In order to compute U(1) charges of matter, we are interested in the
intersection of the Shioda map with curves in the fiber, for which the subtractions from
contributions of horizontal divisors are not relevant, and we therefore define S(o7) to be
such that

S(o1) v C=q(C), (3.61)

the charge under the U(1). In this way the Shioda map is specified by the codimension one
data of the fibration. For SU(5) with Mordell-Weil group rank one the Shioda divisors

are
Iém) : S(o1) =01 — 09
1’ S(o1) =501 — 500 + 4Dg, + 3D, + 2Dp, + Dp, (3.62)
1 S(6y) =501 — 500 + 3D, + 6D, + 4D, + 2Dk, .

To arrive at the specific forms above some further assumptions need to be made for

the divisor S(o;) that generates the U(1) symmetry from the Shioda map. Imposing

orthogonality to the SU(5) Cartan divisors specifies the above up to a multiplicative

constant. This constant is fixed by the requirement that S(o1) should be integral, and

that there should be no other integral divisor D such that S(o1) = m/D for some |m/| > 1.

The last condition is required for the U(1) symmetry to be normalised appropriately.
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F=C'+C F,=C+C

Figure 3.4: Box graphs and codimension two fibers where the F} that split into C* in
codimension two are shown with dashed lines, for the su(5) @ u(1) theory with matter in
the fundamental representation.

Assumption (4.) in section 3.4.1 is precisely that there does not exist such an integral

divisor D.

3.4.3 Normal Bundles in Elliptic Calabi—Yau Varieties

We start with an I5 fiber, with components F;, intersecting in the affine Dynkin dia-
gram of SU(5). Along codimension two enhancement loci, some fiber components become
reducible. The resulting codimension two fibers, which give rise to matter in the fun-
damental representation, were determined in section 3.2, from the Coulomb phases/box

graphs, where one of the F}; curves splits as follows
Fj—Ct+C0™. (3.63)

In the case of SU(5) with 5 these are shown in figure 3.4, including the fibers that split,

shown as dashed lines.

In this analysis we allow for a non-holomorphic zero-section [93,97] which means that over
codimension two oy can also contain curves in the fiber. Let o denote either oy or o7y.
We will now determine the fibers including the rational sections in codimension two. In
addition to intersecting the components of the codimension two fiber transversally, the
section can contain entire fiber components C' C o, which in the existing literature is
refered to as wrapping. In addition to consistency of the embedding of the rational curves

into the divisors o, we will use two constraints to determine all possible fibers:

1. If 0 -y F; = 0 or 1, then this holds also in codimension two, in particular when the
curve Fj splits it is necessary that the sum of the two curves, C* and C~, intersects

with the section as F; did.
2. o -y Fiber = 1.
Denote by Fj, the codimension one fiber component that splits

F, - Ct+C™. (3.64)
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From the box graph analysis it is known that the intersection with Dp, of these curves is
Dp, -y CF = —1. (3.65)

For the case where a curve F; in the fiber remains irreducible, again from the box graph
analysis, we have that
Dp, -y F; = -2. (3.66)

We will now determine, using (3.65) and (3.66), the normal bundles of the curves C* and

F; in Y, which will in turn fix the possible intersection of these curves with the section.

Three-folds

First consider the case where Y is a Calabi-Yau three-fold. Then by Theorem 3.3.5 (i),
(3.65) fixes the normal bundles to be

Nesjy = O(=1) @ O(-1). (3.67)

If a curve C = C¥ is contained in the divisor o, C' C o, then from Theorem 3.3.5 (ii) it
follows that
Nejo =O(k), k< -1, (3.68)

and this in turn bounds the intesection of the curve with the section
cy(C=-2—-k>-1. (3.69)

On the other hand, if o does not contain one of the curves C = C*, then o -y C > 0. In
summary we can conclude that the intersection number of o with the two curves C* is

always bounded below as follows
oy CF>—1. (3.70)
If F; is irreducible and F; C o then its normal bundle in Y is given by
Ng )y = 0@ 0(-2), (3.71)
and by (3.66) and Theorem 3.3.5 (iii)
Ng, o = O(k), k=0 or k< -2, (3.72)

and

-2 k=0
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Four-folds

Likewise we can consider the case when Y is a smooth Calabi—Yau four-fold. We will now
show that the constraints on the intersections of the section with the fiber components in
this case are the same as the ones we derived for three-folds. In section 3.4.3 we started

by considering a rational F}, in the fiber, which in codimension two splits and
Dp, -y C* = —1. (3.74)

Let S* be the surfaces ruled by C* over the codimension two locus in the base. Then

S* C Dp, which implies by Theorem 3.3.7 (i), that
NCi/DFp =060(-1). (3.75)
and that the normal bundle to these curves in the four-fold is
Ne=y =00 0(-1) ® O(-1). (3.76)

Consider now the situation that S = S* is contained in o, and thereby C = C* C o.

There is a normal bundle exact sequence
O%NC/S—)NC/U—)NS/J’0—>O. (377)

As S is ruled by C' we know that Ng g = O. On the other hand, we know that by the

normal bundle exact sequence for C C o C Y
0= Ngj/o = Noyy =000(-1)®O(-1) = Nyyylec =0, (3.78)

thus writing N¢/; = O(a) © O(b) Theorem 3.3.8 (i) states that a < 0, b < —1 and
a+b < —1. However, from (3.77), we know that O — O(a) & O(b), therefore we must
have a =0 and b < —1, i.e.

Netsy=0@&0(k), k<-1. (3.79)

This proves that the conditions on the normal bundle degrees of N/, for four-folds are
exactly the same as the ones we derived in the case of three-folds (3.69) resulting in the

same bounds on o -y C* as in (3.70).

Likewise, when F; C S; is contained in the section, where \5; is the surface ruled by F; over

the codimension two locus in the base, then Dp, -y F; = —2 and by Theorem 3.3.7 (ii)
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Again applying the normal bundle exact sequences to F; C S; Coaswellas F; Co CY
we infer from 3.3.8 (ii) that

Npgjo=0@0(k), k=0 or k<-2, (3.81)

which again is identical to the constraints that we had on the normal bundle degree for
F; C o in the three-fold case in (3.72) and thus the bound on o -y F; is also identical to

that case and depends only on k.

It seems that similar arguments will hold for elliptic Calabi—Yau n-folds in codimension
two, quite generally for n > 3, where instead of a ruled surface ST, there is a ruled n — 2
dimensional sub-variety, which is ruled by the rational curves in the fiber. This seems
to only add additional O summands to the normal bundle, and the constraints on the

intersections would appear to be the same as the ones we derived for n = 3 and n = 4.

3.4.4 Codimension two Fibers with Rational Sections

In the last section we have shown that the conditions on the normal bundle degrees for
rational curves in the elliptic fibration which are contained in the section, are characterised,
for both three- and four-folds by one integer, namely, the degree of the normal bundle
Ngjo = O(k) for three-folds, and N¢/, = O ® O(k), for four-folds, respectively, where
k is bounded as described in the previous section. The happy fact, that the degrees in
three-and four-folds (in this specifc context), are constrained in the same way, allows us
to carry out a full classification simultaneously for both cases. The only important input
is the degree of the normal bundles deg(N¢ /a) = k, upon which the charges will depend.
One last word of caution before we start our analysis: in the case of four-folds, whenever
a rational curve C in the fiber is contained in o, we mean this to imply always, that there
is a surface S, which is ruled by C over the codimension two locus, which is also contained

in o (i.e. in compliance with the general discussion in section 3.4.3).

The two cases to consider now separately are
0 Case (a)

0-pr:a-y(C++C_):{1 Coso (b) (3.82)

(a) o-y F, =0:
From (3.69) it follows that o -y CF > —1. There are three solutions to o -y F,, = 0:

(c-yCt oy C7)=(-1,1), (0,0) and (1,-1). (3.83)

There are several ways that each of these intersections can be realised: -y C*t = —1

implies C* C ¢ and the degree of the normal bundle of C* in o is deg(N¢+ /o) = —1.
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Likewise, 0 -y C* = 0 implies C* C ¢ and deg(N¢+,) = —2 or C* ¢ ¢ with no
transverse intersection. On the other hand the intersections for C~ can be realised
as follows: o -y C~ = 1 implies either, that C~ ¢ o, and intersects ¢ transversally
once, or C~ C o and deg(N¢- /,) = —3. The case for o -y Ot =1 proceeds in the
same fashion, by swapping C and C'~. The intersection o -y C~ = 0 implies either,
that C~ ¢ o, and does not intersects o, or C~ C o and deg(N¢-/,) = —2.

In the last case, it is important to note that by the structure of the codimension two

fiber the two curves C*, which are both contained in the divisor Dp,, intersect
C*pp S” =1, (3.84)

where S~ is the matter surface, which is ruled by C'~ in the case of four-folds, and is
equal to C~ for three-folds. L.e. if one of the curves is contained in the section, then
the other curve will automatically acquire an intersection with the section. Thus the
combinations C* C o, deg(N¢+/,) = —2 and C~ ¢ o, 0 -y C7 = 0 do not have

any solution in an I fiber.

In summary we obtain the following configurations:

oy CT ‘ oy C™ H C* configuration ‘ C~ configuration
-1 1 Ctco, deg(NC+/U) =-1|C"¢o,o0yC =1
Ctco, deg(NC+/g') =-1|C" Co, deg(N¢- /cr) =
0 0 Ctco, deg(NC+/g) =-2|C" Co, deg(Nc- /0) =
Ct¢o,o0vyCt=0 C ¢do,oyC =0
1 -1 |Ct¢go,oyvCOT=1 C™ Co, deg(Ne-/0) = —
Ctco, deg(NC+/U) =-3|C~ Co, deg(Nc- /o) =

(3.85)

oy F,=1:
Making use again of the bound (3.69), the solutions to o -y (CT +C~) =1 are

(cyCT oy C7)=(-1,2), (0,1), (1,0) and (2,—-1). (3.86)

The only new configuration that has not already appeared in case (a) is 0.y C~ =
One configuration that realises thisis C~ ¢ o, but C~ has two transverse intersection
points with . Note that in this case C" is contained in o, and thus contributes

an intersection by (3.84). If C~ C o then deg(N¢-/,) = —4. The complete set of
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section configurations in this case are summarised in the following table!!:

oy CT ‘ oy C™ H C* configuration ‘ C~ configuration

-1 2 Ct Co, deg(Ng+)p) =—1|C~ ¢ o, 0-yC™ =2
C*t Co, deg(Ng+),) =—1|C™ Co, deg(Ng-/,) = —4

0 1 Ct Co, deg(Ngt)y) =—2|C ¢o,0vyC™ =1 (%)
C*t Co, deg(Ng+),) =—=2|C~ Co, deg(Ng-/p) = =3
Ct¢o,oyCT=0 C-¢o,oyC =1

1 0 Ct¢o,oyCt=1 C~ Co, deg(Ng-/5) = =2 (%)
C*t Co, deg(Ng+y) = =3 | C~ Co, deg(Ne-/p) = —2
Ct¢o,oy(Ct=1 C-¢o,o0yC =0

2 -1 Ct¢o,o0yvyCt=2 C~ Co, deg(Ng-/5) = —1
Ct Co, deg(Negt)y) = —4|C™ Co, deg(Ne-),) = —1

(3.87)

Note that for each value of o -y C* there are two realisations in terms of different config-

urations, and in the following we will only consider one of these.

Furthermore, we need to discuss the remaining fiber components. From the box graphs,
we know that the intersection of rational curves in the fiber in codimension two is that of
an I Kodaira fiber. Thus, if a component C* is contained in o it induces intersections of
the section with the adjacent fiber components. Depending on the position of the section
in codimension one, there are two cases again to consider: let Fj be such that it remains

an irreducible fiber component in codimension two. Then

(a) oy Fy = 0:

Either F, ¢ o and has no transverse intersections, or F, C o then deg(N Fy Jo) = —2.
(b) oy Fy=1:

Either F; ¢ o and has one transverse intersection, or F, C ¢ then deg(N, F, /U) = -3.

We can now determine the complete set of fibers in codimension two with a rational section
o. Again, F, - C* 4+ C~ is the rational curve that becomes reducible in codimension

two:
(i) Ct,C~ ¢ o:

(a) oy Fp=0and oy Fp, =1, p#m:
It follows from table 3.85 that the only configuration is

ct,C-¢o, oyCTF=0. (3.88)

e will see that the intersection configurations with (x) in fact do not have a realisation in an I fiber.
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The section does not intersect either of the split components, indeed it must
merely remain on the component that it originally intersected in codimension

one, F,. Figures 3.5 and 3.10 (i) represent this configuration.

oy F,=1:

From table 3.87 the only two solutions are
Ct.C ¢o, ovCE=1, oy CT=0. (3.89)

In this case the section intersects one of the split components transversally, and
does not contain any curves in the fiber. This is shown in figure 3.5, and more

generally, in figures 3.11, (i) and (ii), respectively.

(ii) C* Co, C™ ¢ o

(a)

oyvF,=0and oy F, =1, p#m:
The configuration from table 3.85 is

Ctco, deg(Nc+/,) = —1

(3.90)
C " ¢go,ov(C =1.

The positive intersection of o with C™ arises from the single point of intersection
between the curves C* and C~. Any fiber components, F;, which are positioned
in the ring between C and F;,, must also be contained in o, so that o-y F; = 0.
This can be seen by considering first the intersection point of C* with the curve
F;, which is adjacent to it in the ring. Clearly this would have o -y F; = 1,
which would be inconsistent with codimension one unless ¢ = m. Therefore F;
must be contained in o, with F; -, Dr, = —2, so that it has zero intersection
number in Y. This is consistent with Theorems 3.3.5 and 3.3.8. Identically,
such wrapping must continue until the section meets the fiber component that
it intersects in codimension one. This configuration is depicted in figure 3.5

and, more generally, for I,,, in figure 3.10 (ii).

oy F,=1
There are two solutions in this case from table 3.87, however we will see only

the following gives rise to a consistent fiber:
Ctco, deg(NC+/U) =-1
(3.91)
C " ¢o,ovC =2.

The second solution characterised by C* C o, deg(Neo+ Jo) = —2and C~ ¢
o, 0y C~ = 1 would imply that the section wraps C*, and thus by the

argument in the last paragraph, would gain a non-trivial intersection with all



Chapter 3. F-theory and All Things Rational 74
F,= C,+C.
8 "‘8 g 6,.C.=+1 6,.C.=+1
oL 6,.C.=0 6,.C.=0
6,..C,=0 6,.C,=0
0.C.=-1 0.C,=-1 6,.C.=+1 6,.C.=+1
0.C.=+1 0.C.=+1
0,..C.=-1 6,.C,=-1
C=+2 C.=+2
6.C,=+1 0.C.=+1 ortr o=
0.C=-1 c.C=-1
06,.C.=+2
6,.C.=-1

Figure 3.5: I5 fiber with rational section o, shown intersecting F; in codimension one.
The left hand side shows the case F», — Ct + C~ in codimension two and all the the
section configurations that are consistent, which correspond to all case (a) in the main
text. The fiber components that are contained in ¢ are colored red, and the numbers next
to it refer to the degree of the normal bundle of the curves inside . Furthermore, in each
row the two configurations give rise to the same intersection of ¢ -y C*, and are thus,
from the point of view of U(1) charges, identical. Note that for one of these configurations
the entire fiber is contained in the section. The right hand side shows the case when the
fiber component Fp, which intersects the section in codimension one, becomes reducible
in codimension two. Again, for each pair (o -y CT,0 -y C7) there are two configurations
realising those intersection numbers.
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F; between CT and C~ unless, all of these curves are contained in ¢ with normal
bundle degree —2, so that o -y F; = 0. However, then C~ would be the only
not contained fiber component, and would have intersection 2 with the section,
which would be in contradiction. Thus we are left with the only configuration
(3.91). Again, by the same arguments as given in the previous paragraph the
section must contain all the F; between CT and C'~. If there were to be some F;
which was not contained in ¢ then it would have a strictly positive intersection
number with ¢ from its neighbour in the ring, contradicting codimension one.
C~ then has one intersection point with o from the intersection with C and
one from the intersection with the F; on its other side, giving the required
intersection number of +2. The fiber is represented in figure 3.5 and for I, in
figure 3.11 (iv).
(iii) C~ C o, CT ¢ o
The analysis in the case is essentially identical to the analysis in case (ii), by ex-
changing the roles of CT and C'~, and we do not repeat it here.
(a) oy F, =0:
See figure 3.5 and figure 3.10 (iii).
(b) oy Fp=1:
See figure 3.5 and figure 3.11 (iii).

(iv) CT,C~ Co:

(a) oy Fp=0and oy F, =1, p#m:
From table 3.85 there are three configurations, corresponding to degree of the

normal bundle of the curves in o

(deg(NC+/o)v deg(NC_/o)) = (_L _3) ) (_27 _2) ) (_37 _1) : (3'92)

In all of these cases, all F; need to be contained in o, which again follows by
noting that if only C* were contained in o, then both F,_; and F,;; gain an
intersection from the wrapping of C*. Thus in order for all but F}, to have

zero intersection with o, the entire fiber needs to be contained in o with

deg(Ng,,/0) = =3, deg(Np, /o) = =2, i# m,p. (3.93)

The degree of deg(Np,, /U) ensures that this component has, consistently with

codimension one, intersection +1 with o. See figure 3.5 and figure 3.10 parts

(iv)-(vi).
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(b) oy Fp=1:
Table 3.87 implies there are four configurations of this type:

(deg(NC+/U)7 deg(NC_/U)) = (_17 _4) ’ (_2’ _3) ) (_35 _2) ) (_47 _1) :
(3.94)
Again, just as in the last paragraph, the entire fiber needs to be contained in

o with
deg(Npjs) = =2,  i#p. (3.95)
See figure 3.5 and figure 3.11 parts (v)-(viii).

This completes the analysis of what fiber configurations in codimension two are possible

with one rational section.

3.4.5 Compilation of Fibers

The analysis in the last section allows us now to characterise all possible fibers in codimen-
sion two for an SU(5) model with one rational section. There are in total three distinct
codimension one configurations for the section, up to inverting the order of the curves F;
in codimension one. For each of these, we now determine the fibers with rational section
in codimension two. As shown in tables 3.85 and 3.87, for each value of (o-y CT, 0y C™)
there are two realisations in terms of fibers, see e.g. figure 3.5. As these are indistinguish-
able from the point of view of U(1) charges, in the following, we will only consider the
fibers with minimal wrapping. The different configurations are drawn for each phase of

each codimension one fiber type in figure 3.6. These tables contain information about

e Phase: given in terms of the box graph as well as the splitting F; = C* + C~ for

each phase.

e Codimension two fiber: in the present case for fundamental matter, the enhancement
is to an Ig fiber, i.e. SU(6). The intersection of the exceptional P's is shown,

including the curves C* that arise from the splitting are marked by dashed lines.

e All possible codimension two fibers with section: a dot on one of the P's corresponds
to a section intersecting the fiber component transversally in +1. If a fiber compo-
nent is contained in the section o, then it is colored (blue or red). The “wrapped”
components carry a numerical label, which indicates the normal bundle degree of

the curve inside the section o.

e Matter intersections: finally, the table contains the information about the intersec-

tion of the section o with the curves C*, which will then be used to compute the
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U(1) charges.

Knowing the various configurations one can read off the values of ¢ -y C* in each case.
It is these values which determine the U(1) charges, after the application of the Shioda
map, as shall be seen in the subsequent section. In the phase where the codimension one

component Fj, splits the possible values of o -y C* are

(a) oy Fp =0
oy CFe{-1,0,1}. (3.96)

(b) oy Fp=1
oy CTe{-1,0,1,2}. (3.97)

These values are the contributions to the U(1) charges from the rational sections. One
sees that there is an additional value for ¢ -y C when the codimension one curve that
splits, F},, had the rational section intersecting it in codimension one. We should then
anticipate seeing additional U(1) charges in those phases where such a component of the

I fiber splits. Indeed we will see this in the next section.

3.4.6 U(1) Charges

The U(1) charges of the curves C*, which are labelled by the weights of the fundamental

representation, are obtained by intersecting them with the Shioda map of the section o
5(01)25(01—00)+Sf, (3.98)

where ¢ is the zero-section. Here, Sy depends on the codimension one fibers and is

determined by requiring that for all ¢
S(o1) -y F; =0. (3.99)

In particular, if F; — CT + C~ splits then (C*T + C7) -y S(o1) = 0 is required. The
U(1) charges of C™ and C~ is given by S(o1) 'y CT and S(o1) -y C~ respectively, and

Iém)

are always conjugate. For , Sy is trivial, and for the remaining codimension one fiber

types they are listed in tables 3.1 and 3.2.

In the section 3.4.4 we determined a comprehensive list of possible fibers in codimension
two, given that a rational section o intersects either Fy, Fj, or Fh in codimension one,
respectively. In a model with one U(1), we apply this analysis to the zero-section oy and
additional section o;. Without loss of generality, o¢ -y Fy = 1, and thus the possible

codimension two fibers are listed in figure 3.6. Depending on which codimension one fiber
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Phase Sf Sf % ct Sf v C~
T T
IO +1 +4
W] —4 -1
4Dp, +3Dp, + 2Dp, + Dp,
[ HEN +1 -1
N 7 +1 -1
N | +1 -1
Table 3.1: Values for Sy -y C* for I, 5()0‘1) local enhancement to I.
Phase Sf Sf 'yC+ Sf v C~
CITTTT]
IO +2 +3
[ HEEE -3 +3
3DF1 + 61)11:'2 + 4DF3 + 2DF4
[ ___HEN -3 -2
[ ___HE +2 -2
N | +2 -2

Table 3.2: Values for Sy -y C* for IEEOHD local enhancement to Ig.

type (3.60) we start with, in addition the section o1 can be in one of the configurations in

figures 3.6. Obviously, only fiber types in the same phase can be combined.

The charge is computed by intersecting the Shioda map S(o1) (3.98) with the split curves
C* and C~. The result is shown for all codimension one fiber types in figures 3.7, 3.8,

and 3.9. Each of the figures contains the information
Caption for Figures 3.7, 3.8, and 3.9: (3.100)
e The phase, specified by the box graph, and the fiber in codimension two that results,
without the section information.

e The horizontal (vertical) axis shows the different configurations for curves of the

fiber in the section o1 (0y).

e The entries of the tables contain the U(1) charges (a, —a) determined by S(o1)y CT
and S(o1) -y C~ respectively.

e The lines between the phases, that is, connecting the six large boxes, denote that
there exist flop transitions between those linked phases.'? The coloring of the charges

is related these flops and will be discussed later.

2These are the flops that exist generically, as explained in [70]. This will be discussed later on.
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In summary the charges for 5 (and negative of these for the conjugate 5) that we find are:

I € {=3,-2,-1,0,+1,+2, +3}
U(1) charges of 5 matter for IE()0|1) €{-14,-9,—4,+1,+6,+11} (3.101)
1O e {13, -8, -3, 42, +7,+12} .

This concludes the analysis of possible U(1) charges for an SU(5) gauge theory in F-
theory with fundamental matter, for one additional abelian gauge factor. Note that all
known charges from explicit realisations of the fiber in various toric tops as well as Tate
models, including the individual U(1) charges from models with multiple U(1) factors, are
a (strict) subset. We discuss the relation to the embedding into Eg, as discussed in [105],

in appendix A.2.

3.4.7 SU(n) x U(1) with Fundamental Matter

In our discussion of fiber configurations in section 3.4.4 it was in fact of no particular
importance that we started with an I, fiber with n = 5. Indeed the situation is very
similar and easily generalises, to SU(n) with fundamental (i.e. the m representation)
matter, where the fiber enhances from an I,, to an I,,;1. Each section in codimension one
intersects one of the rational curves Fj, ¢ = 0,1,--- ,n — 1, which intersect in an affine
SU(n) Dynkin diagram. In codimension two, one of the Fj splits, as shown in [70]. For

an elliptic fibration with sections g and o1, we again use the notation
0" gy Fy=1, o1y En=1. (3.102)

Let F), be the component that splits in codimension two. Then there are two cases to
consider: either o -y F}, = 0 or 1, which are shown in figures 3.10 and 3.11, respectively.
The reasoning is entirely as in section 3.4.4, with the only difference being the length of
the chain of rational curves F; that are located between Ct and C'~. The distinct cases

of intersections (o -y CT,0 -y C7) are also analogous to the SU(5) case.

The Shioda map can be constructed for an IT(LO‘ml) fiber and the U(1) charges of a fibration
with a specified wrapping configuration can be written in terms of m and n. The Shioda
map for an I,, fiber with separation m between the sections is determined by the mth row
of the inverse Cartan matrix associated to the codimension one singularity type [91]. The
inverse Cartan matrix of SU(n) is an (n — 1) X (n — 1) matrix with elements
1 {c(n -—m) c<m
Cre = —

n

(3.103)

m(n—c) m<ec.
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e,
01.C4=0 01.C4+=+1
01.C.=+1| 01.C.=0

o =
IR T
Ju| @ (2,+2) (1,+1) 0,0) Jd| (2+2) (1,+1) 0,0)
5§ §&

[} Il
Ja| «+2 (1,41) ©0) (¢1-1) Jdf @22 (1,41) ©00) (+1-1)
&8 &8
il 37
Jd | L+ 0,0) (+1,-1) (+2,2) QdJ (1,+1) 0,0) (+1,-1) (+2,2)
) =S
[sl=} (S]]
— ! -
[ T+
I Iwon
Jdd| 0o (+1,-1) (+2,2) (+3:3) Jd ©,0) (+1,-1) (+2,2) (+3,3)
=S =t
[Sl=] [S=]

01.C4=-1 01.C4=-1 01.C+=0

01.C.=+1 01.C.=+1| 01.C.=0

(272) c141) ©0) 2+2) (141) ©0)
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Figure 3.7: Codimension two fibers and charges for 5 matter for I é01) models. For details
see (3.100).
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Figure 3.8: Codimension two fibers and charges for 5 matter for I éo models. For details

see (3.100).



Chapter 3. F-theory and All Things Rational 83

01.C4=-1
01.C.=+1
P P
nn nn
Ju || (13+13) (-8,48) (:343) Sl (3413 (-8,48) (:3,43)
oo [=¥=]
(o] (el
Te Te
n I
Jd | 849 (3143) (+2-2) Sl 848 (3,43) (+2,-2)
== oo
(<N -] [ol=]
i 7
g (343 (+2,2) (+7,7) Jd (:3,43) (+2,2) “7,7)
(== oo
(<N (-]
-9 I
non nn
Jul 22 (+7,7) (+12,12) dol ¢22 7,7 (+12,12)
oSS I=y=J
(el (<N~
. L.
1) 1,
AN | A
V '
J / J
Ak
01.C4=-1 01.C4=-1 01.C4=0 01.C4=+1
01.C.=+1 01.C.=+1| 01.C.=0 01.C.=-1
(-13,+13) (-8,48) (:3+43) (-8,+8) (-343) (+2,2)
(-8,+8) (-3,+3) (+2,2) (:3,+3) (+2,-2) (+7,-7)
(-3,43) (+2,-2) (+7,-7) (+2,-2) (+7,7) (+12,-12)

01.C4=-1 01.C4=0 01.C4=+1

01.C4=-1 01.C4=0 01.C4=+1
01.C.=+2 01.C.=+1| 01.C.=0 et et Lt

01.C.=+1| 01.C.=0 01.C.=-1

-1

(-13,+13) (-8,+8) (3,+3) (+2-2) (-8,+8) (-3+3) (+2,2)

00.C4=+1
00.C-

=0
=0

(-8,+8) (-3,+3) (+2,-2) (+7,-7) (-3+3) (+2,2) (+7,7)

00.C4+
00.C-

(-343) (+2,2) (+7,7) (+12/-12) (+2,2) +7,7) (+12,12)

00.Cy=-1
00.C.=+1

1)

Figure 3.9: Codimension two fibers and charges for 5 matter for I, éo models. For details

see (3.100).
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The Shioda map for an L(mel) fiber is then of the form

n—1

S(o1) = n(o1 —00) + Y Cri D, (3.104)
=1

ignoring contributions from the base. For ease of notation we will allow ¢, to denote the
coefficient of the term Dp, in the Shioda map, that is Cy,,. The Shioda map excepting
the term n(o1 — og) will be denoted by Sy as before. The conjugate U(1) charges are

obtained from the intersection numbers
S(o1) -y C*. (3.105)

Such an intersection can be broken into two parts, contributions from (o1 — o) -y C7,
which were enumerated for each section in (3.96, 3.97), and contributions from Sy -y Cc*,
which are determined here. Let us consider the phase where F, — Ct + C~, and we
shall content ourselves with only obtaining the U(1) charge of C't, as the charge for C~
is simply its negative. From the resulting fiber it is observed that the only contributions
from Sy -y C" come from ¢, and ¢,_1, as these are the coefficients in the Shioda map of

the divisors Dp,, which CT intersects, i.e.

Spoy Ct=cpo1—cp. (3.106)
Given (3.103) this can be expanded explicitly in terms of m and n (importantly the
dependence on the phase is minimal)

m-—n <m
Spy CF = {fn ) :L;p (3.107)

In the above we considered only the so-called SU(n)-phases, where p = 1,--- ,n—1. What
remains is to consider the phases with an additional U(1), where Fy — C* + C~. In this
case the only contribution to S¢-y C™ comes from ¢,,_1, which is m. In the previous section
the possible values of o -y CT were determined from the possible consistent wrapping

scenarios to be such that
oy Ot e{-1,0,1,2}. (3.108)

Combining this information with (3.107) tables can be constructed for all possible charges
in each phase. The two tables which cover all the phases for L(Zolml) are given in table 3.3.

It can be seen that the possible charges are
S(o1)yCT=m—-3n,m—2n, -, m+2n. (3.109)
The subset of charges that exist in every phase is

S(o1)yCt=m—-2n,m—-n, -, m+n. (3.110)
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o1y CT
-1 | o | 1 | 2
J{D 1 m—-n m m-+n | m+2n
>~ 0 m-=2n| m—n m m+n
S| 1 m—3n|m—2n|m-—n m
o1y CT
-1 | 0o | 1
L | -1 m m+n | m+2n
(i 0 m-—n m m+n
g» m-—2n| m—n m
2 m—3n|m-—2n| m—n

Table 3.3: The U(1) charges of all the possible wrapping combinations of the codimension

one I,(lo‘ml) fiber enhancing to an I,41 fiber. On the left are the charges in phase where
F, splits for p = 1,--- ,m, and on the right are the charges for the phases where p =
m+1,---,n—1or p=0. In each configuration, the cases o -y C™ = 2 only appear in the

p =m or p =0 phases.

While these are the charges that appear in every phase for every m, there are some special
end-point values of m for which extra charges appear in all phases. When m = 1 or
m = n — 1 then charges m + 2n and m — 3n respectively appear in all phases. In addition,
when m = 0 the tables degenerate on top of each other and the charge m + 2n appears in
all phases. In the phase where Fj splits there is a new charge m + 3n from o1 -y C* = 2

and og -y CT = —1.

There are charges, which do not appear in every phase within the framework of fibers
satisfying the setup outlined in section 3.4.1. This has in particular to do with the flops
of configurations of the type shown in (iii) and (iv) of figure 3.11, which we will elaborate

on in section 3.6.

3.5 SU(5) x U(1) with 10 Matter

In this section we find the possible charges for 10 matter by analysing how the sections
can behave under an I5 to I{ enhancement. The codimension one I5 fibers and Shioda

maps are the same as those given in section 3.4.2.
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F. F Fo. }? %n ?
o—fo-—o)—e o -5—o (o—b6—35b—0)
c ¢ ¢ ¢ ¢ F C C C¢ F R C

(A) (B) ©)

Figure 3.12: The three abstract splittings for I5 to I} enhancements. The colored loops
indicate that there exists a root that splits into the encircled curves in codimension two.

3.5.1 Codimension two Fibers with Rational Sections

The fibers of the 10 representation are obtained from the box graphs in tables A.1 and A.2
in appendix A.1. The resulting fibers are all I}, consistent with the local enhancement
to 50(10), with the correct multiplicities. To find the charges of the 10 representation
we employ the same method as before, solving for the possible configurations under the
constraints of consistency with codimension one, o -y Fiber = 1. The multiplicity of each

component in the I fiber must be taken into account when imposing the latter condition.

There are three classes of splitting types that can occur in the enhancement to I, shown

in figure 3.12. They are one of the following,

(A) F, 5Ct+C,F, - Ct+C,F, - Ct+C~
(B) F; = CF¥ 4+ F;+CT, Fj, » C* + CT

(C) F; 5 CT+Fj+F,+C ,j#kand jk#i.

In each of the three cases there are different subcases to consider depending on which of the
components of the fiber the section intersects in codimension one. There are five different
options corresponding to the number of components in codimension one, however the
reflection symmetry of the intersection graphs allows one to consider only eleven different
configurations, instead of fifteen. The configurations will be termed the “splitting types”

and will be denoted as

Al: ovF=1 Bl:oyvF=1 Cl.oyvF=1
A2: oy F;=1 B2: oy Fp =1 C2: oy F,=1
A3:ov Fj=1 B3: oy Fj=1 C3 oyvF,=1.
B4: oy F,=1
Bb5 oy F,=1

For each splitting type one can determine the values of the intersection numbers, from the
intersection of the section with the split curves, that are consistent with the constraints

from codimension one and the requirement that the normal bundles of subspaces embed
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as subbundles of the total normal bundle. Each possible set of intersection numbers may
have multiple realisations in terms of configurations of the curves inside the section. The
intersection numbers with o are all that is necessary to determine U(1) charges via the
Shioda map. In this section splitting type A.2 will be detailed explicitly and the tables of
results for all the other ten splitting types will be relegated to appendix A.1.

Consider then splitting type A.2, defined as the splitting
F,—>Ct+0-
F; —»Ct+C~ (3.111)
F,—»Ct+C,

with o -y F; = 1, and the intersection of the section with all other codimension one fiber

components being zero. As such the constraints from the split curves become

oy (C“W—C‘) =1
oy (CT+C7)=0 (3.112)
oy (Ct+C7)=0.

Any one of the intersection numbers ¢ -y C for any curve C' determines all the other
intersection numbers with the C's. As the normal bundle to the curves C that come from
the splitting of the curves F; in codimension two is O(—1) @ O(—1) for three-folds and
O 0(—1)a0(—-1) for four-folds it is known by Theorems 3.3.5 and 3.3.8 that -y C > —1
for all such C. Solving the constraints (3.112) subject to these inequalities leads to the

three solutions

(i) oy C™ =2, cyCt=cyCt==1, oy (C =1

(i) oy C =1, cyCt=0cyC =0y Ct=0

(i) oyC =0, oyCr=0cyCt=1, ocy(C =-1. (3.113)
Each of these solutions has in addition that o -y F; = ¢ -y F,,, = 0 from consistency of the
curves which do not split with codimension one. It remains to ask whether there are any
possible realisations of these intersection numbers. All the configurations realising each of
these three solutions are shown in figure 3.13. If a curve is such that o -y C = —1 then it
must be contained in ¢ with deg(NC/U) = —1, else if a curve is such that 0 .y C =k > 0
then the curve is either not contained in o and has k transverse intersections with o, or
it is contained in o with deg(N¢/,) = —k — 2. In this way configurations of curves inside

the section with particular intersection numbers can be constructed.
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Figure 3.13: The different realisations of the intersection number solutions (i) (top row),
(74) (middle row), and (7i7) (bottom row) for splitting type A.2. The red integers are the

degree of the normal bundles of each curve inside the section.

(U]

Phase I5(01) charges 15(0“) charges Ié charges

1 -3,-2,-1,0,+1,42,+3 | —12,-7,-2,+3,+8,+13 | —9,—4,+1,+6,+11
2 —-2,-1,0,+1,+2 —12,-7,-2,43,+8 -9,—4,41,46

3 -2,-1,0,+1,+2 —-12,-7,-2,43,+8 -9,—-4,4+1,4+6

4 -2,-1,0,+1,42 —-12,-7,-2,4+3,+8 -9,—-4,+1,46,+11
5 —-2,—-1,0,+1,42 —-12,-7,-2,43,+8 —-9,—4,41,+6

6 —-2,-1,0,+1,4+2 - 7,—-2,4+3,48 -9,—4,41,46

7 -2,-1,0,+1,+2 —-12,-7,-2,43,+8 -9,—-4,4+1,46,+11
8 —-2,-1,0,+1,42 - 7,-2,4+3,48 -9,—4,+1,46,+11
9 -2,—-1,0,+1,42 —-12,-7,-2,43,+8 -9,—-4,41,46,+11
10 -2,-1,0,+1,42 - 7,—-2,4+3,48 -9,—4,4+1,46,+11
11 -2,-1,0,+1,42 —-12,-7,-2,4+3,48,+13 | —=9,—4,+1,+6,+11
12 -2,-1,0,+1, 42 —7,-2,4+3,+8,+13 | —=9,—4,+1,+6,+11
13 -2,-1,0,+1,4+2 —7,-2,43,4+8 -9,—4,+1,46,+11
14 -2,-1,0,+1,42 - 7,-2,+3,+8,+13 | —9,—4,+1,+6,+11
15 -2,-1,0,+1,42 - 7,—2,+3,+8,+13 | —9,—4,+1,+6,+11
16 -3,-2,-1,0,+1,42,+3 | —12,-7,—-2,+3,4+8,+13 | —9,—4,+1,+6,+11

Table 3.4: The range of possible U(1) charges for each codimension one fiber type. The
phases are those listed in tables A.1 and A.2 in appendix A.1l.
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3.5.2 U(1) charges

The possible codimension two fibers are obtained by combining the oy and o1 configura-
tions appearing in the same phase. The U(1) charges of the 10 representation for each
such combined configuration are determined from the C*/C~ intersections with the sec-
tions listed in the figures and the appropriate Shioda map (3.98). The results are shown in
table 3.4. Each entry in the table lists the possible charges in each phase for a particular

codimension one fiber type, and is summarised in terms of the following set of possible

charges:
1% € {~15,-10,-5,0,+5, +10, +15}
U(1) charges of 10 matter for Iéou) €{-12,-7,-2,43, 48, +13} .
IO e {9, —4,+1,46,+11} .

Again, like for the case of fundamental matter, the known charges that occur in con-
crete realisations of elliptic fibrations of SU(5) GUTSs are a strict subset of these. The

comparison to the embedding into Fg can be found in appendix A.2.

3.6 Flops and Rational Sections

Flops between distinct resolutions of singular elliptic Calabi—Yau fibrations have been
discussed in terms of the Coulomb phases, or box graphs, in [70], and realised in terms
of explicit elliptic fibrations (based on Tate models) in [65,126-128]. In this section, we
will study the flops for codimension two fibers with sections wrapping fiber components.
For simplicity we consider here three-folds, however we expect all of the flops to generalise

quite straightforwardly to four-fold flops, e.g. as discussed in [129,130].

3.6.1 Flops and Intersections

The small resolutions of the singular fibers are related by flops along curves in the fiber
in codimension two. To determine how the flops change the normal bundle degrees of
C C D, which in the three-fold case is given by the self-intersections of the curves in D,
it is useful to recapitulate some of the mathematical results on this for three-folds. The
first important notion is that of a (—2)-curve as introduced in Theorem 3.3.6 (see [124] for
more details). Recall that the normal bundle of the curves Fj, which remain irreducible
in codimension two, are
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Figure 3.14: Flop of the curve C] into Cy. D’s are divisors, C the curves at their
intersections, and the small numbers indicate the degree of the normal bundles of the
curves inside the divisors. The exceptional divisor, E = P! x P!, is introduced in the blow-
up as an intermediate stage. Alternatively one can blow down to the singular configuration
at the bottom of the picture.

whereas if F,, - C + C~ becomes reducible in codimension two, then each of the irre-

ducible components C* have normal bundle in Y

Nesjy = O(=1) @ O(-1). (3.116)

Consider the situation shown in figure 3.14, starting with the configuration in the lower
left hand side. The curves C’f[ both have normal bundles of degree (—1,—1), the curve Cs
has normal bundle (—2,0) (i.e. it is, in our standard notation, one of the F;). Consider

blowing up along the curve C; .

Let D and D be divisors and 71 : D — D the blow-up of a curve C. The canonical class

changes as
Kp=71Kp+C. (3.117)

Here the blow-up affects the two divisors Dy and D”, in particular under m : 152 — Do
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the canonical class changes by the new curve, C; ,
Kp, =mKp, +Cf,  Kp, =7n1Kpr +Cyf . (3.118)

The curves Cy and Oy, are contained within these two divisors, and their normal bundles
change in the blow-up. Denoting their images under the blow-up by C, the normal bundle
degrees are (using adjunction that Kp -p C = —(C)% — 2)
A \2 .
deg(Ne, p,) = (C2)p, = —Kp, -p, Co — 2
= —(n{Kp, + C5) p, Co —2=—(-2+1) -2 =1
deg(Né;r/ﬁ//) = (Cfr)%// = _Kf)// ‘D Ci -2
= (i Kpr +CF) pu CF =2 = —(=1+1) —2= 2.

(3.119)

The normal bundles of C’Q_ , C’fr in the divisors D', D; respectively, are unchanged as
the canonical class of these divisors remains the same under the blow-up. The resulting

configuration is shown on the top of figure 3.14.

The flop is completed by blowing down the curve C’f . The canonical classes change again
as in (3.117) for the two divisors, which contain this curve, i.e. D and D’ under the blow

down 7o : D — D
Kp, =mKp +Cr,  Kp =mKp +Cy . (3.120)
After the blow down, denote the curve corresponding to Cy and C’f by C’; and C1,
respectively. Then the normal bundles change as follows
deg(NO;/Dl) = (OQ_)QD, = —KD/ ‘D’ CV’Q_ -2
= —(Kp—Cy)pCy—2=—(0-1)—2=—1
deg(Ng, /p,) = (C1)5, = —Kp, -p, C1 =2

=—(Kp, —Cy)p, Cf —2=—(-1-1)-2=0.

(3.121)

On the other hand, C’f is not in Dy or D" , so the blow down does not affect the normal
bundle of C; in Dy or of C in D”. Thus the flop of Cy, which was previously the
intersection of D' and Dy, produces a new curve C’; which is no longer contained inside

either D’ or Dy but instead intersects them in a point.

Alternatively, one can consider first blowing down with po in figure 3.14, and then blowing
up. The advantage of the process we described here, is that the geometry in every step is
smooth, whereas the lower, singular configuration would require particular care in applying

the intersection calculus.

The prior analysis can now be applied to the case of SU(5) models with e.g. fundamental

matter. Taking one of the divisors D’ or Dy above to be one of the rational sections we see
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that, under a flop, a curve contained inside the section is flopped to one that intersects the
section in a point and vice versa. Consider a configuration in figure 3.6, for example where
oy F1 = 1 in codimension one, then the generic flops for fibers studied in [70] dictate
how the configurations flop into each other. However for fibers with rational sections, not
every configuration appears to have a flop image in the category of fiber configurations
that satisfy our initial setup. This is indicated in the shading of the charges in figures
3.7—-3.9, showing which charges flop into each other. The charges in blue appear in every
phase whereas the charges highlighted in green only appear in certain phases. The flop of

the configurations, which do not appear in all phases will be discussed in section 3.6.3.

3.6.2 An /] Flop

Consider the flop of the curve C;f 4 depicted in figure 3.15. In this case it is simpler to
consider first blowing down this curve, and then blowing up. The starting configuration,
shown on the left of figure 3.15, appears in phase 6 of table A.4 where the section intersects

F1 in codimension one. The splitting in this phase is given by,
Fy— Ci,+ Fi+ Fa+ Cp (3.122)

These curves have the following self-intersections, i.e. normal bundle degrees, inside Dp,,

(C;:4)2DF4 =-1
(Cl_S)ZD =-1
v (3.123)
(F1)Dy, = —2
(F2)2Dp4 = _2 ’
determined by the box graph for this phase. For the curves F; do not split,
(Fi)D,, =0. (3.124)

In the configuration shown Fj, Cgf 4, I3 C o1 and the self intersections in oy are given by
the red numbers appearing next to these curves in the figure. Now consider the blow down

of the curve C’; 4 Which changes the canonical class of Dp, and o1,
Koy = 1 K5, + C3y, Kp,, =mKp, + Cyy- (3.125)

Under the blow-up 7 of the singular geometry we reach the I} fiber obtained by the

splitting,
Fy = Cyy+ Fi + O

(3.126)
Fy — 02+,4 +Cs5y
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FyCis
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Figure 3.15: Flop of a 01 wrapping configuration from phase 6 (left) to phase 8 (right)
where o1 -y F1 = 1. The red numbers denote the self intersections of the curves inside o;.

The configuration in this phase, phase 8, is shown on the right in figure 3.15, where the

flopped curve Cy ¢ o1 and the canonical class of the divisor DF2 is
KDF2 :W;KDFQ + 3:4. (3.127)

Only the normal bundle of the curve F5, which becomes C{ 4+ is altered by this flop as
no other curve intersected C’; 4 in the original configuration. As the intermediate stage in
this description of the flop is singular the self intersection of the curve C’Z 4 in the divisors
ﬁFM 61 and DF2 in phase 8 is computed by always pulling back to one of the resolved
geometries,
(C3a)z, b, = = o1 /D, 01/, Ot =2
= Kor/r, o105, T2 =2 (3128)

=~ (K1 /Dr, = C34) "0r/Dp, P2 —2

——(0—-1)—2=—1.
In the above, the second equality sign holds as the canonical class of DF4 and &1 is
unchanged by the blow-up ms.

(C34)h,, == Kby, by, Coa =2

= — (m3 Dp, + 03,_,4) ‘Dr, CZ4 -2

=~ (mKpp, +C34) p,, Coy—2

=—(-2+1)—-2=-1.

(3.129)

Thus the curve C’;f 4 has normal bundle degree (—1,—1) in the flopped geometry which
is exactly what we expect from the splitting in phase 8. The flop discussed here exactly
reproduces what was claimed in the previous section: a curve contained inside the section

is flopped to one which intersects it at a point.
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Figure 3.16: The almost fully wrapped fiber (the rational curves contained in the section
o are shown in blue) shown on the left flops via Cfr to the fiber, which is fully contained
in the section. However the section is now singular along the curve C| , along which it
self-intersects as shown on the far right. The numbers in black and blue denote the degree
of the normal bundle of the curves inside the divisors Dp, and the section o, respectively.

3.6.3 Flops to Singular Sections

It was mentioned in section 3.6.1 that certain configurations do not flop into configurations
within the class of fibers that we considered here. All such fibers are of the type that the
entire fiber except for one curve is contained inside the section. We now briefly comment
on this. Consider for instance flopping the curve Cf on the left hand side of figure 3.16.
In this configuration the splitting is given by F; — C{”+C, and the curve C; has normal
bundle (—1,—1) inside of Dp,.

Proceeding as described above, we blow-up every point along C’f and in doing so we obtain
the exceptional divisor E. The two points at which Cf intersected the section become
two curves contained inside the section. Under the contraction of the C;™ ruling of the
exceptional divisor F, the two curves contained in the section are identified. Thus we
obtain a curve which is contained inside the section twice. The section is now singular as

13 This configuration is shown on the right hand side of

it meets itself along this curve
figure 3.16. In our analysis we assumed throughout that the section is a smooth divisor
in the Calabi-Yau. Clearly, after this flop this condition ceases to hold, and it would be
interesting to study such configurations, and to determine whether or not the singular
section is consistent from the point of view of the F-theory compactification. We will

comment on this further in the discussion section 3.10.

13We thank Dave Morrison for discussions on this point.
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3.7 Singlets

As a final application of our method, we now turn to discuss U(1)-charged GUT singlets.
Mathematically, this corresponds to analyzing the codimension two fibers with rational
section for an I to Iy enhancement. Apart from the interest in the types of singlet charges
that are possible, this has wide-ranging implications for Higgsing the U(1) symmetries to
a discrete gauge symmetry, as in e.g. [79-81]. Other phenomenologically interesting impli-
cations, in particular when applied to four-folds, concern the possible Yukawa couplings of
the type RR1 as well as non-renormalisable couplings, which e.g. could regenerate proton
decay operators. After some general properties of singlets, we first discuss the situation

in three-folds in section 3.7.2, and for four-folds in section 3.7.3.

3.7.1 Constraints on Singlet Curves

Consider a smooth Calabi—Yau three- or four-fold Y. An I; fiber consists of a single nodal

rational curve Fp, with arithmetic genus p,(Fp) = 1, such that
Dpy -y Fo =0 (3.130)
Above a codimension two locus, the node splits
Fy—=Ct+C, (3.131)

where CT are smooth rational curves, which intersect in an Iy Kodaira fiber. Consistency

with codimension one requires that
Dpg, v C+:—DFO v C,. (3.132)

As both C* are smooth rational curves contained inside D, it follows by Corollary 3.3.4
that
deg(Nc+/py, ) + deg(Ne-/pg ) = —4. (3.133)

However, as these curves do not arise as complete intersections, their normal bundles in
Y are not fixed by the degrees of No=+/p o We require one of the curves in the I fiber
to be contractible. Without loss of generality, we take C'~ to be the contractible curve.
In Calabi—Yau three-folds this condition is known to have three solutions, as summarised
in Theorem 3.3.6, which will be discussed in the next section. For four-folds we are not
aware of a similar result, and we will therefore conduct a survey without imposing the

additional contractibility condition in section 3.7.3.
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3.7.2 Singlets in Three-folds

In this section, let Y be a smooth Calabi—Yau three-fold. We will first determine the
possible section configurations that are consistent from the point of view of normal bundle

degrees in a three-fold. Following this, we determine the possible singlet charges and fiber

types.

Normal Bundle Constraints

We start by considering the possible normal bundle degrees for rational curves in an I
fiber. We assume C~ to be contractible. Theorem 3.3.6 implies that a contractible rational

curve can have the following normal bundles in Y:
A) Ne- )y =0(=1) © O(-1)
B) Ne- )y =0& 0(-2)
C) Ne-)y =0(1) @ O(=3) .
We do not constrain CT to be contractible therefore its normal bundle takes the general

form

Ne+jy =0(p) @ O(=2—-p), p>-1. (3.134)

We consider a fibration with two rational sections, oy and ¢1. In codimension one both
sections intersect Fjy, therefore it is sufficient to just consider one of the sections to find
the possible configurations for the fiber in codimension two. For an I local enhancement

to Iy the constraint from codimension one is,
oy (CT+07)=1. (3.135)

For each case A—C there always exists the solution, where the section intersects transver-
sally either CT or C~ and does not contain any curves in the fiber. The two cases will

differ in the possible wrapping configurations.

As the normal bundle of C* is the same for cases A—C we can first derive some general
statements irrespective of the normal bundle of C~. Consider C* C o, using Theorem

3.3.5 (iii), there exists an embedding

Ne+jy < Novyy =0(p)@0O(=2-p), p=>-1, (3.136)

in the following two cases:

(i) deg(Ng+yo) =p
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(i) deg(Ne+jp) < —p— 2.

Using Corollary 3.3.4 one finds that for (i)

oy Ct=—p-2. (3.137)
Combining (3.137) with (3.135), one obtains the intersection of C~ with o,

oy C™ =p+3. (3.138)

The intersections of o with C* (resp. C~) will be bounded from below (resp. above) by
(3.137) (vesp. (3.138)).

Now let us consider case A where C'~ has normal bundle degree (—1,—1). If C~ C o then

in order for Ng-/, to embed inside Ng-/y we must have,
deg(N¢-/,) < —1. (3.139)

This is a consequence of Theorem 3.3.5 part (ii) and as a result the intersections of o with
C* are

(cyCToyC7)=(2,-1), (1,0), (0,1), (—p—2,p+3). (3.140)

The codimension one constraint (3.135) then specifies the upper bound for the intersection

of o with CT. The possible configurations which realise these intersections are:

A1) cyCt=20vC =-1
The lower bound on o -y C~ is achieved by C~ C o, with deg(N¢g-/,) = —1. To

obtain the correct intersection for C™ with the section there are two possibilities:
(i) CT¢o
The correct intersections are automatic in this case as in any I» fiber the curves
C* intersect each other in two points, and C~ is contained inside the section.
(i) Ct Co
The degree of N¢+ /., is determined using Corollary 3.3.4, requiring o -y Ct=2
implies deg(N¢+/,) = —4. This solution is only valid when Neg+/y = O(—4)

can be embedded non-trivially into N+ /y which is true for

—1<p<2. (3.141)

A2) oy Ct=1,0vC =0
There are two configurations, which realise the above intersections. The first is given
by CT ¢ o, but o intersects CT transversally. In this case the section does not

contain any components of the fiber. The second solution is given by C*,C~ C o
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A.3)

A4)

and deg(N¢+/,) = —3 and deg(Ng-/,) = —2. One can check using Corollary
3.3.4 that these values give the correct intersection values for o -y C*. The latter

configuration can only be realised for

—1<p<1 (3.142)

cyCt=0,0yvC =1
The solutions in this case can be obtained from the solutions in A.2 by exchanging
C*. The configuration where the entire fiber is contained inside the section is a

solution for
p=-—1 or 0. (3.143)

cyCt=—p—-20yC =p+3
As was detailed above, to achieve a negative intersection with the section, CT must
be contained inside it with deg(Ngo+ /U) = p. There are two possibilities for C'~:
(i) C~¢o
The section, from the containment of CT, intersects C~ in two points necessar-
ily. In order to satisfy (3.135) C'~ requires p + 1 additional intersections with
the section.
(i) C~ Co
In this case we require deg(N¢-/,) = —p — 5 to satisfy o -y C~ = p + 3. This
solution is valid for p > —1 as for these values of p the following embedding

always exists
O(—p—5) — O(-1)d0O(-1). (3.144)

The full set of configurations for A are summarised below. The configurations which have

been marked (*) are only valid when p falls within the ranges specified in (3.141), (3.142)

and (3.143), respectively.

oy Ct ‘ oy C™ H C*configuration ‘ C'~ configuration
2 -1 Ct ¢ ooy CH=2 C~ Co,deg(N¢g-/5) = —1
Ct Co,deg(Ne+)y) = —4 | C~ C 0,deg(Ne-,) = —1 (%)
1 0 Ct¢ooyCr=1 C-¢o,0yvC =0
Ct Co,deg(Ne+)y) = =3 | C~ C 0,deg(Ne- ) = =2 (¥)
0 1 Ct¢ooyCT=0 C-¢goov(C =1
Ct Co,deg(Ne+/y) = =2 | C~ C 0,deg(Ne- ) = =3 (¥)
-p—2| p+3 |CT Co,deg(N¢g+),)=p |C  Zo0yC =p+3
C*t Co,deg(Ne+)p) =p | C~ Co,deg(Ng-/5) = —p—5

(3.145)
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For case B the curve C'~ has normal bundle degree (0,—2). To find the lower bound for
the intersection of €'~ with the section we need to consider C~ C 0. Requiring N¢g-/, to

embed inside N¢-/y gives the constraint
deg(N¢-/,) <0, (3.146)
where deg(N¢-/,) # —1. This bounds the intersection of C'~ with the section from below,
ocyC™>-2 = oy CT <3. (3.147)
The possible intersections are given by
(c-yCT oy C7)=(3,-2), (1,0), (0,1), (-=p—2,p+3). (3.148)

The intersection of C* with o can not take the value —1 due to the constraint deg(Ng— o) F
—1. The solutions for the last three intersection sets are the same as those given for case

A therefore we shall only detail the solutions for the first set here.

B.l) oy Ct = 3,0y C™ =-2
The two configurations for this set of intersections must have C~ C o, deg(N¢- /) =
0. This is mandated by the intersection of the section with C'~. There are two

possibilities for O

(i) Ct¢o
The containment of C'~ inside the section means that C* intersects the section
twice through the intersection of C~ and C™T in the fiber. Consistency with
codimension one requires an additional transverse intersection between ¢ and
Ct.

(i) CT Co
Requiring ¢ -y C* = 3 means that deg(N¢+/,) = —5. This configuration is a

valid solution for

—1<p<3. (3.149)
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The configurations for case B are (p is constrained in the (*)’ed configurations as in (3.149),
(3.142) and (3.143), respectively)

oy Ct ‘ oy C™ H C™Tconfiguration ‘ ('~ configuration
3 -2 Ct¢gooyCH=3 C~ Co,deg(N¢-,5) =0
Ct Co,deg(Ng+/y) = =5 | C~ C 0,deg(Ne- ) = 0 ()
1 0 Ct¢gooyCt=1 C - ¢go,o0yC0=0
C*t Co,deg(Ng+/y) = =3 | C~ C 0,deg(Ne-,) = =2 (¥)

)

0 1 Ct¢o,oyCT=0 C-¢gooy(C =1
C* C o,deg(Ne+)p) = =2 | C~ C g,deg(Ne-,) = —3 (%)

-p—=2| p+3 ||C" Co,deg(Ne+)p)=p |C™ ¢ o,0yC™ =p

C*t Co,deg(Neg+ o) =p | C~ Co,deg(Ne- )

(3.150)
Finally, in case C, the curve C~ has normal bundle (1,-3). If C~ C o then the only

wrapped configuration which gives negative intersections with the section is
deg(Ng-/) =1 = C7 -y o =-3. (3.151)
This generates the upper bound o -y CT < 4. The set of possible intersections are
(cy Ctoy C7)=(4,-3), (1,0), (0,1), (-p—2,p+3). (3.152)

Once again, the solutions for second and fourth set of intersections are the same as those
given in A. Though the third set of intersections has appeared previously the solutions for

this normal bundle case are more restricted and we will find only one solution.

Cl)oyCr=40+yC  =-3
The two solutions to this set of intersection numbers both require C~ C o and
deg(N¢-/,) = 1. To obtain the correct intersection for C* with the section there

are two possibilities:
(i) Ct¢o

In addition to the two intersections C* has with the section through the in-
tersection of CT and C~ two further intersections are required to satisfy the
codimension one constraint (3.135).

(i) Ct Co
The degree of the normal bundle N¢+ /, is fixed by the intersection o -y Ct=4
to be deg(N¢+/,) = —6. This is a valid solution for

—1<p<4. (3.153)
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C3)oyCt=0,0.yC™ =1
This set of intersections has appeared in A and B however the configuration given
by C*,C™ C o and deg(N¢+ /,) = —3,deg(Ne- ;) = —2 is not a valid solution here
as N¢- /o, does not embed into Ng- /y = O(1) ® O(—3). The only solution is given
by Ct,C~ ¢ ocando-y C~ = 1.

The full set of solutions for case C are (with ranges of p in the (*)’ed configurations

constrained as in (3.153) and (3.143))

oy Ct ‘ oy C™ H C*configuration ‘ C~ configuration
4 -3 Ct¢ooyCt=4 C~ Co,deg(Ng-/,) =1
C* C o,deg(Ng+jy) = =6 | C~ C 0,deg(Ne- ) = 1 (%)
0 Ct¢ooyCr=1 C - ¢ooyC =0
0 1 Ct¢ooyCT=0 C-¢goov(C =1
Ct Co,deg(Ne+/y) = =2 | C~ C 0,deg(Ne-,) = =3 (¥)
-p—2 1| p+3 C+Ca,deg(NC+/a):p C-¢o,o0yC =p+3
Ct Co,deg(Ne+sp) =p | C~ Co,deg(Ng-/5) = —p—5

(3.154)

Compilation of Fibers and U(1) Charges

The solutions for each case A—C are presented in table 3.5 where the intersection sets
appear along the horizontal axis and the different normal bundles run along vertically.
The I fibers are labeled as follows:

e The components of the fiber coloured in red are those contained inside the section
and the red numbers appearing next to these components denote the degree of the

normal bundle of those components inside o.

e Red dots on unwrapped fiber components correspond to transverse singlet intersec-
tions with o. The red numbers next to a sequence of such dots denote the number

of such transverse intersection points.

Not every set of o -y CF intersections can be realised in each case A—C. Where an inter-
section column has been left blank there is no configuration corresponding to that set of

intersections with o.

The U(1) charges of singlets can be determined by combining configurations for oy and

o1 in each case A—C. As both sections intersect Fy in codimension one the Shioda map,
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Cgéc c-Ct=—p-2|0-C"=0|0-C"=1]|0-Ct=42|0-CT"=43|0-CT =44

“=p+3 |- C"=1|0-C"=0]|0-C~

1|0 C"=-2|0-C”=-3

Table 3.5: Consistent wrapping configurations for I; — I3 for normal bundle cases A—C.
The components in red are those contained inside the section with their normal bundle
degrees in ¢ indicated by the red numbers adjacent to the component. Configurations
where both components of the I fiber are contained inside the section (excluding those
appearing in the first column) are only valid for certain ranges of p, see main text for more
details.

S(o1), is given by
5(0'1)20'1—00. (3.155)

Singlet charges are obtained by computing S(o1)-y C*. The set of possible singlet charges
and the associated I fibers are shown in figure 3.17. The fibers along the horizontal (resp.
vertical) axis, coloured in red (resp. blue), are for o1 (resp. og). The entries (a, —a) are the
U(1) charges obtained by combining configurations for o7 and 0. Only one representative
has been chosen for each distinct set of intersections o -y C*, wherefore there are more
realisations of each charge than shown in the figure. The singlet charges which appear in

each normal bundle pairing are:
A€ {0,£1,£2,£(p+2), £(p+3), £(p+4)}
U(1) charges of singlets in Be{0,£1,+£2,£3, £(p+2),£(p+3),x(p+5)}

Ce{0,£1,+3,+4,+(p+2),£(p+3),£(p+6)} .
(3.156)
The charges are dependent on p, appearing in (3.134), which defines the normal bundle of

Cct.

Singlet configurations (I fibers in the presence of an one additional rational section) with
charges
S(o1) v C~ ={-1,+1,+2}, (3.157)

have appeared in [91,103,97]. The zero-section in these configurations is holomorphic

i.e. oy does not contain curves in the fiber over codimension two. The range of possible
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Figure 3.17: U(1) charges of singlets for normal bundles cases A—C. Configurations for
o1 (09p) are along the horizontal (vertical) axis and the charges are the pairs (a, —a) in the
grid. Only one representative has been chosen for each distinct set of intersections o -y C*
therefore there are more realisations of each charge than shown.
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singlet charges was extended in [100] where a singlet configuration with charge +3 was
found. Comparing these fibers to those in figure 3.17, we find the same configurations in

the following normal bundle cases:

Charge S(o1) -y C~ | I fiber Realisation

-1 §- A

+1 A-C

(3.158)

+3 10+

+2 '1§ A-C when p = —1

A when p= -1

Finally, we compare the singlet charges found above with those required for every 5,, and

54, in (3.101) to form a Yukawa coupling
50501 —q1—a - (3.159)

Generically, in the geometry all such couplings will be present for base varieties of di-
mension > 3 and correspond to codimension three enhancements to SU(7), which will be
discussed in detail in section 3.8. Using the set of 5 charges in (3.101), the set of singlets,

1_4, ¢, for each codimension one fiber in (3.60) is

I € {0, +1, 42, 43, £4, +5, +6}
U(1) charges of GUT singlets in ¢ 1" € {0, 45, £10, £15, £20, £25} (3.160)
10 ¢ {0, 45, £10, £15, £20, £25} .

Comparison (after multiplication by five) yields, that the singlet charges in (3.160) fall
within the charges derived from analysing Iy — Is enhancements in (3.156). It would
be interesting to analyse this further from the point of view of four-fold normal bundle

consistencies at the Yukawa points.

3.7.3 Singlets in Four-folds

One of the criteria for the codimension two I5 fiber is that one of the curves needs to be
contractible. In the case of three-folds discussed in the last section, the relevant criterion
goes back to Theorem 3.3.6. A similar result, which constrains the normal bundle of
contractible curves in four-folds, to our knowledge, is not known. Nevertheless, we can
consider a general types of I5 fiber, and without imposing contractibility, determine the

consistent section configurations and corresponding charges.
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The result of this analysis is summarised in table 3.6. The normal bundle degrees deg( N+ /0)
of curves C* that are wrapped by the sections in the I fiber, represented by r, s, m and
k in the table, have been left un-constrained, i.e. we do not impose that one of the curves
in the I fiber is contractible. The intersections of CF with the section are calculated
using Corollary 3.3.4, the only input being the values of r, s, m and k. In the table, these
intersections with oy and o are shown below each fiber type, and the U(1) charge is again
computed using the Shioda map S(o1) = 01 — 0¢. It would be interesting to generalise
the results of [124,125] to four-folds in order to further constrain the normal bundles and

thereby the U(1) charge values in four-folds.

3.8 Codimension three Fibers and Yukawa Couplings

In elliptic Calabi—Yau four-folds there are codimension three points in the base of the
fibration, above which the codimension two fibers can enhance further, i.e. again some of
the rational curves become reducible. From an F-theory point of view, the fibers above
such points in the base are of interest as they give rise to coupling of matter fields in

Yukawa interactions.

3.8.1 Codimension three Fibers and Phases

The codimension three fibers for SU(5) with 5 and 10 matter were determined from the
box graphs using mutual compatibility of the relative cones of effective curves in [70]. The
Yukawa couplings 10 x 10 x 5 and 5 x 5 x 10 occur at codimension three loci, where the
fiber enhances from the I and I fibers, that realise the fundamental and anti-symmetric
matter, to monodromy-reduced IV* or I3 fibers, which correspond to a local enhancement
of the symmetry to Eg and SO(12), respectively. Physically, the Yukawas can be thought
of as generated by the splitting of matter curves into other matter curves, plus, potentially,

roots [69].

Here we will focus on the coupling between singlets and two fundamentals: 5 x 5 x 1.
These are realised above codimension three loci with an SU(7) enhancement. This is the
simplest instance in which the fibers (without the presence of additional sections) are not
standard Kodaira fibers in codimension three, but are monodromy-reduced, i.e. the fiber
is not I7, but remains Ig. However, if there is a suitable additional section, there is an

enhancement to a full I7 fiber [131,71].

We will now explain how the box graphs can be used to determine the consistent codimen-

sion three fibers. The analysis works for general types of fibers, but we will concentrate
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here on SU(5) with 5 matter, i.e. the phases and fibers shown in figure 3.4. As before,
F; are the rational curves associated to the simple roots of SU(5). First consider two

codimension two Ig fibers, which are characterised by the splitting
Fi—clt+cl~, F-cPt+ol. (3.161)

The superscripts Top and Bottom label the curves in the two Ig fibers in codimension
two. The combined phase is obtained by stacking the box graphs for each Ig fiber on top

of each other. Representation theoretically we are looking at the decomposition
su(7) — su(b) &su(2) du(l). (3.162)

Denote by F the curve associated to the simple root a of the su(2). Then in the combined

box graph this acts between the two layers, from the bottom to the top layer, e.g.
F, F, F; F,

ATATATA
P c &
| [ (3.163)

The combined box graphs need to satisfy both the flow rules for the SU(5), as well as

compatibility with the action of this additional root.

Let us first assume ¢ # j. In this case, e.g. shown in figure 3.18, both F; and F} are

reducible, and the extremal generators of the relative cone of curves are
T+ ~T— B+ ~B- .
G, 7 Gl O CF, Fy, k £14,7. (3.164)

In particular F is not extremal. The resulting fiber is obtained applying similar rules to
the standard box graph analysis, summarised in section 3.2 (for more details on how the
fiber is determined from the graph we refer the reader to [70,126,128]) and exemplified in
part (i) of figure 3.18.

For ¢ = j, the phases of the two I fibers agree, and the extremal generators are
Cl=, CPT F, B, k#1i.j, (3.165)

where F remains irreducible, and the curves in the Ig fibers, which became reducible, split
as follows ~
crv - cBtyF

cP~ - T +F.
Note that this is the splitting from the Ig Top and Bottom codimension two fibers respec-

(3.166)

tively. The rational curves in the fiber in codimension three intersect again in an I fiber,

which is shown in part (ii) of figure 3.18.
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F,=C5+ ¥ Fy= G + G

(i) (ii)

Figure 3.18: Construction of the fiber in codimension three, where two codimension two
I fibers in the phases/box graphs shown on the left, collide to give a fiber of type I in
codimension three. The box graph for the I7 is shown on the right of each figure. Figure
(i) shows the codimension three enhancement when the two Ig fibers are in different
phases/box graphs, whereas in (ii) they are in the same phase. Note that for each of these
enhancements it is necessary to have at least one extra rational section.

Let us re-emphasise that in both these cases, it is paramount that the fiber has an addi-

tional rational section, as otherwise there is a monodromy reduction from I7 to Ig.

3.8.2 Codimension three Fibers with Rational Sections

Like in the splitting from codimension one to two that we analysed in section 3.4.4, we
require various conditions on the intersection numbers of the section o with the fiber

components to be retained, when passing from codimension two to three:
1. The section o intersects the fiber as o -y Fiber = 1.

2. Let C' be a rational curve in the fiber, which remains irreducible when passing
from codimension two to codimension three, and let So ¢ o, i.e. matter surface
obtained by fibering C' over the matter locus is not contained in the section, but let
C be contained in ¢ in codimension three. Then ¢ -y C' needs to be preserved in

codimension three.

3. If S¢ C ¢ in codimension two, and C — CT + C~ then by Corollary 3.3.4

gy C=-4- deg(NC+/U) — deg(NC—/U) . (3.167)
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Note that, obviously, a curve that is contained in the codimension two fiber continues
to be contained in the codimension three fiber to which the codimension two fiber de-
generates. The compatibility between codimension two and three has to be imposed for
every codimension two fiber whose codimension two locus in the base passes through the
codimension three point in question (i.e. all the codimension two fibers that correspond

to matter that participates in the Yukawa coupling).

Note also, that the constraints on the normal bundle derived for four-folds Y in section
3.3.3 need to be respected. The normal bundle of the rational curves in the fiber have to
be such that they embed into the normal bundle N¢/y. From Theorem 3.3.7 observe that
the normal bundles of F; in the four-fold Y are

and the normal bundles of the curves C*, obtained from the splitting F; — C;' +C,

1 )

which correspond to weights of the fundamental representation, are

Net )y =0®0(-1) ® O(-1). (3.169)

3.8.3 Charged Singlet Yukawas

We now consider the Yukawa couplings that are realised by codimension three enhance-
ments to Iy involving charged singlets, i.e. 5 x 5 x 1 couplings. First consider the case
of the two Ig fibers in different phases. An example is shown in figure 3.19. Starting
with an [ éo‘l) model at the far left in codimension one, the next two entries correspond to
the codimension two fibers. The blue/red colored fibers indicate the rational curves that
are contained in the sections o¢ and o1, respectively. From figure 3.8 the configurations
in codimension two, labeled (1) and (2), correspond to fundamental matter with U(1)
charges

g3 =411, ¢B3?) = 41. (3.170)

The codimension three fiber when these two collide can be determined by imposing the
requirements in section 3.8.2. The compatibility conditions have to be satisfied for both
of the two Ig fibers enhancing to the I fiber. For instance, consider the I fiber (1). We

can characterise the configuration by For instance, the configurations of the I fibers (1)
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and (2) can be characterised by

(1) : Fl,FQ,Fg C og deg(NFi/UO) = -2

Cf C oo deg(NCI/GO) =1

Cy,Fo ¢ oo ooy Cy =00y Fop=1

Fy C o deg(NFO/Ul) = -2

C, Cop deg(NCZ/Ul) =-1

C/,F Ot =g v F =1

4541 §Z01 01y Uy 01y £'1 (3_171)

(2) : I C 0o deg(NFl/UO) = -2

Cy C o deg(NC;/JO) =-1

Cy,Fo ¢ o9 ooy Cy =00y Fp=1

Cy Coy deg(NC;r/m) =-1

Cy,F1 ¢ oy o1y Cy =01y Fi1=1.

The fibers split as determined by the box graphs, and applying the compatibility conditions
on the sections in codimension three determines the fibers 4, e.g. it is clear that all the
components that are contained in either of the codimension two fibers have to continue
to be contained in the sections. Furthermore, imposing that the intersection numbers and

normal bundles are consistent, results in the configuration shown in figure 3.19.

From the I7; we can obtain the I fiber and thereby the singlet that participates in the
Yukawa coupling. As we consider two Ig fibers in different phases F is not extremal, see

(3.164) for the configuration in figure 3.19, but is given in terms of
F — Ci+F+Cy, (3.172)

which can be read off from the box graph or directly from the fiber. In figure 3.164 the
component Fis shown, separated from its conjugate component, by the green cut through
the I7 fiber. The combination in equation (3.172) are uncharged under the GUT group
SU(5), i.e. geometrically

DFi‘Yﬁ:Ov Z-:Oa”'747 (3173)

as required for a singlet, but intersects the sections as

O’Q'yﬁzao'y(czr—i-Fg—f-C;):—1+0+1=0 (3174)
o1y F=01v(Cf+F+C;)=1+0+1=2.

MNote that the codimension three fiber is not unique, but only unique in terms of the intersection
numbers. This is similar to the codimension two fibers, where, for example, o -y F' = 1 can be either
realised in terms of a transverse intersection, or in terms of F' C ¢ with deg(Nr/,) = —3. These ambiguities
however do not change the charges or, in the case of codimension three, the possible Yukawa couplings.
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)]

7

Codim 1

2
F,=C,+C,
F,=C"+Cy

Codim 3

Codim 2

Figure 3.19: Example of a codimension three fiber with one additional rational section
where the codimension two fibers are in different phases. Codimension one: [5 fiber with
two sections, g (blue) and o7 (red). Codimension two: Ig fiber with sections as indicated
(the configuration is described in (3.171)), corresponding to 5 matter, with charge 11
and charge 1, respectively. Here the two Iy fibers are in different phases. The curves,
C¥, into which the F; that become reducible in codimension two have split are shown by
dotted lines. Colored fiber components correspond to rational curves that are contained
in the respective sections. The numbers next to these indicate the degree of the normal
bundle of these curves in the section. Codimension three: I; fiber with sections, as well
as the corresponding box graph, obtained by stacking the box graphs associated to the
codimension two fibers. Again, fiber components that are contained in the sections o/
are colored accordingly. The green line indicates where the I7 fiber needs to be “cut” to
determine the singlet that couples to the two fundamental matter multiplets. On the far
right the I, fiber that realises this singlet is shown.
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Likewise we can consider the conjugate field, given by the curve (so to speak the other
half of the cut I7 fiber)

F — Ci+R+F+C5, (3.175)
which intersects the sections as

ao-yfzao-y(C;JrFoJrFﬁCg):1+1+0—1:1 5.176)
oy F=01v(Cy+Fo+F+Cf)=—-14+0+14—-1=-1.

Applying Shioda (and multiplying by 5 for the SU(5) normalisation) we obtain that the

charges of these singlets are indeed F10, as required for the coupling to the matter of

charge +11 and :Fl, i.e. 511 X5 1 X 1,10.

Finally, let us briefly comment on the case when the two Ig fibers are in the same phase,

an example is shown in figure 3.20. The charges are

T

q(5 By

=+11  ¢(B")=-9. (3.177)

The splitting from codimension two to codimension three of the fiber components is that
in (3.166) and part (i) in figure 3.18, and F' is an irreducible, new fiber component. Again
we impose ompatibility with the section configurations in codimensions two and three, as
well as consistent normal bundle configurations. The resulting codimension three fiber is
shown in figure 3.20. The singlet charge is obtained by intersecting F with the sections.
Note, that F 'y Dp, = 0, which is consistent with this being the singlet, and

2% ﬁ = -2
~ (3.178)
o1y F=2.
Likewise, the conjugate field is
F = CBroR+R+R+R+C (3.179)
and _
ooy FF=3
oY (3.180)
o1y F=-1.

The associated I» fiber, which realises these intersections, is shown in figure 3.20, and
matches the required charge of 20 from (3.177), such that the coupling 5_95_1112 is

uncharged.

3.9 Multiple U(1)s and Higgsing

The analysis shown in the preceding sections has been for a single additional rational

section of the elliptic fibration, which generates one U(1) symmetry. This can be extended
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F,=CB +F+CT

F,=CF +C*

Figure 3.20: Example of a codimension three fiber with one additional rational section,
where the codimension two fibers are in the same phase. The matter corresponds to charge
+11 (T) and charge —9 (B) 5 matter and a singlet of charge 20. The notation is as in
figure 3.19.

to the case of elliptic fibrations with multiple rational sections, which generates multiple
U(1) symmetries. Furthermore, based on the classification of singlets, we can consider
the possible Higgsings of the abelian symmetry to discrete subgroups. The case of partial
Higgsing of multiple U(1)s is left for future work.

3.9.1 Multiple U(1)s and Rational Sections

The set of rational sections, o, in an elliptic fibration generate the Mordell-Weil group,

which is a finitely generated abelian group
7'l (3.181)

where r is the number of rational sections in the fibration and I is the discrete part of the
Mordell-Weil group, which we do not consider here. The zero-section gqg is the origin of

the Mordell-Weil group, and o,, &« = 1,--- ,r, are the generators of the free part.

The key point to note is that our analysis for one rational section applies independently
to each generator of the free part of the Mordell-Weil group. The set of configurations
for each section in an I — Ir,1 enhancement is therefore just given by those in figures
3.10 and 3.11, where the section, o, is taken to intersect F;, in codimension one. One
can then construct the Shioda map, S(o,) for each section, which defines the generator of
the abelian gauge factor U(1),. Let us consider an example with two additional rational

sections, o1 and o9, where the codimension one fiber type is I é0|1||2), as depicted in figure
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5 matter charge: (-4,-7)

Figure 3.21: Example set of 5 charges for an I, é0|1\|2) model in the phase where F5 splits.

The sections oy/01 /0y are colored blue/red/green. The configurations for op and oy are
fixed to give charge —4 under U(1);. Combining this with the possible configurations for
o9 gives the set of charges under U(1),.

3.21. For each phase, the possible charges for 5 matter under U(1);, are given in figure
3.8 (modulo the fully wrapped configurations). To each of these one can overlay a config-
uration for oy in the same phase and compute the charge under U(1)y by intersection C*
with

S(o2) = boa — bog + 2Dp, +4Dp, + 6D, + 3Dp, . (3.182)

Further, consider o; such that ¢gg = —4 in the phase where F3 splits. This is shown
in figure 3.21. This configuration can be combined with any one of the three possible
configurations for o9, each of which gives a different charge under U(1)2. Repeating this
for every configuration in all phases gives the full set of charges for this codimension one
fiber. Following this procedure we determine all possible combinations, and it can be
shown that all known explicit realisations of models with multiple U(1) factors form a

subclass of the models obtained here.

3.9.2 Higgsing and Discrete Symmetries

In section 3.7 the set of possible codimension two I fibers with rational sections were
determined along with the corresponding singlet charges. One application of this result

is to use such U(1) charged singlets to Higgs the U(1) symmetry to a discrete subgroup
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Z,. Examples of such Higgsing have recently been considered in [79-81]'% for ¢ = 2,3.
Though Higgsing different singlet configurations of the same charge leads to the same
discrete symmetry in the F-theory compactification, this was shown not to be the case
upon the circle reduction to M-theory. This can be seen field theoretically by reducing
F-theory in 6d along an S! to M-theory in 5d [77-81]. Turning on a vacuum expectation
value for the Higgs field, Sy, of charge ¢ breaks the U(1) in F-theory to Z,. Starting in 6d,
and compactifying to 5d on a circle, the masses of the Kaluza—Klein modes are labeled by

the charge ¢, the mode number (or KK-charge) n and the Wilson line ¢ along the circle
mg, = |g€ +nl. (3.183)

The massless spectrum depends on the value of ¢ and for £ = k/q with integral k the
KK-charge n = —k becomes massless. There are ¢ distinct values for the Wilson line,
modulo the action of SLyZ, which correspond to distinct M-theory vacua, between which

the Tate-Shafarevich group acts [75].

Equipped with the set of I fibers and their corresponding charges, given in figure 3.17,
we can now consider the Higgsing with more general singlet configurations, with charges
beyond ¢ = 2,3. Furthermore, it is possible to determine for a fixed singlet charge ¢, the
fibers which realise the ¢ different choices of 5d Higgs fields. Note that the KK-charge n

is computed by intersecting with the zero-section
ooy CF =n?. (3.184)

That is, we look for configurations where C*, or C~, has intersections with g within the
set

nt =00y C*€{0,---,qg—1} mod q. (3.185)
The result is that for charges up to ¢ = 9 it is always possible, by tuning the degree of
the normal bundle of the curve Ct in (3.134), to obtain curves in the I fiber with the
desired intersections with og. It would be interesting to study how these configurations
are related via flop transitions such as in the case of ¢ = 3 studied in [81]. For charges
q > 10 the set of KK-charges, which do not have a realisation grows with ¢ and it would

be interesting to explore how the other configurations could be realised.

3.10 Discussion and Outlook

In this chapter we determined the possible U(1) charges of matter in F-theory compacti-

fications to four and six dimensions, by classifying the possible configurations of rational

5Other discussions of discrete symmetries in F-theory compactifications without section (i.e. genus one
fibrations) have appeared in [100, 75-78]
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sections in codimension two fibers. Our analysis for charged matter in the fundamental
and anti-symmetric representations of SU(n) in sections 3.4 and 3.5 holds for both Calabi—
Yau three- and four-folds. The main inputs were the classification result of codimension
two fibers in [70] as well as constraints on rational curves and their normal bundles in
Calabi—Yau varieties, as discussed in section 3.3. There are various exciting directions for

future research.

e Building complete models:
In our analysis we did not discuss constraints from charged matter Yukawa couplings,
only couplings between fundamental matter and singlets. It would be interesting to
see whether codimension three constraints will provide further conditions as to how
various codimension two fiber types can co-exist in a given model. The codimension
three fibers and possible Coulomb phases without additional sections were derived
already in [65,70] and it would be interesting to generalise this to models with
rational sections. Clearly further constraints that would select subsets of compatible
codimension two fibers would also be of interest for model building, and could play an

important role for a systematic study of the phenomenology similar to [104,106,132].

e Explicit realisations:
The charges and fibers in explicitly known fibrations with various numbers of abelian
factors [91-103, 76, 107, 108], as well as the matter charges in the singlet-extended
Eg model [105], form a strict subset of the fibers that we have found in the present
thesis. It would be extremely interesting to determine realisations for the new fiber

types, including the singlets that we classified in section 3.7.

e Flops:
Our classification assumes that the section, which is a divisor in the Calabi—Yau
variety, is smooth. We have observed in section 3.6 that, by flopping codimension
two fibers with certain section configurations, the resulting fiber has a section which
self-intersects in a curve in the fiber, and is thus no longer smooth. It would be
very interesting to study such flops concretely, to determine the complete flop chain
when the allowed configurations include such singular sections. It would also be
interesting to study the flops for the I fibers realising different KK-charges for the

singlets, generalizing the analysis for charge 3 singlets in [81].

e Singlets:
Unlike the charged matter, the analysis for the classification of singlets in section
3.7 is comprehensive only for Calabi—Yau three-folds, as we impose that one of the

curves in the Iy fiber should be contractible. A similar criterion for contractibility
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for higher-dimensional Calabi—Yau varieties is not known to us, however we have
determined all possible codimension two Iy fibers with rational section, without
necessarily requiring contractibility of the curves, in table 3.6. It would be interesting
to determine a contractibility criterion on the normal bundle of rational curves in
four-folds and to thereby constrain the singlet configurations in table 3.6 to the
allowed set in four-folds. Note that no such disclaimer holds for the charged matter
in sections 3.4 and 3.5, which do not rely on imposing any contractibility on the

curves, and our results hold for codimension two in three- and four-folds alike.

e Higgsing and discrete groups:
We determined the singlet fibers for U(1) charges up until ¢ = 9, including realisa-
tions for each KK-charge. This allows a comprehensive study of discrete symmetries
by giving vacuum expectation values to these singlets, and it would be interesting

to determine the effects on the low energy theories, for instance like in [74].



Chapter 4

Froggatt—Nielsen meets
Mordell-Weil: A

Phenomenological Survey of
Global F-theory GUTs with U(1)s

4.1 Introduction

Remarkable progress in the construction of global F-theory compactifications in recent
years has resulted in both conceptual and technical advances. After the initial surge
in particle physics explorations of local F-theory Grand Unified Theories, the study of
phenomenological implications was somewhat side-stepped in recent advances in global

model building.

Global models have in particular seen much progress in view of a comprehensive under-
standing of F-theory vacua — both in terms of the base as well as the fiber geometry. In
view of this, it is timely to conduct a survey of 4d F-theory vacua and their phenomeno-
logical viability. The goal of this chapter is to provide such an analysis, by imposing the
most stringent phenomenological requirements upon the F-theory compactifications with
additional U(1) symmetries and their 4d effective theories, in particular an exotic-free
Minimal Supersymmetric Standard Model (MSSM) spectrum, absence of dangerous cou-
plings, such as proton decay operators, as well as consistent flavour physics generated by

a Froggatt—Nielsen mechanism.

Central to both guaranteeing the absence of dangerous couplings and the applicability of a
Froggatt—Nielsen mechanism is the presence abelian gauge symmetries. One of the string
theoretic inputs in our analysis is the classification of U(1) charges in SU(5) F-theory

GUTs, which was recently performed in [32]. This classification result utilises general

119
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insights from codimension two fibers in [70], which realise the matter fields, and consistency
of rational sections, which give rise to U(1) gauge potentials. The one assumption in this
classification is that the rational sections are smooth. The resulting analysis does not
provide a constructive way of obtaining the elliptic fibrations, but gives a classification of
all consistent fibers with rational sections, which in turn determines the set of matter U(1)
charges. It reproduces all charges known to exist in explicit geometric constructions based
on hypersurfaces and complete intersections [101-103,91-98,107,108,99, 100, 76, 105, 133],
but the set of possible charges from this classification is strictly larger than the ones
arising from known geometries. This {iber-set obtained in [32] contains all charges that
can potentially arise in global F-theory compactifications, under the assumption of smooth

rational sections, and will be referred to as F-theoretic U(1) charges.

A second constraining factor in F-theory GUT model building is the requirement of
cancellation of anomalies that arise in the context of GUT breaking via hypercharge
flux [87,84,45], which to date is the only known mechanism to break the GUT group
in F-theory without immediately introducing exotics, such as is the case for Wilson line
breaking [84,85]. In the presence of additional U(1) symmetries, hypercharge flux induces
a chiral spectrum, which can be anomalous. The MSSM-U (1) mixed anomalies were de-
termined in [134,135,104,136] and form a stringent constraint on the matter spectra and
associated U(1) charges. It is worth noting, that none of the models with charges in
known geometric constructions solve these anomaly constraints without introducing ex-
otics or dangerous proton decay operators'. However in the F-theory charge set obtained
in [32] we do find solutions, including models with realistic flavour physics. One of the
goals of this chapter is to identify these phenomenologically sound models, provide the
corresponding charge patterns as well as fiber types, and thereby give guidance towards

their geometric construction.

Before diving into a summary of the results of our analysis, we begin with a brief overview
of F-theory phenomenology, in particular in view of flavour physics, which will play a key
role in our analysis. The most promising particle physics results were thus far obtained in
local F-theory GUTs and their associated spectral cover models, i.e. 4d supersymmetric
GUTs obtained from compactifications of the 7-brane effective theory on a 4-cycle, that
is embedded in a Calabi—Yau four-fold. Proton decay was studied in the context of local
spectral cover models in [137,138,134,139,104,106]. The anomalies of [134,135,104,136] in
conjunction with constraints on proton decay operators were surveyed in [104,106] and in

particular it was shown that in local spectral cover models, the anomalies were in conflict

"We will determine a new class of elliptic fibrations, which do in fact solve the anomalies and suppress
the couplings of dangerous operators. This will be discussed in section 4.7.2. However these models are
not amenable for an FN-type generation of flavour textures.
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with U(1) symmetries required for suppression of dimension five proton decay operators.

The only way to consistently combine these two effects was to allow for exotics.

Flavour in local F-theory models has a long history starting with the initial exciting
insight that the top Yukawa coupling is generated at order one at a local Eg enhancement
point [30,31,45,140] and furthermore refined developments regarding corrections to the
leading order Yukawa matrices [141-156], see [157,158] for reviews of various particle
physics implications of F-theory models. Local flavour models have undergone various
stages of accurateness. The present status is that world-volume gauge fluxes do not lead
to any corrections at all, but non-commutative fluxes in combination with non-perturbative
effects can potentially give rise to suitable corrections. Froggatt—Nielsen models in local
F-theory models were studied comprehensively in [159], however it was shown that unless
one imposes by hand an R-parity, the local models universally suffer from regeneration of
dangerous couplings. Clearly, global constraints, such as the type of U(1) charges, fluxes
and most likely the base geometry provide an additional set of constraints. The local
models, by now are understood to be incomplete in that they do not seem to give rise
to all possible U(1) symmetries that can be constructed globally — this holds true for the
geometrically realised charges, and even more so for the charge classification in [32]. This
leads then to the question whether global models can more successfully implement these

phenomenological constraints, and whether there are any distinct features in such models.

Phenomenological studies of global models have been rather scarce. The toric top-models
were shown not to give rise to appealing flavour models and a stable proton [132]. As
an alternative to GUTSs, recent work has considered direct construction of the MSSM in
F-theory [160-162], which however requires further careful analysis of the phenomenology.
In this chapter we will assess the question of phenomenological implications of the U(1)
symmetries in F-theory based on the iiber-set obtained in [32], in conjunction with con-
sistency requirements such as anomalies, and provide some insights into how to construct

the relevant geometries.

Overview of Results and Search Strategy

To give the reader an overview of the results, we now summarise our framework and
constraints, and provide pointers to where these are found in the main text of the chapter.
The setups we consider are SU(5) GUTs with hypercharge flux GUT breaking in F-theory
compactification on an elliptically fibered Calabi—Yau four-fold. In addition, the following

consistency requirements are imposed:

1. Exact MSSM spectrum and absence of anomalies (Al.)—(A5.) listed in (4.3)—(4.8).
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2. U(1) charges within the classification of [32] as summarised in (4.34).
3. U(1) symmetries forbid all couplings (C1.)—(C7.) listed in (4.9)—(4.15).
4. U(1) symmetries are compatible with one generation top Yukawa coupling.

5. Froggatt—Nielsen (FN) mechanism to generate remaining Yukawa textures for both
quarks and leptons, by giving vevs to U(1)-charged GUT singlets without getting in
conflict with the constraints (C1.)—(C7.).

A more detailed exposition of these conditions can be found in section 4.2. The survey
is organised by number of U(1) symmetries, number of 10 and 5 representations, N7g
and Ng, respectively. The models with a single U(1) generically do not allow for very
interesting flavour physics, without further input, such as non-perturbative effects, going
beyond an FN-type mechanism. For N1g = 1 there is exactly one solution, which satisfies
all anomaly and (C1.)—(C7.) constraints, given by I.1.4.a in table 4.1. All other models for
any Mg regenerate dangerous couplings at the same order as Yukawa couplings, or include

exotics (for high enough number of matter multiplets).

Models with two additional U(1) symmetries allow for a more interesting solution space.
We find a large set of solutions to the constraints, and focus on two subclasses: either the
models satisfy conditions 1.—5., or they satisfy 1.—4., but have a geometric realisation. The
models satisfying 1.—5., which will be referred to as F-theoretic FN-models, are discussed
in section 4.5, and their spectra are summarised in tables 4.4 and 4.5. These models
generate known Yukawa textures for the quarks, and furthermore provide realistic lepton
and neutrino sectors. The matter charges of these solutions are within the set of F-theory
U(1) charges, however we do not yet know of an explicit construction. Nevertheless, to
guide such geometric endeavours, we summarise the fiber types of these models in section

4.7.3.

The second subclass of two U(1) models satisfy 1.—4., but not 5., i.e. do not allow for
a realistic FN-mechanism. However, they have the advantage that we can construct the

corresponding geometries:
5. Geometric construction in terms explicit realisation of the elliptic fiber.

The existence of such global solutions to the anomalies and constraints on couplings is in
stark contrast to local models, where there are no solutions satisfying all the conditions
1.—4. (with 2. modified to mean local spectral cover U(1)s). This class of global models

are discussed in section 4.4 and their geometric realisation is given in section 4.7.2.
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4.2 Constraints

This section provides an overview of all the constraints, and outlines the scope and strategy
of our search. The setup in the following will be SU(5) supersymmetric GUTs, with
additional U(1) symmetries with a realisation in F-theory compactifications on Calabi-
Yau four-folds.

The first type of conditions arise from basic consistency of the 4d effective theories, namely
an exotic-free MSSM spectrum and superpotential couplings, as well as absence of danger-
ous couplings that render the models inconsistent, which arise for instance through proton
decay and R-parity violation. Throughout this chapter we will impose that suppressions
of couplings will be administered through additional U(1) symmetries, which will be one
of the F-theoretic inputs into the models. Additional phenomenological requirements arise
from flavour constraints. There is somewhat more flexibility in how the flavour hierarchies
are engineered, and we will do a systematic analysis including flavour considerations using

Froggatt—Nielsen type models in section 4.5.

The second type of constraints are specific to the class of theories, namely GUTs with a UV
completion within F-theory. Here, one class of constraints arise from the GUT breaking,
which in F-theory can be realised in terms of hypercharge flux breaking, i.e. non-trivial
flux in the direction of the U(1)y [84,45]. In addition to imposing geometric conditions
on the class of this background flux?, if the model has in addition abelian symmetries,
the mixed MSSM-U (1) anomalies need to be cancelled [134, 135,104, 136]. The second
class of F-theoretic constraints is the type of U(1) symmetries. In the recent work [32],
constraints on these have been determined. The combination of F-theoretic U(1) charges
and the hypercharge flux induced anomalies result in additional constraints on the possible
U(1) charges and distributions of the matter fields. In the following we will discuss both

classes of constraints in detail.

4.2.1 MSSM Spectrum and Anomalies

We consider N' = 1 supersymmetric GUTs with SU(5) gauge group and matter in the
10 and 5 representation. The Higgs doublets of the MSSM arise from fundamental and
anti-fundamental representations of the SU(5). In F-theory the GUT multiplets are ge-

ometrically localised on complex curves, so-called matter curves inside a 4-cycle Sguyr,

2The requirement is that it is topologically trivial as a two-form in the Calabi-Yau, but non-trivial
on the 4-cycle that realises the GUT theory. Examples of geometries realising such classes are known see
e.g. [163,164]. However constructions of the hypercharge flux in terms of an M-theory G4 flux is thus far
been elusive, although recent progress was made in [165] for the U(1)-restricted Weierstrass model of [101].
Extending this work to models with rational sections would be of vital importance.
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which is wrapped by 7-branes in F-theory. The low energy theory on the 7-brane realises
the gauge degrees of freedom. Chirality is induced by G4-flux, and will be labeled by
M, and M; for 10 and 5 matter. GUT breaking is achieved by non-trivial flux in the
U(1)y direction, (Fy). This lifts both the XY bosons of the gauge group SU(5), as well
as ensures that the Higgs triplets are massive. The restrictions of the hypercharge flux on

the 10 and 5 matter curves will be referred to in terms of integers N, and N;, respectively.

In summary the matter content of the SU(5) GUT, with M chiral generations and restric-

tion of hypercharge flux N is parametrised as follows:

SU(5) representation ‘ MSSM representation ‘ Particle ‘ Chirality

(3,2)1/6 Q M,
10a (37 1)—2/3 U Ma - Na (41)
(1,1), € M, + N,
g' (37 1)1/3 CZ MI
l (1,2)_1)2 L M; + N;

The integers M and N have to satisfy basic requirements of realising the exact MSSM
spectrum. In this chapter we will in particular impose that the spectra are free from
exotics. In addition to placing constraints on the values of M and N, the absence of

exotics places a bound on the number N of distinctly charged 10 and 5,
Nip <3

4.2
Ng <8. “2)

To derive these bounds, note that if we were to consider more than three 10s then some
of these must have M, = 0 as there are only three generations of left-handed quarks.
Allowing a non-zero restriction of hypercharge flux over these allows the presence of either
a right-handed quark or lepton with the wrong chirality for the MSSM spectrum, which
results in the presence of exotics. Likewise, the maximum number of 5s is given by the
sum of three generations of left-handed leptons and right-handed quarks, in addition to
H, and H,.

In addition to the GUT gauge symmetry, we require additional abelian gauge factors,
U(l), a =1,...,7, under which the SU(5) representations 10, and 5; carry charges ¢2
and ¢f, respectively. The type of U(1) charges are determined in terms of the F-theory
geometry and will be the subject of section 4.2.4. The combined system of Fy hypercharge
flux breaking and additional U(1) symmetries implies that there can potentially be mixed
MSSM-U (1) anomalies.

Anomaly cancellation and the requirement of three generations imply the following set of

constraints on the chiralities M, hypercharge flux restriction N and charges ¢ — all sums
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ZQ/__I‘l’ are over 10 representations, Zi\f’l over 5s, with AR corresponding to the number

of matter multiplets in the representation R with distinct U(1) charge:

(Al.) MSSM anomalies

D Mi=) M. (4.3)

(A2.) Mixed U(1)y-MSSM anomalies [134,135,104]

Zq?Ni—i—quNa:O, a=1,...,r. (4.4)
A a

(A3.) Mixed U(1)y-U(1)o-U(1)s anomalies [136]

Squ‘qua—FZq?qiﬁNi:O, a,B8=1,...,r. (4.5)

(A4.) Three generations of quarks and leptons:
> My=> M;=3. (4.6)
a %

(A5.) Absence of exotics:

> No=> Ni=0. (4.7)

(A5.) One pair of Higgs doublets:
> M+ Ni| =5. (4.8)

The set of constraints (Al.)—(Ab.) will be strictly imposed on each model, as a minimal
requirement for realistic 4d physics. Note that we have not as yet imposed any Yukawa
couplings — which Yukawas will be required to be compatible with the U(1) charges will
be discussed in section 4.2.3. We now turn to additional conditions on the U(1) charges,
on top of the anomaly constraints, which will ensure absence of dangerous couplings, such

as proton decay.

4.2.2 Proton Decay, y-Term and R-parity Violation

Rapid proton decay and R-parity violation (RPV) can cause supersymmetric GUTs to
become phenomenologically unfit. In this thesis we will utilise U(1) symmetries to forbid
these couplings. The U(1) symmetries are broken, at a higher scale and for some of these
couplings we will require that they are not regenerated, e.g. by giving vevs to U(1)-charged

singlets.
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Summary of Dangerous Couplings

Let us first summarise the various problematic couplings and then discuss the bounds on

their suppression — 4,7, -+ and a,b,--- label matter representations, whereas I, J, - =
1,2,3 and A, B,--- =1,2,3 label generations:
(Cl.) p-term:

(C2.) Dimension five proton decay:

5(5)

abci

10,10,10.5; (4.10)

(C3.) Bilinear lepton number violating superpotential coupling:

B8i5i5m, O BrLiH, (4.11)

(C4.) Dimension four proton decay:
2@

ija

5:5,10, (4.12)
(C5.) Tri-linear lepton number violating Kéhler potential couplings:

Rabilﬂalﬂbgj D RAB[QAEBLJ} (4.13)

(C6.) Dimension five lepton violating superpotential coupling:

'ViSiSHdE)HUE)Hu D) 'VILIHdHuHu (4.14)

(C7.) Dimension five lepton violating Kahler potential coupling:

pa511,5% 104 O paHyH A (4.15)

We require these couplings to be absent at leading order. Furthermore, if a Yukawa matrix
element is generated by a singlet vev, we require that these operators do not re-appear
with the same singlet suppression. In the case that multiple singlet vevs are required to
generate a certain forbidden coupling, we study in detail whether the suppression is within
the bounds that we summarise below. This occurs frequently in our analysis for dimension

four and five proton decay operators.

Note that, if the top and bottom Yukawas are generated for all generations, then compat-

ibility of the U(1) symmetries with the Yukawas as well as absence of the p-term (C1.)
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implies (C2.) with opposite sign. However, this needs to be checked in addition, if not all

Yukawas are generated perturbatively, as in most of the following models.

Imposing one top Yukawa coupling (for at least one generation, see (4.25)), as well as the

absence of (C5.) implies that there cannot be 5 matter on the same curve as H, i.e.
Yt (C5.) = M;=0, N;=-1 i=H,. (4.16)

Likewise, imposing that the bottom Yukawa couplings are realised (either at leading order
or regenerated by singlet vevs, see (4.26)), as well as the absence of the coupling (C4.)

implies that there cannot be 5 matter on the same curve as Hy, i.e.

Yt (C4.) = M;=0, N;=1 i=H;g. (4.17)

p-Term

The p-term is a supersymmetric Higgsino mass term. Radiative electroweak supersym-
metry without much tuning in the MSSM requires p to be around O(100)GeV. If this
coupling is generated at tree-level, this cannot be achieved without a fair amount of fine-
tuning and low-energy supersymmetry does not address the hierarchy problem. One way
to avoid this problem is to forbid the p-term at the high scale with a U(1) symmetry —
a so-called PQ U(1) symmetry, i.e. the charge of the H, and Hy do not add up to zero.
The p-term can then be generated by a coupling to a charged singlet S (or products of
singlets) either via the superpotential or the Kéhler potential. Concretely the p-term can
for instance be generated as follows

2 H,Hy, 41
A d (4.18)

where the ﬁ—” then generically sets the scale of the pu-term, which is the Giudice-Masiero

mechanism [166]. This type of p-term has wide application in gravity [167,166] but also in
gauge mediated supersymmetry breaking models, see for instance also in F-theory [168].
We shall not discuss the specific mechanisms of supersymmetry breaking in this thesis, as
these are highly model dependent, thus deviating from the goal that we set out here, to
be as comprehensive and general as possible. For our purposes we will impose that the

coupling (C1.) is absent at tree-level.

Dimension 4 Proton Decay Operators

Dimensions four and five proton decay operators are highly constrained in GUT models,

and one of the requirements in our search is the compatibility of the models with the
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bound on the lifetime of the proton given by 7, > 103 years [15]. The dimension four

proton decay operators originate in the coupling

\@

Z’jagz‘gj 104, (4.19)
where the 5; and 10, denote matter representations. This operator results in the following
couplings,

N ALiLyea + M yadrLyQa + N2 adrdsiia (4.20)

where I, J, A label the generation index. Dimension four proton decay occurs via inter-
actions involving products of A, the main decay channel being p — 7%t [169] which
involves the product A'A2. If both operators with couplings A! and A? are present this
results in very fast proton decay. Proton lifetime results in the following bounds on the

coupling constants for the lightest generation [170]
Ve < (Msusy | -1z (4.21)
- TeV

Here Mgy sy is the mass scale of the supersymmetric particles entering the process, and
will be taken of O(1) TeV. Bounds on the other generation couplings for GUT models are
discussed in [171] and an up to date summary of all bounds can be found in section 6.5
of [172] from indirect searches, and section 7 from direct searches. In particular for \°
there are bounds which are much weaker ~ 107°, c¢f. (6.100), and for the other components
of 'A% see (6.110) in [172]. These operators violate baryon or lepton number and thereby
R-parity. In this analysis we require the U(1) symmetry forbid all operators of this type,

and furthermore that singlets do not regenerate them outside of the bounds listed above.

Dimension 5 Proton Decay Operators

The main contribution to proton decay from dimension five operators occurs through the

coupling
5% 10,10,10,5;, (4.22)
which gives rise to the operators

The bound on the coupling constant due to the interaction involving §' is [170]

M
Loy < 1672 (sty) I=1,2,3, (4.24)

GUT
where the relevant diagram is shown in figure 4.1. The mass Mgygy is set by the mass of

the sfermions contributing to the loop diagram. The operators involving other (s)quark
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Figure 4.1: Process giving rise to dimension five proton decay parametrised by 5%1 ol

generations are suppressed with appropriate flavour insertions, i.e. at least the appropri-
ate CKM elements have to be inserted. This ameliorates the bounds, in particular for

operators involving the third generation.

Remaining B/L violating operators

The remaining couplings are also constrained in particular from limits on flavour changing
processes, see [74] and for a review [172] . The bilinear coupling (C3.) violates lepton
number and leads to a mixing between the Higgs and lepton sectors. At tree-level we will
forbid this coupling, however in section 4.6 use it to generate neutrino masses. The cou-
plings (C5.), (C6.) and (C7.) violate either lepton or baryon number, and thus contribute

to proton decay in combination with the other B/L violating operators.

4.2.3 Flavour Constraints and FN-models

The assignment of the U(1) charges of matter must be such that it allows for a top Yukawa
coupling for the third generation, which amounts to requiring at least one charge neutral

coupling of the form
Yy, Aap10a10551, O VipQatipH.y, (4.25)

where A, B label the quark generations. As the mass of the bottom quark is suppressed

with respect to the mass of the top, a bottom Yukawa coupling
vh . A10,5:55, D Y§,QadiHy + Y LieaHy, (4.26)

is not necessarily imposed at leading order. Both cases of rank 0 and rank 1 bottom
Yukawa matrices at first order are studied. The up-type and down-type Yukawa matrices,
Y* and Y¢ are the matrices formed from the couplings Yip and YXI, respectively after

the distribution of MSSM matter has been assigned to the 10 and 5 representations.
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In the present context we will apply a FN-type mechanism [173] to generate the remaining
Yukawa matrix entries, i.e. the U(1)-charged couplings are generated by giving suitably
charged singlets a vev. In a generic F-theory models, the couplings between conjugate fields
are always geometrically generated, i.e. the singlets required for all possible couplings of
the form -

15;5;

o (4.27)

110,,10,,
are always present. Giving these singlets a vacuum expectation value breaks the U(1)
symmetry under which the singlet is charged, and generates the remaining Yukawa cou-
plings. Whether or not such a vacuum expectation value can indeed be obtained, is a
question of moduli stabilisation, which is beyond the scope of this thesis. For a singlet S
of charge ¢ a coupling, with charge ngq, is regenerated with suppression

" = ( {5 )n . (4.28)

Maur

Experimentally masses, mixing angles and CP violation are measured at low energies
compared to the UV scale at which we are calculating (see PDG flavour reviews [15] for
the latest experimental summary). To compare UV models of Yukawa couplings to low-
energy data, one needs to appropriately renormalise the couplings via the RG equations.
This evolution allows for additional effects that can explain the flavour structure at low
energies. For example flavour-violating effects from soft supersymmetry breaking can give
large contributions to flavour observables, in fact they could even generate the entire

flavour structure [174,175].

However, the question here is different, namely, can the pattern that we can obtain from
the additional U(1)s account for the entire flavour physics, i.e. with minimal RG evolution
effects. This limit can be achieved when large flavour violating effects are absent in the
soft-terms and canonical kinetic terms are present. In this context the RG evolution of
quark and lepton masses as well as mixing parameters to high energies, e.g. the GUT
scale at around 10'® GeV, has been performed (see for instance [176]). Roughly speaking
one observes with the above assumptions that the quark mixing parameters and masses
do not run very much. To first approximation, we hence aim at obtaining the following
mass ratios and mixing angles in the quark and lepton sector [177,178]:

mt:mc:mu~1:e4:68

mp:ms:mg~1:e:et (4.29)

mT:mM:me~1:62264’5,

and quark mixing angles

Oro ~ €, Oog~el, Oy ~e, (4.30)
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where € &~ 0.22 is the Wolfenstein parameter [179]. We do not determine the ratio 7+ =
€ tan~! 3 as this is part of a full-fledged supersymmetry breaking model, which is not part
of our analysis. Furthermore, we do not discuss CP violation here as the U(1) symmetries
used for obtaining the hierarchical scaling do not constrain the complex phases of the

singlet insertions.

This experimentally constrained structure of masses and flavour mixings does not fix
the entire structure in the Yukawa matrices. There are various popular models for this
such as [177,180, 181]. More systematically, by focusing on generating all hierarchies
with one singlet, one can classify all viable textures for the quark masses [181]. In the
present context, the only model in this classification, which is consistent with SU(5), is

the following hierarchical scaling of the Yukawa matrices first obtained by Haba in [182]

e b et et e
Yitaba ~ | €& €t €2 , Vipar~ | & &2 e |. (4.31)
S| 11 1

Another texture which will be shown to be consistent with the F-theoretic setup was

already obtained by Babu, Enkhbat and Gogoladze (BaEnGo) in [183] and is given by

S b 64 € 64 64

u 6 4 2 d 3 2 2
YB&EHGO ~ € € € ’ YBaEnGo ~ € € € . (432)

e €1 e 1 1

The U(1) symmetries and associated singlet vevs generate these hierarchies in the cou-
plings, but do not predict the exact values for the masses. These are obtained by O(1)
numbers in front of each coupling, whose string theoretic origin can for instance be non-
canonical contributions to the kinetic terms. The couplings do not only depend on the
singlets but also on uncharged complex structure moduli. In practice we will determine
O(1) numbers which generate the experimentally favoured values, in particular for the

lepton sectors, which will be discussed in section 4.6.

A detailed analysis of the flavour constraints in the context of Froggatt—Nielsen models
will be done in section 4.5. We find F-theoretic models consistent with the above two
hierarchies as in [182] and [183]. In appendix B.4 we consider other known textures
[176,159] and show that it is not possible to find F-theoretic charges, which solve the

anomaly cancellation conditions and generate the required quark Yukawa matrices.

4.2.4 F-theory U(1l)s and the Mordell-Weil group

The key input from F-theory — apart from the anomalies — is the set of possible U(1)

charges for matter fields as determined in [32]. Much recent progress in F-theory model
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building has resulted in constructions of examples of global elliptic Calabi—Yau four-folds,
which realise both, GUT gauge groups in terms of singularities in the elliptic fiber, as well
as additional abelian gauge symmetries (see introduction for a list of references). Abelian
gauge symmetries are constructed in terms of so-called rational sections, which are maps
from the base of the fibration back to the fiber [38]. None of the explicit algebraic realisa-
tions, however, resulted in a complete classification of the possible U(1) symmetries. The
collection of rational sections form a finitely generated abelian group (under the elliptic
curve group law), called the Mordell-Weil group, which is isomorphic to Z" & T", where I is
the torsional part, which will not play a role in the current discussion. If the Mordell-Weil
group has rank r, then the resulting compactification will have r additional U(1) symme-
tries. Realising elliptic fibrations with multiple matter curves of distinct U(1) charges is
technically a highly challenging enterprise. Therefore an alternative approach that would
yield the charges, without necessarily constructing the corresponding geometries is highly

desirable.

Models with one U(1)

Such a full classification of possible U(1) symmetries for SU(5) was obtained in [32]3.
There the starting point is not a concrete realisation of the elliptic fiber, but a more
abstract approach pursued by studying the constraints on the possible U(1) charges in
terms of general consistency requirements between the rational sections and codimension
two fibers from the classification in [70]. This approach has the great advantage of giving
rise to a super-set of U(1) charges, that can be realised in F-theory, without however
providing a direct geometric construction. We take this set of charges as an input for our
analysis and show that certain charges in this set are phenomenologically favoured, as they
satisfy all constraints and provide realistic flavour physics. In this way, we provide a pointer
towards which geometric constructions can yield globally consistent compactifications. We

shall give some details on geometries of this type later in the chapter in section 4.7.

The input from the classification result in [32] for F-theory compactifications to 4d with r
U(1) symmetries, and matter in the 10 and 5 of SU(5) is the set of possible charges. For
a single U (1), there are three types of distinct distributions of sections in the codimension

one fiber? — for the reader interested solely in the model building aspects, it is sufficient

3There is an assumption, that the section is a smooth divisor in the resolved Calabi-Yau four-fold. A
discussion of this particular point and potential extensions beyond that can be found in [32].

4Recall that sections can be thought of as marked points on the elliptic curve. A model that realises
an SU(5) gauge theory has special, so-called singular I5 fibers above a codimension one locus in the base
of the fibrations. Geometrically these are a ring of five rational curves, i.e. two-sphere, which intersect
in the affine SU(5) Dynkin diagram — as shown in figure 4.2. To describe a model with a single U(1)
there is a zero-section (origin of the elliptic curve) and the additional rational section, which generates the
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Figure 4.2: The configurations of fibers for an SU(5) model with one U(1) symmetry.
The I fiber, realised by the five black lines (corresponding to P's in the fiber) gives rise
to the SU(5) gauge bosons, and the sections, shown as colored dots corresponding to the
zero-section (blue) and the additional section (red), give rise to the additional abelian
gauge factor.

to understand that there are three set of charges, labeled by

O, e (4.33)

Y

and are shown in figure 4.2. For a given codimension one distribution of sections labeled
by I5 with the superindex indicating the separation between the zero-section (0) and the
extra section (1), it was found in [32] that, for smooth rational sections, the possible

charges for 10 and 5 matter that can arise in SU(5) F-theory models are as follows":

son ] 1o €S {-3,-2,-1,0,+1,+2,+3}
T { g €{-3,-2,-1,0,41,4+2,+3}
oy, [ @0 €{—12,-7,-2,+3,+8,+13}
| { q5 €{—14,-9,—4,+1,+6, +11}
Ié0||1) : {QIO e{-9,—4,+1,46,+11}
gz €{—13,-8,-3,4+2,+7,+12} .

(4.34)

A natural question is then to determine, whether there are integral solutions for the Ms
and N's, such that the resulting charge assignments solve anomaly conditions (Al.)—(A5.)

and do not give rise to proton decay.

Finally we should comment on the U(1) charges of GUT singlets, which will play a role
later on in the Froggatt—Nielsen inspired flavour construction. In F-theory SU(5) GUTs,
the singlets arise at the intersection of any two 5 curves (as well as two 10s). Hence, we

can read off the singlet charges from the difference of charges

qi;; = g5, — qgj ) i 7& ja (435)

for each of the three codimension one models.

Mordell-Weil group. The codimension one fibers with rational sections are thus decorations of the affine
SU(5) Dynkin diagram with two marked points, modulo trivial relabelling. These are shown in figure 4.2.

®For some studies it will be useful to rescale the models in Iém) by 5, so that a uniform treatment is
possible, i.e. that the unit charges is “normalised” to 5.
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Figure 4.3: The configurations of fibers for an SU(5) model with two U(1) symmetries.
The I fiber, realised by the five black lines (corresponding to P's in the fiber) gives rise
to the SU(5) gauge bosons, and the sections, shown as colored dots corresponding to the
zero-section (blue) and the two additional sections (red, yellow), give rise to the additional
abelian gauge factors.

Throughout the main text we will consider only these F-theory charges (4.34). In certain
cases it is possible to use methods from solutions of Diophantine equations to solve the

anomalies in general and we will provide these in appendix B.3.

Models with two U(1)s

As we will see in section 4.3, there are only very few viable solutions with one U(1)
symmetry. To construct models with two additional U(1)s we need two additional rational
sections, o1 and oy in the elliptic fibration, in addition to the zero-section, og. There are
nine possible codimension one fiber types in this case, up to a reordering of the simple

roots and exchanging the two rational sections. These are given by,

Iéou), 7(012)

(01)j2)  7(0]12)
5 ’ I5 ) I5

0]1]2 0|1]]2 0|11]|2 0]|12 0]|1]2
O O O p0h2) o

i I I I 9

(4.36)
where ¢ = 0,1,2 denotes the position of the section ;. For each codimension one fiber

there is a collection of codimension two fibers, and thus charge-sets.

The charges that appear in each of these codimension one fibers can be obtained from the

7l

charges in (4.34) by noting that the charges in an model are simply the negative of

0[[1)

those in [ 5( . The same statement holds for I, é0|||\1) and 1, éoll). The two codimension one

fibers, Iéoml) and IéOH”l), were not considered in the case of a single additional rational
section as they are equivalent, under a reordering of the simple roots to I, éOHI) and 1, éoll),

respectively. In the case of two rational sections it is not always possible to bring both of
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the sections into one of these forms.

From what is stated above, it is clear that not all of the codimension one fibers in (4.36)
IEEOHQ) OIHI) 3¢ the

charges under the second U (1) are multiplied by —1. The anomaly cancellation conditions

are distinct. For example, the charges in are the same as those in I5(
(A2.) and (A3.) are invariant under such re-scalings of the U(1) charges therefore these
two fibers will give rise to the same set of solutions up to the normalisation of one of the
U(1)s. In this analysis we will consider the reduced set of codimension one fibers which

give rise to distinct U(1) charges given by

012 01]2 01}]2
[0 o o)

)

0[12 0[1]2 0[|12
[0 pon) i) (437)

)

These configurations are also shown in figure 4.3. For these fibers, each additional rational
section with the zero-section will generate a U(1) with charges equal to those in (4.34).
By taking all possible pairings between these two sets of charges one obtains the charges

for a model with two additional U(1) symmetries.

4.3 Single U(1) Models

We begin our analysis by considering SU(5) models with one additional U(1) symmetry,
and varying Mo and N5. In summary: a single phenomenologically good model is found
for Niop = 1 and Nz = 4, denoted I.1.4.a in table 4.1, where the unwanted operators
are not regenerated at the same order as the remaining charged Yukawa couplings. For
Nip =1 and Nz = 5 as well as N7g > 1 (see appendix B.1) solutions are found, which
however regenerate some dimension five proton decay operators along-side the charged
Yukawas. This in itself is not problematic, as long as the suppression is high enough.
However, single U (1) models suffer generically from a poor flavour structure as generated
by a FN-type mechanism. Nevertheless it is interesting to note that there are solutions
to the constraints within the F-theoretic U(1) charges, which could be augmented with
other mechanisms for generating flavour such as [156], to produce a phenomenologically

consistent F-theory model.

Contrary to this, models with two U(1)s can satisfy the constraints from anomalies and
couplings, and in addition will generate successful flavour physics via an FN-mechanism

as will be discussed in section 4.5.
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4.3.1 MNp=1

We start the analysis with one 10 representation. Requiring one top Yukawa coupling im-
plies that not all 10 charges listed in (4.34) can be used. The charges, in each codimension

one configuration, which have a top Yukawa coupling with one of the possible 5 charges

are
£ qroe{-1,0,+1}
U(1) charges of 10 with 10,10,5_2,: ]éo‘l) qio € {—7,—2,+3} (4.38)
IE(,OHl) gio € {_45 +1)+6} .

For the case of one 10 representations the solutions to the anomaly equations can be

parametrised as follows®

R 4(R) M| N
E:)Hu —qH, 0 | -1
SHd —qH, +5wg, | 0 1 (4.39)
Si —qH, + 5w5i Mz‘ i
10 qi10 3 0
where i = 1,..., Nz — 2, where Ny is the number of 5 representations. The integer

parameters wy, and ws, denote the separation between the charges of Hy and 5 matter
from the charge of H, 7. The charges for the 10 and 5 representations take values in
(4.38) and (4.34), respectively.

N =3

In view of the arguments in (4.16) and (4.17), the minimal number of 5 representations is
three. However this case always allows the u-term, which disfavours these models. To see
this, parametrise the models as in (4.39) with one 5; curve, which has M = 3 and N = 0.

The anomaly condition (A2.) implies wg, = 0, which exactly generates the p-term.

5Note that we give the charge of the conjugate of the up-type Higgs, i.e. qm, is the charge of 5, whereas
—qm, is the charge for 5.

"In this analysis we have multiplied the charges of the fiber type 15(01) by 5 so that all fiber types can
be analysed with the same parametrisation.
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For four b representations, the anomaly conditions can be solved exactly, and we will find

one model, which is phenomenologically viable. Consider again the parametrisation

R q(R) M N
SHu —qH, 0 -1
S_Hd —qn, +5wh, 0 1 (4.40)
51 | —qm, + 5ws, M N

5 —qH, t+ 5w52 3—M | —-N

10 —1qm, 3 0

where M, N € Z*. In the analysis of four and more® 5s we do not allow solutions where
M; = N; = 0 for any of the 5s. The above parametrisation already satisfies (A1.), (A4.)
and (A5.) by construction. Constraint (A2.) and (A3.) imply

wp, = N(ws, —ws,),  N(ws, —ws,)(ws, + Nws, +ws, — Nws,) =0,  (4.41)

where we exclude cases N = 0 as well as wy, = ws, as they imply qg, = —qpu,. If we do

not require a bottom Yukawa coupling qp,, is left unconstrained and the charges are given
by

10w52N 5w52 (N — 1)

TN 95, = —qm, + Sws, . (4.42)

qH, = —qH, + 45, = —4H,

Requiring a bottom Yukawa with 5; gives the additional constraint

6N -2

U = N1 1 Ws,, - (4.43)
This results in the following set of charges
—3N +1 AN +2 N+3 —-N+7
q10 N1 Ws,, 4H4; = WWSQ a5, = —mw52a 45, = N +1 Wz,
(4.44)

where ws, is unconstrained. In this case we do not consider the case M = 0 as we want a

bottom Yukawa coupling with g5, , which must then contain a down-type quark.

To exemplify our solution process, in this case we summarise all solutions in table 4.1,
which fall within (4.34) and (4.38). This corresponds to picking a specific value for ws,,
and qp, in the case without a leading order bottom Yukawa coupling. The table also
displays the charges of the forbidden couplings (C1.)—(C7.) as well as the charged Yukawa

couplings, Yib. The solutions can be summarised as follows:

8This is to avoid repetition of solutions and in all sections that follow each 5 will have a non-zero net
flux restriction.
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e Model I.1.4a is the only phenomenologically viable solution for a single U(1) solving
all constraints, without bringing back any of the dangerous operators, when generat-
ing the remaining Yukawa couplings. It does regenerate the p-term with two singlet
insertions. As noted already in general, the flavour physics of this model is however
quite limited, which is a matter that will be improved upon in the multiple U(1)

case.

e Model I.1.4.c regenerates both dimension five proton decay operators with two and
three singlet insertions and all other remaining models regenerate the dimension four

proton decay operators (C4.).

Nz =5,6,7

For Ng > 4 solving the anomaly cancellation conditions for general charges is difficult,
however we provide a method for solving these in general in appendix B.3. In practice
given the finite set of charges, one can simply scan over all possibilities. For each 10 charge
in (4.38), one can require the top Yukawa coupling, which fixes the charge of 55,. Solving
(A1.)—(Ab5.) and requiring absence of (C1.)—(CT7.), we find very few solutions, where every
single one regenerates dimension 5 or dimension 4 proton decay operators at the same order
as the remaining Yukawa couplings (with exactly the same singlet suppression). Thus all

models are disfavoured.

For N5 > 6 there are no solutions. The case of six 5 is maximal for two of the charge
sets in (4.34). For these sets the only freedom comes in selecting the charge of the 10
representation which will fix gp,. As there are seven possible charges for fundamental

)

matter in the case of I, ém we need to consider all possible subsets of six once the charge

of the 10 has been fixed.
One can go further and allow for seven distinctly charged 5 representations in the case
of the IE()OI) models. One finds two solutions to the anomaly cancellation conditions for

q10 = £1, however, these solutions do not forbid (C2.) and are therefore excluded.

4.3.2 Nip>2

The case of multiple 10 representations for a single U(1) symmetry does not yield any
interesting solutions to the constraints. In particular for a single U(1) the flavour physics is
very constrained. The analysis is provided in appendix B.1 for completeness. In summary

we find the following:
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e There are two solutions for Nig = 2 and Nz = 4, shown in table B.1. Both
these models regenerate dimension five operators at the same order as the charged
Yukawas. In terms of the flavour physics of these models, with only two 10 repre-
sentations and four 5s one can not satisfy the mass hierarchies for the up-type and

down-type quarks simultaneously.

e For N1g = 3 there is one model, which has realistic flavour structure for the quark
sector. In fact it generates the Haba textures (4.31), albeit it does regenerate di-

mension four proton decay operators at the same order as the Yukawas.

e No other solution exists with two or three 10s, which solve the anomaly cancellation

conditions and forbid the dangerous operators.

It is clear from the analysis carried out in this section that in order to construct feasible
models, that might give rise to interesting flavour structure, it is necessary to extend to

multiple U(1)s.

4.4 Two U(1) Models with Hypersurface Realisation

For two additional U(1) symmetries, the phenomenological properties of the models be-
come much more favourable. Allowing models with up to three 10 and eight 5 represen-
tations in the survey, one finds a large number of solutions to the anomaly cancellation
conditions with no exotics, which furthermore forbid the unwanted operators. In view of

this, it is then useful to focus on two subclasses of solutions:
1. Models with charges that have a known geometric realisation.

2. Models, where the U(1) symmetries can be used to construct realistic flavour tex-

tures. This is detailed in section 4.5.

We now turn to point 1. and find solutions, which have charges that are closest to known
geometric models. We will find in this section that there are no solutions, which are within
the charges obtained in the literature. However, there are solutions, summarised in tables
4.2 and 4.3, for which we determine new geometric models, that give rise to these charges

in section 4.7.
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| [ I1.1.6.a I1.1.6.b
M, 1 1
M, 1 1
M; 0 0
N 1 1
Ny -1 -1
Ns 1 1
q10 (-2,3) (=2,1)
qH, (4,-6) (4,-2)
qH, (6,—4) (6, 2)
a5, (—4,1) (—4,-3)
a3, (1,—4) (1,-3)
54 (1, 6) (1, 7)
a5, (6, 1) (6, 7)
Y (0,0) (0,0)
Yy (5, —5) (5, 0)
Yy (5, 5) (5, 10)
Y} (10, 0) (10, 10)
L (10, —10) (10, 0)
C2 {(~10,10), (=5, 5), (—5,15), (0,10)} {(~10,0), (—5,0), (=5, 10),(0,10)}
C3 {(0,-5), (5,-10), (5,0), (10, =5)} {(0,-5),(5,-5),(5,5),(10,5)}
{(=10,5),(=5,0), (-5,10), (0, 5), {(=10,-5), (=5, -5),(-5,5),(0,5),
C4 (0,=5), (5,0), (0,15), (5, 10), (0,=5),(5,5), (0,15), (5,15),
(10,5)} (0,15)}
C5 {(0,5),(-5,10),(=5,0),(—10,5)} {(0,5),(=5,5),(=5,-5),(—10,-5)}
C6 || {(10,—15), (15, —20), (15, —10), (20, —15)} | {(10,=5), (15, —5), (15,5), (20,5)}
C7 (0, 5) (0, 5)

Table 4.2: Solutions for N7g = 1 and Ng = 6 with 2 U(1)s. The charges of the bottom
Yukawa couplings are shown in the row Yib, where i = 1,2, 3,4 labels the 5; involved in
the coupling. The charges of the couplings (C1.)—(C7.) are shown in the corresponding

TOWS.
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| [ I1.1.6.c I1.1.6.d
M, 1 1/2
M, 1 1/2
M; 1 0/1
N 1 -1
Ny -1 —1
N3 -1 1
q10 (3, 1) (3a 1)
qmH, (—6,-2) (=6,-2)
qH, (_47 2) (_47 2)
a5, (1,-3) (1,-3)
a5, (—4,-3) (—4,7)
54 (1, 7) (1, 7)
a5, (6,7) (6, -3)
vP (0,0) (0,0)
Yy (—5,0) (=5, 10)
Y? (0, 10) (0, 10)
Y} (5, 10) (5,0)
L (—10,0) (—10,0)
C2 {(10,0), (5,0), (10,10), (15,10)} {(10,0), (5,10), (10, 10), (15,0)}
C3 {(=5,-5),(—-10,-5),(—5,5),(0,5)} {(-5,-5),(-10,5),(—5,5),(0,—5)}
{(5,-5),(0,-5),(5,5), (10,5), {(5,-5),(0,5), (5,5), (10, =5),
C4 (=5, -5),(0,5), (5,5), (5,15), (10, 15), (=5,15),(0,15), (5,15), (10, 5),
(15,15)} (15,-5)}
C5 {(5,5), (10,5), (5,-5), (0, =5)} {(5,5), (10, =5), (5, =5), (0,5)}
C6 || {(=15,-5),(—20,-5),(—15,5),(—10,5)} | {(-=15,-5),(—20,5), (—15,5), (—10,—-5)}
C7 (5, 5) (5, 5)

Table 4.3: Solutions for N7g = 1 and N = 6 with 2 U(1)s. The model I1.1.6.d regenerates
dimension five proton decay operators with multiple insertions of the singlets regenerating

the charged Yukawas.
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In the following we restrict to the set of U(1) charges which have appeared in explicit

realisations of two U(1) models [92-95,108]. These charges are given by’

£on {qm A o {‘“0 SR o {‘“0 el

5
g5 E{_1a0a+1} qs5 G{_47+1a+6} qs G{—3,—|—2,—|—7}
(4.45)

Taking this reduced set of charges we look for subsets, which solve the anomaly cancel-
lation conditions, allowing up to N1p = 3 and Nz = 8. The set of models, which solve
the conditions (A1.)—(Ab.) are then further filtered down to those which forbid the dan-
gerous couplings (C1.)—(C7.) at leading order. These dangerous couplings should also
not be regenerated with the same singlet insertion, that regenerates the charged Yukawa

couplings.

The phenomenologically good solutions are given in tables 4.2 and 4.3. These models
all feature Mg = 1 and 5 = 6 and have a top and bottom Yukawa coupling at leading
order. The model I1.1.6.d regenerates dimension five proton decay operators with multiple
insertions of the singlets, that generate the charged Yukawas. The remaining three models
all give rise to the u-term with two singlet insertions. Interesting flavour textures for these
models, which have only a single 10, cannot be generated through the U(1) symmetries,
however these models have the advantage of having a concrete geometric realisation: none
of the geometries in the literature [92-95, 108] generate this particular combination of

charges, however we will determine elliptic fibrations for these models in section 4.7.

4.5 F-theoretic Froggatt—Nielsen Models with two U(1)s

The constructions passing all anomaly and coupling constraints with charges seen in known
geometric constructions have not revealed an interesting flavour structure from the U(1)s,
as we only found solutions with a single 10 curve. We now turn our discussion to the
question whether we can find models with two U(1)s and three 10 curves with the more
general, F-theoretic set of charges in (4.34). This increase in complexity improves the
models, which as we will see, allow for realistic flavour physics. In short, we identify
models that lead to a realisation of the FN mechanism. Note that we will match the
quark Yukawas to several known flavour hierarchies. It certainly would be very interesting
to scan through all the possibilities in the solution space, and possibly determine new

textures. Concretely, we find two classes of flavour models, which appeared in [182,183],

“Note that not all combinations of these charges are realised in geometric models in the literature — for
instance the models we find in tables 4.2 and 4.3 are of this type. However in section 4.7, we will determine
new geometries (based on the generalised cubic model of [133]), which give a concrete realisation of these
models.
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for the quark sector that can be realised. This will be the topic of the current section, and
the resulting new lepton flavour structure is discussed in section 4.6. There are several
popular flavour models, that we cannot realise in our class of models, which are detailed

in appendix B.4.

4.5.1 Models with N =3

We now analyse F-theoretic U(1) models with two U(1)s for their potential to solve all
the constraints as well as induce realistic flavour hierarchies by a Froggatt—Nielsen type
mechanism. Each entry in the Yukawa matrix for the up-type quarks, Y, is given by the
couplings

Yi QiujHy, 4,5 =1,2,3. (4.46)

The U(1) charges of 10 representations within which these quarks reside will determine
the charges of the singlets required to regenerate these couplings and therefore their sup-
pression. If we require that Y* is rank one at leading order so that only Y3's, for the third
generation, is uncharged under the additional U(1)s and that Y, and Y3', appear with
different suppressions, to match with a large class of known textures, we are required to

consider models with three 10 representations.

A leading order rank one up-type Yukawa matrix is achieved most easily by having Q3

and g residing on the same 10 representation, 103, with U(1) charges satisfying
2(]103 +qH, = 0. (447)

In order for the top Yukawa coupling involving 103 to only generate a leading order mass

for the top quark we require
]\4103 =1 and N103 = 0, (448)

so that only the third generation of left- and right-handed quarks lie within this 10 rep-
resentation. It is crucial that only the third generation is present on 103 otherwise off

diagonal terms in the Yukawa matrix will also be regenerated at first order.

Between the remaining two 10 representations, 10; and 105, one can have the following

distribution of the remaining quarks:

T.1: ]\41()1 = M102 =1, N101 = N102 =0

For these configurations one has

104 D Qua+1a+eés, A=1,23, (4.49)
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T.2:

T.3:

and the resulting Yukawa matrix is symmetric. These textures could potentially

agree with those in [182,176,183,159].

Mo, = My, =1, Nig, = —1, My, =1
Here, both the remaining right-handed up-type quarks, u; and us, originate from

104,

10; D Q1+ a1 + us
(4.50)
10 D Qo+ 1+ é3.

The resulting Y*, denoting the singlet insertion which regenerates the top Yukawa

coupling between 104 and 105 as sap, has the following form

S11 S11 S13
u
Y~ | s12 si2 sa3 |, (4.51)

s13 s13 1
where two columns have identical singlet insertions, as the charges for the couplings
involving w4, A = 1,2 are the same. This does not match known textures, where off

diagonal terms have a greater suppression compared to their nearest diagonal terms.

M101 = 2,M102 = 0, .7V1()1 = 0, M102 =0
We do not consider this case as 102 has no net chirality and therefore this case

reduces to two 10 representations.

The case T.2 can be shown to not give rise to good flavour textures. In the following

section we focus on case T.1, where each differently charged 10 representation contains

a different generation of Q4 and w4, and match to known textures in the literature. We

show in appendix B.4 that the flavour hierarchies in [176, 159] cannot be realised within

our global F-theoretic charge framework. Note that the textures in [181], which do not

have a symmetric Y%, cannot be realised. The two flavour models that can be realised in

our framework are those in Haba [182] as well as Babu, Enkhbat, and Gogoladze [183],

which we now discuss in turn.

4.5.2 F-theoretic FN-models (Habal) and (Haba2)

In this section we determine solutions to our constraints, which furthermore generate the

Yukawa textures in Haba [182]

S b et et

Yﬁabaw S et & ) Ygaba'\“ e & € (452)

et 2 1 1 1 1
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from a Froggatt—Nielsen type mechanism. Let
M, =1, Ny,=0, A=1,23. (4.53)

The charges of the 10 representations therefore do not contribute to the anomaly can-
cellation conditions, as Nig, = 0. We consider Mg = 4 in the following. The sets of
5 charges, which solve the conditions were determined in appendix B.2 and are given in
(B.16), (B.17) and (B.18).

In order to match to this texture we need to impose that all d; are from the same 5

representation, which is achieved by

Mz, =0, N3 =1,20r3
(4.54)
Ms, =3, Nz, =—Ns, .

The cases N5, = 1,3 give phenomenologically disfavourable models as the solutions either
allow the u-term or regenerate dimension four proton decay with the remaining charged
Yukawas. This leaves only N = 2, the solutions of which are given in table B.2. Imposing

the presence of a bottom Yukawa coupling of the form
10352 H,, (4.55)

restricts the set of solutions further. The set of charges with

M5, =0, N5 =2

(4.56)
M52:3a N52 :_27
which furthermore allow for a bottom Yukawa coupling are as follows:
| 105 [54,| 55, | B | 5
g(R) | —ak /2| by, | 3ak. /T | =94k /14 | q}y, /14 (4.57)
g(R)* | —ap, /2 | 4y, | 3d%,/7 | —943,/14 | ai;, /14
where we have imposed the top Yukawa coupling for 103. The charges of 10; and 10, are
given by!?
1 1
(410, aT0,) = <—2q}{u, —Qq?{u) +5 (why, who,) . (4.58)

where ¢ denotes the charges under U(1), and A = 1,2. The charges of matter under
these two U(1)s will therefore be almost identical, the only difference being in the charge

of 10; and 102, which should be chosen so that no dangerous couplings are allowed at

10T order to uniformly study all F-theoretic charges we rescaled for convenience the models of type I 5(01)
by a factor of 5. This allows us to study all the models where the unit charges is now set to be 5 (rather
than 1).
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leading order. Restricting these general charges to the F-theory charges one finds that

there are only two choices for the charge of the Higgs up given by

(a1, q3r,) = (14,14) or (0,14).

(4.59)

The integer separations, parametrised by wf ,, satisfy the constraint

1 2 _
W10 4 - W10 4 A=

L2,

(4.60)

as there were no two 10 models for a single U(1) which were phenomenologically viable.

Violating the above constraint for either 107 or 102 will either bring back dangerous opera-

tors or regenerate them with the charged Yukawas. This implies the following distribution:

Representation Charge M N Matter
10, (—5ap, +5wlo,, =347, +5wh,) | 1 0 Q1,U1,€4, A=1,2
10, (—1qk +5wl,, —3q% +5wh,) | 1 0 | Qo tzep B#A B=1,2
103 (=34, —397,) L0 Q3. Ti3, &3
51, (g, —air,) 0 -1 H,
51, (743, 7%,) 0 1 Hy
51 (— 54k, —9H,) 0 2 Ly I=1,2
5 (159%, > 119%,) 3 -2 Ls,d;, 1 =1,2,3

(4.61)

The necessary singlet insertions to regenerate the full up and down-type Yukawa matrices

can be determined to be

s% 8182 81 S1 81 S1
Y~ | s159 53 s2 |, Yi~ | sy 89 89 |, (4.62)
S1 59 1 1
where s; = M<§’U>T The charges of the singlets, S; and S are given by
(Qé‘ 7qg‘ ) = *5(11)%0 ’w%O )
. L, (4.63)
(qSQ? ng) = _5(w102’ w102) :

These singlets exactly correspond to those which are present in 1031041 couplings, where

A =1,2, as can be seen from their charges.

Choosing 51 = €2 and so = ¢* one obtains the Haba texture in (4.31). When the charges

of the two singlets are not coprime we have the following relation

(g8, q%,) = n(gs,, q5,)

(4.64)

for some integer n. In (4.62) s; can be replaced with sj, and from this we see that in

order to match to the texture in (4.31) we must have n = 2. In this case we can generate

the entire Yukawa matrix by giving a vev to only one singlet.
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One choice of wf, , which avoids all dangerous operators is given byt

(wiol Y w%Ol) = (2’ 0)

) ) (4.65)
(w10, wip,) = (1,0).
Within this setup there are two choices for the charge of the up-type Higgs:
(Habal) : (g, q%,) = (14,14) (4.66)
4.66
(Haba2):  (qz,,q71,) = (0,14).
The full set of charges for these models are as follows'?
GUT H Charges for (Habal) ‘ Charges for (Haba2) ‘ M N ‘ MSSM Matter
10, (3,=7) (10, —7) 10 Q1,u1,e4, A=1,2
102 (—2,-7) (5,—17) 1 0 | Qo tz,ép, B#A B=1,2
103 (_75 _7) (Oa _7) 1 0 Qg,ﬂg,ég
5w, (—14,—-14) (0,—14) 0 -1 H,
SHd (67 6) <O7 6) 0 1 Hd
51 (—9,-9) (0,-9) 0 2 L, I1=1,2
59 (1,1) (0,1) 3 -2 Ls,dr, I =1,2,3
(4.67)

The models are summarised in table 4.4, including the charges for all the couplings
(C1.)—(C7.). Both models have up- and down-type Yukawas with the same singlet inser-

tion structure

W W Wl W2 Wt Wl
(Habal,2) : Y~ | W wl ow |, Yinu | w w wr |, (4.68)
w? w1 1 1 1
where w; = 1\92/2,;’ where the charge of the singlet W is

(¢, Giv,) = (—5,0). (4.69)

2

By choosing w; = € one recovers the Haba flavour texture in (4.31). The lepton Yukawa

matrices, from the above sets of charges, have the following singlet structure

W%CUQ Wi W9
(Habal,2) : yi~ wivg wiws Wy with 104 D €4, where A =1,2.
w? w1 1
(4.70)

"The charge of the 10; 2 are not fixed so far, even when including the constraint of suppressing all
dangerous couplings. Here they are chosen to bring them closest to the known geometric models.

2Note, that as mentioned earlier we rescaled the charges of the class of models I ém) by 5, to allow for
a uniform treatment of all models. This means, that instead of the 10 charges (2,1,0) we write (10, 5, 0).
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’ H (Habal) (Haba2)
M 0 0
N 2 2
Mo, 1 1
Nio, 0 0
q10, (3,-7) (10,-7)
410, (=2,-7) (5,=7)
105 (=7,-7) (0,=7)
qi, (14,14) (0,14)
qH, (6,6) (0,6)
s, (-9, -9) (0. -9)
@, (1,1) (0,1)
7 (20, 20) (0,20)
{(0,-30), (10, —20), (-5, —30), {(30, —30) (30, —20), (25, —30)
(5,—20), (—10, —30), (0, —20), (25, —20), (20, —30), (20, —20),
C2 (—15,-30), (=5, —20), (—20, —30), (15,-30), (15, —20), (10 —30),
(—10,—-20), (—25, —30), (—15, —20), (10, —20), (5, —30), (5, —20),
(—30,—30), (—20,—20)} (0, —30), (0, —20)}
C3 {(5,5),(15,15)} {(0,5),(0,15)}
{(=15,—-25), (-5, —15), (—20, —25), {(10,—-25), (10, —15), (5, —25),
C4 (—10,—15), (=25, —25), (=15, —15), (5,—15), (0, —25), (0, —15),
(5,-5),(0,-5),(=5,-5)} (10,-5), (5, -5), (0, =5)}
{(15,-5), (5,—15), (10, —5), (0, —15), | {(20,-5),(20,—15), (15, —5), (15, —15),
Ch (5,-5), (=5, —15), (0, 5) (—=10,—15), (10,-5), (10, —15), (5, —=5), (5, —15),
(=5,-5), (=15, -15)} (0,-5), (0, —15)}
C6 {(25, 25) (35 35)} {(0,25),(0,35)}
Cc7 {(=5,-15), (-1 15), (—15,—15)} {(10,—15), (5, —15), (0, —15)}

Table 4.4: F-theoretic FN-models (Habal) and (Haba2):

these models have two U(1)s

and Nip = 3 and Nz = 4 and have realistic flavour textures, which for the quark sector

match those by Haba in [182].
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Here again the second singlet vev is wy = 1\<4VC[;/?T

The choice for how the e4 are distributed
on the 10p matter loci is made to get the standard hierarchy between first and second
generation. To regenerate the entries in these matrices the following charged singlets must

gain a vacuum expectation value

abal) : ; ) =
(Habal) (abys» ai,) = (10,10) (4.71)
(Haba2) : (QII/VQaQiQ/VQ) = (0,10).

As one can see from the charges of the (C2.) couplings in table 4.4, regenerating the lepton
Yukawas regenerates all the dimension five operators in both models. The dangerous
dimension five couplings with coupling constant (5%12 ; that are regenerated with certain

singlet insertions are shown below for both models, where we take wy = O(1):

Model Coupling Charge | Singlet insertions | € suppression
(Habal) | 10,10,1055; | (—5, —30) wiwsd <€l
101011055, | (5,—20) wiw? < €ll (4.72)
(Haba2) | 1011011025, | (25, —30) wiws <l
10;10;1055; | (25, —20) whw? < eld
For both models, in order for the
10 1077 M,
Y < 16722205 (4.73)
Mcur  Mgur GuT

where the Wolfenstein parameter is € &~ 0.22. This translates into the following relation
Msysy > 10" Mgur, (4.74)

where as before w; = €2 and wy = O(1). The latter can be improved upon by considering
lepton flavour, where the most constraining factor, for both the models, is the mass ratio
between the second and third generation, which is of order €2. This is discussed in section
4.6.

Other dimension five operators of type Q3L are also regenerated with suppressions of €2

and higher. For example, in this case one also gets the coupling
10310310352 D Q3Q3Q3L3, (4.75)

which can be compared to the bound on (5%12 ; by inserting suppression factors from the
CKM between the third generation and the first and second. One finds that this coupling,
which has €2 suppression from the singlets, picks up at least an additional €!° once we
take into account the mixing between the quark generations. This coupling does not pose

a greater threat than those considered above and the lower bound of Mgygy from this
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model is unchanged. In section 4.6 we consider the lepton and neutrino flavour physics of

these models in more detail.

We extended this analysis to Mg =5 and 6, which are all possible choices, however there
are no further solutions. Extending the number of 5 beyond that results in exotics. Thus

the presently analysed case of N5 = 4 presents a sort of sweetspot.

4.5.3 F-theoretic FN-models (BaEnGol)—(BaEnGo3)

Below we consider solutions which allow for a symmetric up-type Yukawa matrix paired
with a down-type Yukawa matrix, which has only two distinct columns. These textures
(4.32), as we shall show give rise to a realistic CKM structure. This has appeared in the

literature before in [183], and will be referred to as the BaEnGo texture

e b €l D 4 A

u 6 4 2 d 3 2 2
YBaEnGo ~ € € ¢ ) YBaEnGo ~ €’ € € . (476)

et 21 e 1 1

In this case the structure of singlet insertions is of the form

2

57 S$182 S1 S§183 S1  S1
Y~ | s1s0 83 so | Y3~ | 8983 s9 s9 |, (4.77)
S1 S9 1 S3 1 1

1\4<§L>T The charges of the singlets, S7, So and S3 are given by

where s; =

_5(w%01 ’ w%ol )

_5(?1}:][02, w%OQ) (478)

(qél Y q%’l)

(qgg Y qgg)

(qé'g ? q%g)

1 1 2 2
—5(w5n — w52, Uan — w52) N

where one of the 5s, in this case 59, is the one taken to have a leading order bottom
Yukawa coupling and must contain two down-type quarks. One other 5, in the above,
labelled 5,,, must contain the last down-type quark. Assuming the dominant contribution

to the masses comes from the diagonal elements, we choose
S1 = 64, S9 = 62, (479)

to satisfy the up-type ratios in (4.29). Taking s3 = 1 we recover a down-type Yukawa

matrix in section 4.5.2, here we take the third singlet insertion to be

s3=¢€. (4.80)
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Using the formulas for the three mixing angles derived in [184,185] the CKM, neglecting
the CP phase, can be calculated to take the form

1 e €t
Vekm~ | € 1 & |, (4.81)
et 21

to leading order in e. The corresponding Yukawas are those shown in (4.32). Below we
study the models, which realise these textures with four and five 5s. These models share
the same up-type and down-type Yukawas, which have the structure in (4.77), however,

they differ on the texture of the lepton Yukawa matrix.

Ny =4

One class of such solutions can be obtained by altering the M, Ns in (4.56) to

Ms, =1, N5 =2
M52:2a N52 :_27

(4.82)

which gives rise to models with the same set of possible charges, but the down-type Yukawa
matrix now has the structure in (4.77). In this distribution of M, Ns all three generations

of leptons reside in 57 which produces lepton Yukawas of the form

5183 S983 S3
(BaEnGol,2) : YE~ | sis3 sass sz |, (4.83)

5183 8283 83

where we have chosen the following distribution of right-handed leptons 104 D €4, where
A =1,2,3 for both models. These choices ensure that the singlet suppressions generate

the correct hierarchy in lepton masses.

Restricting to the charges in (4.67), where the singlets s; are not coprime, the up- and

down-type Yukawa matrices take the form

wi wd Wl wivg w? Wi
(BaEnGol,2) : Y~ | wd wdow |, Yinu | wiwe w1 wi | (4.84)
w% wp 1 w9 1 1
where w; = ]\ﬁ[I;V[Z]L The lepton Yukawa matrix for both sets of charges takes the form

w%wg Wi W9
L
V'~ | wiwg wiws we | (4.85)

w%wg wWiwo W9
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where the singlets W, have the following charges
(BaEnGOl) : <QI])V1 ) Q%/Vl) = (_57 0)
(g, aiv,) = (10,10)
X ’ ) ’ (4.86)
(Ba’EnGO2) : (qwl Y qu) = (75’ 0)
(qll/Vg? q‘%VQ) = (07 10) :
The singlet suppressions, in terms of the Wolfenstein parameter €, are given by
wy = €2, wy =€, (4.87)

to match the suppression of the singlets s; in the general texture.

The charges of the unwanted operators are shown in table 4.5, in this case one regenerates
dimension five proton decay operators with the down-type Yukawas. For the couplings

involving &1,,; one finds the following suppression:

Model ‘ Coupling ‘ Charge ‘ Singlet insertions ‘ € suppression
(BaEnGol) | 10;10,1055; | (—5, —30) wiwd < €l? (4.88)
(BaEnGo2) | 10;10110551 | (25, —30) wiw3 <eld

The suppression of these dimension five couplings are bounded as
13 1077 M,
Y < 1672 =08, (4.89)

Macur  Maur GUT

which results in the following bound on the mass of the sparticles participating in the
process:

Msysy > 107" Mayr - (4.90)

As in the earlier case of the Haba textures, the other operators are further suppressed

compared to 5%12 ; and thus not threatening to the consistency of the model.
Ne=5

Finally, we discuss a solution, which has a distinct lepton flavour structure, by extending

the solution in section 4.5.2 to five 5s with

Ms, =0, Ns =2
Ms, =2, Ns, = —2 (4.91)
Ms, =1, Ns, =0.

In this case the charges of the three 10s, 5 and 55 are as in (4.57) and (4.58). However

the charge of 53 is constrained not by the anomaly cancellation conditions, but by the
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’ H (BaEnGol) (BaEnGo2)
M 1 1
N 2 2
Mo, 1 1
Nio, 0 0
q10, (3,-7) (10,-7)
q10, (=2,-7) (5,=7)
4105 (=7,-7) (0,=7)
qH, (14,14) (0,14)
qH, (6,6) (0,6)
a5, (=9,-9) (0,-9)
g, (1,1) (0,1)
W (20, 20) (0,20)
{(0,-30), (10, —20), (—5, —30), {(30,—-30), (30, —20), (25, —30),
(5,—20), (—10, —30), (0, —20), (25, —20), (20, —30), (20, —20),
C2 (—15,-30), (=5, —20), (—20, —30), (10, -30), (10, —20), (5, —30),
(=10, —20), (=25, —30), (—15, —20), (5,—20), (15, —30), (15, —20),
(—30, —30), (—20, —20)} (0, —30), (0, —20)}
C3 {(5,5)} {(0,5)}
{(—15,-25), (=5, —15), (—20, —25), {(10, —-25), (10, —15), (5, —25),
C4 || (=10, -15), (—25,—25), (15, —15), (5, —15), (0, —25), (0, —15),
(5,—5), (0, =5), (=5, —5)} (10, -5), (5,=5), (0, =5)}
{(15, —5), (10, =5), (5, —5), (0, =5), | {(20,—5), (15, —5), (10, —5), (5, —5),
G5 (=5,-5)} (0,-5)}
C6 {(25,25)} {(0,25)}
C7 || {(=5,-15),(—10,—-15),(—15,—15)} {(10,-15), (5, —15),(0,—15)}

Table 4.5: F-theoretic FN-models (BaEnGol) and (BaEnGo2): these models have two
U(1)s and Nig = 3 and N5 = 4 and have realistic flavour textures, which for the quark
sector match those by BaEnGo in (4.32).
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requirement of suppressing the unwanted operators. The distribution of MSSM matter is

Representation Charge M N Matter
10, (d10,5a70,) | 1 0 Q1,11, €3
10, (di0, q30,) | 1 0 Qa2, Uz, €2,
103 (=7,-7 |1 0 (3, u3, €1
51, (=14,-14) | 0 -1 H, (4.92)
SHd (6,6) 0 Hy
51 (=9,-9) | 0 2 |L;L;I,J=1,2,3
59 (1,1) 2 -2 da, d3
53 (¢3,043,) | 1 0 Li,dy

where there is a choice in how the different generations of leptons are distributed, which
is unfixed by the anomaly cancellation conditions. The general structure of the lepton

Yukawas is given by
5451 5452 84
YE | susy suse sq | (4.93)
S§3S81 8382 S3

where the singlets have charges

(Q}%a q?%) = —5(wé3 — w%z, w§3 — w§2) (194
(qé'4’ q§4) = —5(’11)51)1 - wfl)Q’ w?)l - w52>2)

The up-type and down-type Yukawa textures are given in (4.77). One choice of charges,
which we will denote as model (BaEnGo3), that does not allow unwanted operators at

leading order is given by:

Representation Charge M N Matter
10, (=12,13) | 1 0 | Q1,u1,¢63
10, (—17,3) 1 0 | Q2,1u2,é2,
103 (—7, —7) 1 0 Q3,us, €1

(BaEnGo3) : 5H, (—14,-14) | 0 -1 H, (4.95)

5m, (6,6) 0 1 Hy
5 (-=9,-9) | 0 2 Ly, Ly
59 (1,1) 2 —2| dy,ds
53 (—4,-9) 1 0 L3, dy

A scan yields that there are no models, which give a lower bound on Mg gy than that
derived in the case for four 5s. This model has been chosen as it produces the same bound
for Msysy as in (4.90) and does not regenerate any dimension four operators with any

number of singlet insertions.



Chapter 4. Froggatt—Nielsen meets Mordell-Weil 156

In this case the charges of the singlets required to regenerate the up-type, W; and Ws,

down-type, W3, and lepton Yukawa matrices, Wy, have charges

(aiv, » 4i,) = (5,—20)
(4w, 4i,) = (0, —10)
e (4.96)
(qW37 qu) = (57 ]‘0)
(qil/Vy QI2/V4) = (107 10) )

where the Yukawa matrices take the general forms (4.77) and (4.93). The singlet insertions,

w1 and we, expressed in terms of the Wolfenstein parameter, €, are

wi =€, wr=¢€, w3=c¢€. (4.97)

As was the case in the previous textures, regenerating the lepton Yukawas also regenerates
dimension five operators. The dangerous couplings with coupling constant 5%12 ; are given

below where we have written the singlet insertions which give rise to the lowest suppression

Model ‘ Coupling ‘ Charge ‘ Singlet insertions ‘ € suppression
(BaEnGo3) | 1011071055, | (—40, 20) wiwaw} €3 (4.98)
10110110253 | (—35,20) | wiwiw] + wiwowiws < eld

In the coupling involving 53 we have taken wy = €, which is consistent with the lepton
mass hierarchies, in the estimation of the suppression. These suppression levels are the
same as those derived in the previous section and give rise to the bound on Mgygy in
(4.90). In the next section we examine model (BaEnGol-3), as well as the models (Habal)

and (Haba2) of section 4.5.2 under the constraints of lepton and neutrino flavour.

Finally, we should note, extending the current analysis to more 5 matter we find, for
Ng = 6 there no solutions with suitable flavour structure. It would be interesting to
extend this to Mg = 7 (which is the largest for this type of model without introducing

exotics), however increasing the number of 5s usually brings back proton decay operators.

4.6 Lepton and Neutrino Flavour

Let us now turn to the lepton and neutrino flavour properties of the F-theoretic FN-models
of the last section. Unlike the quark sector and the lepton masses (4.29), the neutrino

sector is far less experimentally constrained. Nevertheless let us state the respective ex-
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perimental bounds on the masses'?

Ami, [107%eV?] = 7.5410 %

Am3s [107%eV?] = 243708 (4.99)

> my,; <0.66 eV

and mixing angles
012 = 0.591000 | fa3 = 0.721002 | 013 = 0.151505. (4.100)

The absolute masses for the neutrinos are not known and various different hierarchies
could be accommodated within these constraints. Furthermore the mixing angles are
not hierarchical. Nevertheless, we show that our F-theoretic FN-models from above can

accommodate the mixing angles.

The neutrino masses can arise from a so-called standard type I seesaw mechanism, for
which we introduce three right-handed neutrinos that are SU(5) singlets but are charged
under the additional U(1)s. The couplings needed are

(YV>IJ5LI5Hu1V}‘£7 MIJ]_VII?,]_”I{c s (4.101)

where M7y is generated by singlets with a vev. Below the mass scale of the right-handed
neutrinos A this leads to an effective neutrino mass via the Weinberg operator
1

ALiLyHHy. (4.102)

Again this operator can be forbidden by the additional U(1) symmetries, but regenerated
by appropriate singlet insertions. Note that the charges of the right-handed neutrinos do
not enter the effective Weinberg operator and are not relevant for the discussion of neutrino
mixing. For the flavour models in section 4.5, the three distinct phenomenological scenarios

are studied in turn in the following.

3These are best-fit values and 3¢ allowed ranges for neutrino masses with a normal hierarchy (m; <
ma < m3). The sum of neutrino masses and the other values can be found in the Neutrino mass, mixing
and oscillations chapter of [15].
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4.6.1 Models (Habal) and (Haba2)

Including the structure of the neutrino Yukawa matrix arising from the Weinberg opera-

tors, the models from section 4.5.2 have the following Yukawa structures

8 4 P

u 6 2 d 2 2 2

YHaba ~ € YHaba ~ € € €
12 1 1 1 1
(4.103)
4+a 2+4a K1 K1 Ko
L

Y&~ dta  (24a M, ~ | k1 ki K2 )

et €2 Ko Ko Kiko + H‘I’

where the charges of singlets regenerating entries in the neutrino Yukawa matrices are

given by
(Habal) :

(Haba2) :

qr, = (—10,-10), gr, = (—20,—-20)

(4.104)
9K, = (Oa _10)7 4K, = (07 _20) .

Note also that despite the fact that the quark mixing are those in Haba [182] (and BaEnGo
[183] in section 4.6.2) the lepton and neutrino textures are distinct from the models in the

literature.

For each choice of hierarchical singlet scalings, we scan over the O(1) coefficients in
front of each coupling and identify experimentally viable masses and mixings using the
Mathematica package Mixing Parameter Tools [186]. For each of the three different
scalings we find consistent mixing angles with suitable choices for the O(1) coefficients
and mass hierarchies that are consistent with (4.29). We allow the O(1) coefficients, z, for

the Yukawa matrices to be within the range

0.8 <|z] < 1.2, (4.105)

where in the case of the lepton Yukawa matrices z is complex.

For models (Habal), (Haba2) with @ = 0.05,x; = 0.1 and k2 = 0.3 one choice of O(1)
coefficients for the lepton and neutrino Yukawa matrices which give consistent mixing

angles is given by

1.00€*0° —(0.68 + 0.971)e>%  (0.30 — 0.787)e95

Vi~ | (—0.89 +0.540)€2%  —(0.14 +1.130)e2%  —(0.43 4 1.107)e%05
(0.64 4 0.63i)e*  —(0.12 4 0.974) 2 —0.81 — 0.10i
(4.106)
11761 113k 0.92k5
M, ~ | 1.13k1 0.92x 0.83k2

0.92k2 0.83k2 0.96(k1m2 + K3)
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This choice for a means that sy in these models is a O(1) number as was assumed in
the calculation of the bound for Mgygy in section 4.5.2. This set of matrices gives the
following mass ratios and mixing angles

012 = 0.60, 613 =0.20, 63 =0.72

(4.107)
My iMmy i Mme = 1: 0.88¢2 : 0.6364,

which are consistent with the constraints in (4.29) and (4.100).

More interestingly, one can take a = 1 and still find O(1) coefficients which give rise to
good mixing angles and lepton mass hierarchies. This choice for a improves the bound on
Mgysy in (4.74) to

Msysy > 107Mgyr, (4.108)

as now sg = 0.22. In this case the other singlets take values k1 = 0.7, k2 = 0.7 and the

Yukawa matrices are given by

1.00€° (—0.79 + 0.27i)e3  (0.72 — 0.61i)e
YE~ | —(0.70 +0.87i)®  (—0.86 + 0.57i)e®  (0.99 + 0.017)e

(0.98 — 0.30i)e*  (0.32 — 1.08i)e?  0.34 — 0.80i

0.90%1 0.98/‘&1 1.07%32
My ~ 0.98,‘%1 1.16%&1 0.89/432
1.07ke  0.89ky 1.00(k1k2 + K3)

3
€3

(4.109)

The mixing angles and mass hierarchies are in very good agreement with those in (4.100)

and (4.29)

012 = 0.56, 013 =0.14, o3 =0.71
(4.110)
my:my, i me = 1:0.68€¢% : 1.02¢° .

4.6.2 Models (BaEnGol)—(BaEnGo3)

For the matter distributions in the F-theoretic FN-models (BaEnGol) and (BaEnGo2) of
section 4.5.3 we find that the leptons and neutrinos are different from the models in [183],

and are given by

S8 6 €t e et €
U 6 4 2 d 3 2 2
YBaEnGo ~ € € ¢ YBaEnGo ~ € e ¢
et e 1 e 1 1
(4.111)
65 63 61 K1 K1 K1
L <
Yo~ | & & € M, ~ | k1 k1 K1 |
5 3 1

€ € € K1 K1 K1
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where the singlets have charges
(BaEnGol) : ¢k, = (—10,—10), (BaEnGo2): gk, = (0,—10). (4.112)

Likewise for model (BaEnGo3) we get

8 8 ¢ e et
u 6 4 2 d 3 2 2
YBaEnGo ~ € € € YBaEnGo ~ € € €
b 21 e 1 1
(4.113)
gite 2te ¢ K1 K1 K1K2
yi~ gite Zte ¢ M, ~ K1 K1  K1K2 ,
65 63 € KR1R2 K1K2 HU@%
where
qK, = (—10, —10) , 4Ky, = (—5, 0) . (4.114)

For (BaEnGol) and (BaEnGo2) the following O(1) coefficients in the lepton and neutrino

Yukawa matrices

(1.09 — 0.04)e>  (—1.11 + 0.42i)e> (—0.13 — 0.91i)e
Vi~ (01941.05i)€ (—0.88+0.31i)e®  (1.04 — 0.52i)e
(—=0.21 +0.93i)e®> (—0.24 + 1.00i)e3  0.97 + 0.10ie
0.81k1 1.10k; 1.03k

M,,N 1.10/-%1 1.11,‘{,1 1.05/@1
1.03x1 1.05x1 1.01k1

(4.115)

with k1 = 0.22 result in PMNS mixing angles and lepton mass hierarchies, which are

consistent with the phenomenological constraints (4.29) and (4.100)

A2 = 0.60, @13 =0.18, 63 =0.69
(4.116)
My :my :me=1: 0.92¢2 : 0.59¢° .

This model fits precisely the anarchy models in [187].

Finally, consider FN-model (BaEnGo3), where in addition to the quark Yukawa matrices
in (4.113) one finds the following set of lepton and neutrino Yukawa matrices for ¢ =

1,1 =0.2 and k3 = 0.4

(—0.92 4+ 0.08i)e> (1.06 + 0.36i)e> (0.69 — 0.57i)e
Y~ | (0.89—0.33i)€®  (1.00 +0.10i)e3  (0.30 — 0.774)e
(0.38 4 0.82i)e®>  (1.02+ 0.19i)e® (0.53 + 0.614)e
0.82k1 0.88x1  0.85kKk1kK2
M, ~ 0.88k1 0.94x1 1.10Kk1kK9 .
0.85k1k2  1.10k1k2  0.93K1K3

(4.117)
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The resulting mixing angles and lepton mass ratios are

012 = 0.61, 613 =0.16, 63 =0.71
(4.118)
My :my :me=1: 0.92¢2 : 0.9764,

which again are phenomenologically sound.

4.7 Geometric Realisation

In this section we discuss how some of the phenomenologically viable models can be realised
geometrically. For the case of the two U(1) models, some of the solutions in section 4.4
can be realised in terms of a general cubic in P2. For the F-theoretic FN-models, we have
not determined a geometric construction, however we provide the necessary fiber types,

that realise the charge patterns underlying these flavour models.

4.7.1 Single U(1) Models

For one U(1) there is exactly one model that is consistent, denoted by I.1.4.a in table
4.1. All other models bring back in one way or another the dimension four or five proton
decay operators. In addition the single U(1) models have very limited scope with respect
to flavour. Nevertheless to geometrically engineer the solution I.1.4.a one has to consider

Iém). As one can see however, the charges in the model

the codimension one fiber type
are wider separated than in known constructions. We will focus our attention on the

phenomenologically more interesting multiple U (1) models.

4.7.2 Two U(1) Models

In section 4.4, the charge spectrum of the four models, with two U(1) symmetries, which
solved the anomaly cancellation conditions and forbid dangerous proton decay operators
were detailed. In this section we show how three of these models can be constructed by
considering elliptic fibrations with two additional rational sections, described by enhancing
the singularity type of the general cubic in P2. The elliptically fibered Calabi-Yau four-
fold, as a hypersurface in an ambient five-fold, is given by the following cubic equation [133]
3
w(syw? + sowx + s32% + sswy + sery + sgy?) + H(aim +biy) =0, (4.119)
i=1

where [w : x : y] are projective coordinates in P2. This fibration has three rational sections

given by

o0 :[0:—=by :ai], o1:[0: —b2 : ag], o9 :]0: —b3:as]. (4.120)
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Section Line bundle
s1j | O(=6Kp — 2[a1] — 2[as] — 2[as] — 3[ss] — jSc)
52, O(—4Kp — [a1] — [az] — [as] — 2[ss] — jSc)
53, O(—2Kp — [ss] — jSc)
85, O(=3Kp — [a1] — [ag] — [as] — [ss] — 1 Sc)
56, O(-Kp - jSa)
58, O([ss] — jSc)
ayj O([m1] = jSe)
a2, O([a2] — 7Sc)
as,j O(las] — jSa)
by O(Kp + [a1] + [ss] — 7Sc)
ba,; O(Kp + [az] + [ss] — jSc)
b3, O(Kp + [as] + [ss] — 7S¢c)

Table 4.6: Classes of the sections for the elliptic fibration realised in terms of a general
cubic in P2

By expanding the coefficients above, which we denote generally as ¢;, along a coordinate

in the base, z, as
0 .
ci=Y e, (4.121)
j=1

singularities can be tuned along the locus z = 0. The coefficients s; ;,a; ; and b;; are
sections of the following holomorphic line bundles over the base shown in table 4.6, where

Kp is the pullback of the canonical class of the base, B, and S is the class of z.

As we are interested in SU(5) GUTs we will only consider models which realise I5 singu-
larities. To determine this, we apply Tate’s algorithm to the general cubic. Resolving the
I5 singularities introduces four exceptional curves F},, where m = 1,--- ,4, into the fiber.
The fibration of each F},, over the singular locus z gives a divisor Df,,. With each rational

section, in addition to the zero-section op, we can define the Shioda map, S(o,) such that
S(oa) vy F;=0,  i=(0,m), (4.122)

Here -y denotes that the intersection is taken in the four-fold Y. The Shioda map con-
structs from each rational section a divisor which corresponds to the generator of the
U(1) symmetry. The U(1) charges of matter are found by intersecting S(o,) with the
matter curves obtained from the splitting of the F; in codimension two. The resolutions
and intersections carried out in this thesis are computed using the Mathematica package

Smooth [66].

Here, we label our models as in [108], where the vanishing orders, n.,, are given in the
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order

(nsl s Msg s Mggy Mgy Mgy Tsgy Thaq s by s Mag s Nby s Nas s nbg) . (4123)

Furthermore it will be necessary to consider so-called non-canonical models, where the
enhancement of the discriminant to O(z%), occurs not by simply specifying the vanishing
order of the coefficients, but by subtle cancellations between the coefficients, which are
non-trivially related see e.g. [64,107,108]. In the models we consider here the enhancement
to I requires solving

AB—-CD =0, (4.124)

in terms of the coefficients of the hypersurface equation. This has to be solved over the
coordinate ring of the base of the elliptic fibration, which is a unique factorisation domain.
Applying the standard Tate’s algorithm in this context [64,107,108] the enhancement is

obtained as a so-called non-canonical solution in terms of sections &;

A=868&, B=§&, C=8E&G, D=6, (4.125)

In addition to specifying the vanishing order, the labelling of the non-canonical models
also includes the specialisation of the coefficients in terms of &;, which is given underneath

the vanishing orders.

The models which realise the solutions in section 4.4 are given in table 4.7. For each model
the fiber type, vanishing orders and non-canonical specialisation is given along with the
charges of the 10 and 5 matter in the model. The equations for the matter loci referred

to in the table are given below:

§263€7s3.0 +E16a(E3 a1 + E5a1,0b2,085,.0 — Ea€3s6,1) — &7 (§3b3,1 + E3b1,0b2,085,0 — Ea€zss1) = 0
(4.126)
a%,0b270537055,0 + bl,osg,o —a1,086,058,0 = 0 (4.127)

£1(E3511 — 263501 + €353.0) — E1€4(E3 a1 0a3,0b2,0 + E555,1 — €26356.1)

+€7€3(—Eaa1 0baobs o + E3580) = 0

These models provide new charge configurations that have thus far not been obtained in

(4.128)

the literature.

Each of the models in table 4.7 have additional charged matter, which is not present in
the corresponding solutions given in section 4.4, which can be forbidden in the base. As
an aside: the charges for the non-canonical model (3,2,1,1,0,0,0,0,1,0,0,0) under the
first U(1) is reversed to those in solution II.1.6.a. This can be further seen by the fact
that the fiber type of this model is not one considered in the analysis in section 4.4, as
IE()iU k)

was noted earlier. This is justified as the charges in an model are the same as those
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in I éilj k) except with the sign of one of the U(1)s reversed. As the anomaly cancellation
conditions are unaffected by global rescalings of the U(1) charges, the model in the table

solves the anomaly cancellation condition as in solution II.1.6.a.

4.7.3 Fibers for Models (Habal) and (Haba2)

The F-theoretic FN-models in section 4.5.2 have particularly nice phenomenology in addi-
tion to satisfying all anomaly constraints and absence of dangerous couplings. The charges
for those models are within the classification of the F-theory charges [32], however so far
no concrete geometric realisation is known. To guide the construction of these geometries,
we now provide the possible fiber types necessary for these models in the following for the

models in table 4.4.

The models are based on [, é02\1)

, where the two additional sections o7 and o2 generate the
two extra U(1) symmetries. For simplicity we discuss the model (Haba2) in table 4.4 — for
model (Habal) the only change is that the two extra sections have the same charges, for
the 5 matter loci, and thus have the same configurations. The fibers in codimension two,
including the configuration of the sections is shown in figure 4.4. We shall refrain from
providing the details of this result and refer the reader to [32], where a comprehensive

discussion of these fibers was obtained.

The main difficulty in constructing this class of models is that the charges are separated,
e.g. the b charges have a range from ¢z = —14 to 6, i.e. g = qg“” = 20, which is
in current algebraic constructions not observed. Generically the charge differences are
78" — q%’”” = 10, with the only example, known to us, with this difference given by 15
is a toric construction obtained in [97]. It would be very interesting to systematically
search for models with wider separation of charges. One complication is of course, that
the codimension two fibers will have to be more and more wrapped, i.e. there will be
components in the codimension two fibers that are contained within the section, as shown

in figure 4.4.

4.8 Discussion and Outlook

We have shown that there are viable models in the class of F-theory charge configurations
from the classification in [32], which satisfy all consistency requirements (Al.)—(A5.) and

(C1.)—(C7.), and have realistic flavour physics, however these are very scarce.

We considered one or two U(1) symmetries, although our analysis can be easily extended
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0
[ NN (0,1) (0,-9)
C34 F3 C34_ F3
> 1 |2 13 |2
C24+ C24+
3 |~ . Nl P
E -1 Cys o F, -1 2 -2 F,
__-4(:15Jr L4 Cys'
(qla qZ)Z(Oa_7) (qla CI2):(5,‘7)
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F,
2 |~ -+
1|Ss 2
! Cys

(a1, 92)=(10,-7)

Figure 4.4: Fibers for the F-theoretic FN-model (Haba2) of table 4.4. The codimension
one type Ié02|1) is as in figure 4.3 (up to permutation of the two extra sections), with
the zero-section shown in blue. The nomenclature is as in [32]: The codimension two
fibers realising the 5 matter (I5) as well as 10 matter (I fibers) are shown together with
their charges. The coloring correspond to the wrapping of the fibers, and the labels along
the wrapped components correspond to the degrees of the normal bundle, which in turn
determine the charges. For the 5 matter, the blue and yellow sections have to have the
same configurations, as the charge is zero. These are shown in terms of green coloring.
The blue/yellow colored representation graphs (box graphs) indicate the phases of the
respective resolution type, see [70].
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to three or more U(1)s. For single U(1) models there is one solution, which does not
regenerate any of the dangerous couplings at the same order as the Yukawa couplings,
however single U(1) models have very limited scope with regards to FN-type modeling.
For two U(1)s we studied two sets of solutions: one which solves all the constraints and has
an explicit geometric construction — albeit coming short on the flavour physics. The second
class of solutions have realistic flavour textures generated by an FN-mechanism, which we
studied in both quark and lepton sectors, however their geometric construction is unknown
— these were denoted by (Habal)-(Haba2) and (BaEnGol)-(BaEnGo3), according to the
Yukawa textures for the quarks. We provided the required fiber types for (Habal) and
(Haba2) and hope that our result gives a guidance to the geometric efforts to construct
more elaborate F-theory compactifications. It would be very exciting to find a geometric
construction of these models summarised in table 4.4. This includes the construction of
the elliptic fibration with two rational sections as well as the G-flux, in particular also
the hypercharge flux, that induces the necessary matter distributions as detailed by the
M and N values. Furthermore, combining our general insights from the structure of the
elliptic fiber with recent advances on the understanding of the base of the fibration of four-
folds [188,189] would lead to a very powerful way to constrain the set of phenomenologically

viable F-theory vacua.



Chapter 5

M5-branes and Compactifications

In the latter part of this thesis the focal point shifts to the non-perturbative limit of type
ITA string theory, M-theory. The absence of a dimensionless coupling constant in M-
theory has greatly hindered progress in understanding the eleven-dimensional description
as one can not make use of perturbation theory. This is associated with the fact that
the fundamental object in M-theory is not the string but instead an object of one greater
space-time dimension; a membrane. In this chapter we introduce both the membrane (M2-

brane) and its magnetic dual, the M5-brane, however the latter shall be the centerpiece.

The low energy effective theory of M-theory is eleven-dimensional supergravity whose
bosonic field content is the metric g and a three-form potential C3. The eleven-dimensional
supersymmetry algebra with a Majorana spinor @), which has 32 real components, is given
by [190]

{Qa, @3} = (V")ap P + (V" )apZmn + (L™ )apZimnpgr ,  mym =1,--- 11, (5.1)

where P, is the generator of translations and Z,,,, Zmnper are central charges. The pres-
ence of central charges in the supersymmetry algebra means the theory can contain topo-
logical BPS solitons. In order to preserve Lorentz invariance of the index structure these
states must extend two or five spatial dimensions [191]. These solitons are called the

M2-brane and Mb-brane, which couple to the potential Cj.

Before discussing these M-branes directly let us recall that M-theory reduced on a circle is
type ITA string theory. As a result the fundamental string and branes in type IIA all have
an origin in eleven dimensions which were determined in [192,193]. Here we summarise the
simplest cases arising from the reduction of the M2-brane and M5-brane to ten dimensions
and refer to [194,7] for a more complete discussion. An M2-brane wrapped on the M-theory
circle is reduced to an object spanning two space-time dimensions which corresponds to

the fundamental string. In the alternative scenario, an unwrapped M2-brane descends to

168
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a D2-brane in type ITA. For the M5-branes the wrapped and unwrapped configurations

reduce to D4-branes and NS5-branes, respectively.

The M2-brane couples electrically to the three-form potential in M-theory and the action
for a single M2-brane is given by [11]

SM2 —TMz/d?)f\/’G]J’+TM2/C]JK, (5.2)

where Ty, is the M2-brane tension and G is the induced metric on the world-volume of
the brane and Cjjk is the pull-back of the three-form flux onto the brane world-volume.
The M2-brane is maximally supersymmetric in three-dimensions and so preserves N’ = 8
supersymmetry, i.e. 16 supercharges. The theory of multiple M2-branes, whose bosonic
field content consists of a gauge field and eight scalars transforming in the fundamental
of the SO(8) R-symmetry of the theory, remained largely mysterious for a long time.
However, in the last decade two actions have been proposed for multiple M2-branes. The
first action determined by Bagger-Lambert and Gustavsson (BLG) [195,196] made use
of 3-algebras and accurately describes the interacting theory of two M2-branes. This was
subsequently followed by a proposal from Aharony—Bergman—Jafferis-Maldacena (ABJM)

[197] for an arbitrary number of M2-branes in an orbifold background.

The object which couples magnetically to the three-form potential is the M5-brane [198].
Due to many reasons, which will be mentioned in section 5.1, the theory for multiple M5-
branes has evaded discovery. It is an interacting superconformal theory which preserves
two chiral supercharges [199,9], whose abelian equations of motion are known. Despite
our limited access to the interacting theory many interesting correspondences have arisen
from studying the compactifications of the six-dimensional theory to lower dimensions. In
this chapter we give an introduction to known M5-brane compactifications and the related

correspondences as motivations for the work carried out in chapter 6.

5.1 The Mysterious Theory of M5-branes

The superconformal algebras were classified by Nahm in [200]. He found that only in six
dimensions and lower can the supersymmetry algebra be extended to a superconformal
algebra. From Nahm’s classification in six dimensions one can preserve maximal super-
symmetry and half maximal, these correspond to 16 and 8 supercharges, respectively.
Furthermore, the supercharges must be of the same chirality so the possible superconfor-
mal field theories preserve N = (2,0) or N’ = (1,0) supersymmetry. The 6d N' = (2,0)
theories are classified by a simply laced compact Lie algebra g i.e. of ADE-type [9]. A clas-
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sification of the 6d A" = (1,0) SCFTs was recently determined in [46,47] based on F-theory

compactifications. In this thesis we shall only discuss the maximally supersymmetric case.

The interacting theory of multiple M5-branes is a 6d N/ = (2,0) SCFT, where the Lie
algebra associated to a stack of kK M5-branes is Ax_1. The equations of motion for a single
Mb5-brane were determined in [201,202]. The theory consists of a two-form Bap with
self-dual field strength H, five scalars 34 and a symplectic-Majorana fermion p™. The

supersymmetry variations, using the index notation in appendix C, are given by
0Bap = —"T ABps
5O — gl il _ qinc (5.3)

1 PO P
5p™ = 478}]jﬂrﬂem + Z{M)m%ﬁ ,

where HE = %

the free fields.

(1 £ %)H. The supersymmetry algebra closes on the equations motion for

The presence of the self-dual field strength has made constructing an action for a single

Mb5-brane a difficult task as the natural coupling

/H NxH (5.4)

vanishes. However, a Dirac-Born—Infield type action for the abelian self-dual three-form
was constructed in [203] by sacrificing manifest 6d Lorentz invariance, which was later
covariantised in [204]. Building on this progress a complete action for the single M5-brane
was later obtained in [205,206]. More recently an alternative action for the single M5-
brane was proposed in [207,208] employing the 3-algebra construction of the BLG action
for multiple M2-branes.

Despite this progress, the non-abelian theory for multiple M5-branes is still unknown.
The non-abelianisation of Maxwell theory and matter was first introduced in [209], who
first developed the notion of gauge theory using Lie groups. The procedure for non-
abelianising, which involves introducing a covariant derivative containing the gauge field
as the connection for the gauge bundle, has now become standard. When supersymmetry is
included this procedure produces SYM theories with couplings between the gauge field and
matter, which all transform in the adjoint representation of the gauge group. However,
the M5-brane theory does not contain a gauge field but instead a two-form potential.
The non-abelian theory requires this two-form to take values in the Lie algebra and one
is required to comnsider non-abelian gerbe theories. This framework was considered in
[210], where the 3-algebra construction for the M2-brane was applied to obtain the non-
abelian supersymmetry variations for multiple M5-branes and the corresponding equations

of motion.



Chapter 5. M5-branes and Compactifications 171

Understanding the interacting 6d A = (2, 0) theory remains an active area of research and
greater understanding of this elusive theory will certainly lead to a deeper appreciation of
M-theory. For a review of the developments in this direction see [211]. Despite not knowing
the interacting theory in six dimensions it can be fruitful to study the compactification
of the Mb5-brane theory to lower dimensions where we can get access to a non-abelian

description.

5.2 Compactifications and Dualities

The simplest reduction one can perform is the one originally considered in Kaluza—Klein
theory where the internal manifold is a circle. From the reduction of M-theory to type I[TA
string theory we know that an Mb5-brane wrapped on the M-theory circle descends to a
D4-brane in the limit of vanishing circle radius [192]. As a result the 6d N' = (2,0) theory
on an S! reduces to 5d N'= 2 SYM [212,213], the theory describing multiple D4-branes.
The Yang—Mills coupling is related to the radius of the circle, R as

g%:;, (5.5)
and an alternative viewpoint was conjectured in [213,214] that the 6d N/ = (2,0) theory
compactified on an S' is exactly 5d N' = 2 SYM for any value of the coupling. The
Kaluza-Klein modes with momentum along the S! are captured by instantons in the

five-dimensional theory.

One can consider a further reduction on another S* which corresponds to the 6d A = (2,0)
theory on the torus 72 = S' x S'. This preserves all 16 supercharges and we obtain 4d
N = 4 SYM, the world-volume theory of D3-branes in type IIB string theory. The complex

structure of the torus 7 descends to the four-dimensional complexified coupling

T=§+él, (5.6)
T 9ym

where 6 is the f-angle. From this construction the S-duality symmetry of 4d N = 4
SYM has a six-dimensional origin as the SL(2,Z) modular transformation of the complex
structure [215]. This set-up was generalised in [216] by considering the M5-brane theory
on an elliptic three-fold. The dimensional reduction produces 4d ' = 4 SYM with varying
coupling constant and singularities in the elliptic fibration give rise to codimension one

and two defects in the 4d theory.

Compactifications down to four dimensions preserving less supersymmetry were considered

in [217]. Gaiotto studied a class of 4d N' = 2 superconformal field theories of Aj_1
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type which arise from the compactification of k¥ Mb5-branes on a Riemann surface with n
punctures, >, 4, where g is the genus of the Riemann surface. These theories are often
referred to as class S theories in the literature. The world-volume of the Mb5-branes lies
along RY3 x Y, and in order to preserve supersymmetry on the Riemann surface one

needs to perform a topological twist.

In the introduction the conditions for supersymmetry preserving compactifications were
formulated in terms of the existence of covariantly constant spinors, which require the
compactification manifold X to have reduced holonomy. The covariantly constant spinors
transform as singlets under the holonomy group of the manifold. For manifolds with
general holonomy no such spinors exist, however one can preserve some supersymmetry
by performing a topological twist [218]. This involves turning on a gauge field for the
R-symmetry, or a subgroup of it, along the internal manifold which modifies the covariant

derivative of the spinors to
Vx — Vx =0x +wx + Vx, (5.7)

where wy is the spin-connection and Vx is the R-symmetry gauge field. Using the R-
symmetry gauge field to cancel the spin-connection piece in the covariant derivative, the
condition for covariantly constant spinors reduces to simply constant spinors on X. These

spinors transform as scalars under the twisting of the holonomy group and the R-symmetry.

The topological twist required to preserve supersymmetry on the Riemann surface involves
twisting the holonomy of the Riemann surface with an SO(2) g subgroup inside the SO(5)r
R-symmetry of the 6d theory. The Lorentz and R-symmetry groups of the 6d theory are

decomposed as
50(1,5)]: — SO(L?))L X SO(2)L

50(5)3 — 50(3)]{ X SO(Q)R .

The transformation of the supercharges under the new space-time symmetries is given by

(5.8)

SO(1,5) L @ SO(B)r — SO(1,3)rL x SO(2), x SO3)r x SO(2)r
(43 > (21 15(12)1.2,,02 ),

1
2

(5.9)

1

2

and the topological twist is defined as SO(2)twist = diag(SO(2)r x SO(2)g). Under the
twisted holonomy the supercharges transform as

SO(5,1)L®SOB)r — SO(3,1)L x SO3)r x SO(2)twist ( )

_ 5.10

(4>4) — (27172)0@(27172)—1@(17272)4-1 @(17272)0

From this twist we obtain a right- and left-moving spinor in four dimensions which are

doublets of the SO(3)r R-symmetry compatible with A/ = 2 supersymmetry in four
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6d (2,0) Ay.ionS*x 3, ,
Vol(S*)—0 Vol(3,,,) —0
Ay Toda field theory | > Class S theories
on3,, Ta  [Bnglons!

Figure 5.1: Schematic diagram depicting the two theories related by the AGT correspon-
dence and how they arise from compactifications of the M5-brane theory.

dimensions. These supercharges, which transform in the representations (2,1,2)¢ and
(1,2,2)p, are now uncharged under SO(2)iwist and therefore transform as scalars on the

Riemann surface.

From the compactification of N M5-branes on X, , we obtain a class of 4d N’ = 2 su-
perconformal field theories, T4, ,[¥y 4], labelled by the Riemann surface. It materialised
that viewing the four-dimensional theories as reductions of the 6d N' = (2, 0) theory on the
Riemann surface allowed an identification between components of the gauge theory and
the geometry of the Riemann surface. This correspondence was studied further by Alday,
Gaiotto and Tachikawa in [219], where a relation was made between the Nekrasov parti-
tion function [220,221] of T4, [¥, 4] on a four-sphere and the Liouville correlation function
on X, 4. This correspondence was later generalised to SU (V) gauge groups in [222] using
the fact that Liouville theory is the simplest case of Ay_1 Toda theory. Both sides of this
correspondence can be obtained by considering the 6d N' = (2,0) theory of Ax_; type
on the background S4 % Yn,g- Toda theory of type Ay_1 and the 4d theories Ta, _,[X5 4]
can then be obtained as the lower dimensional theories arising from taking the volume of
the S and the Riemann surface, respectively, to zero. This correspondence is depicted in

figure 5.1.

Shortly after the proposal of the AGT correspondence a 3d-3d correspondence between 3d
N =2 SCFTs on S3, denoted Ty[M3] where g is of ADE-type, and 3d Chern-Simons theory
with complexified gauge group on a three-manifold M3 was conjectured in [223,224]. The
dictionary between the two theories relates symmetries and parameters of Tg[M3] to the

geometry of the three-manifold as well as the partition functions on both sides
21, [M5) OD S8 = 208, on M. (5.11)

This correspondence can also be seen to arise from the 6d N = (2,0) theory on S® x Mg,
where the theories on each side of the correspondence is obtained by taking the volume of

either the three-sphere or M3 to zero.

In light of the discussion above a natural question now arises regarding the 6d theory
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6d (2,0) on T? x M,
Vol(T?)— 0 Vol(M,)—0
4d N =4 SYM with| - 2d (0,2) SCFT
Vafa-Witten twist Ty[M,] on T?

Figure 5.2: A correspondence between 2d SCFTs with two chiral supercharges and 4d
N = 4 SYM with the Vafa-Witten twist arising from reductions of the 6d N = (2,0)
theory on T2 x Mj.

on S? x My, which would lead to a 4d-2d correspondence. In order to make progress in
exploring this possible correspondence one first needs to identify the two theories which
arise from the reduction on the S? and M,. Similarly to the two known correspondences
the 6d N' = (2, 0) theory needs to be topologically twisted in order for some supersymmetry
to be preserved on a general four-manifold. In chapter 6 we discuss the possible topological
twists and carry out the reduction of the 6d A" = (2,0) theory of type Ax_1 on the two-
sphere with a particular twist, the Vafa-Witten twist [225], as a step towards providing

answers to the question posed above.

A related set-up was considered in [226] where the authors studied the 6d N = (2,0)
theory on T2 x My. This scenario is depicted in figure 5.2, where as discussed earlier the
compactification on the torus gives rise to 4d N' =4 SYM on R'3. In order to preserve
supersymmetry on a general four-manifold the 4d theory needs to be topologically twisted
and the type of supersymmetry preserved in the two-dimensional theory depends on the
choice of topological twist. In [226] they considered the Vafa-Witten twist where the
Lorentz symmetry and R-symmetry of the 6d theory is decomposed as in (5.8) and SO(3)r
subgroup of the R-symmetry is twisted with an SO(3) subgroup of the holonomy of the
four-manifold. This twist, which will be discussed in detail in chapter 6, produces two

chiral supercharges i.e. N'= (0,2) supersymmetry in two dimensions.

The dictionary of the correspondence matches basic operations on four-manifolds with
dualities in the 2d N/ = (0,2) theory. At the level of observables in the two theories
the Vafa-Witten partition function is matched with the elliptic genus, the T2 partition
function, of T3[M,]. More recent work [227] proposes a method of obtaining invariants of

four-manifolds from the correlation functions of the half-twisted 2d theory!.

!The topological half-twist [228] involves twisting the U(1); Lorentz symmetry with the U(1)r R-
symmetry of the 2d N' = (0,2) theory. As the two supercharges transform with opposite charges under
U(1)r the topological half-twist preserves one scalar supercharge.
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5.3 Derivation of Correspondences

AGT and the 3d-3d correspondence can be associated with the 6d N' = (2,0) theory on the
product space S¢ x Mg_g4, where d = 3,4. Employing this relation, both correspondences
were derived in a series of papers by Cordova and Jafferis [229,230], where they considered
the reduction of the 6d ' = (2,0) theory on the three-sphere and four-sphere to arrive at
Chern-Simons theory and Toda theory, respectively. This provided proof for the existence

of these correspondences, which were previously only well-substantiated conjectures.

In this section we will briefly recall the salient points in their reduction relevant for the

determining the theory on the S2.

e Coupling to Supergravity
Firstly, we note that the three-sphere and four-sphere are backgrounds which pre-
serve supersymmetry as they admit Killing spinors [231], therefore the reduction can
be performed on S%x R%~? without a topological twist.? In order to keep track of the
additional curvature couplings on S¢ Cordova and Jafferis considered the abelian 6d
N = (2,0) theory, a free tensor multiplet, coupled to six-dimensional " = (2,0) off-
shell conformal supergravity [232,233]. The supergravity background fields are then
determined by solving the Killing spinor equations for the background S%xR6~¢. For

more general backgrounds this procedure ensures that supersymmetry is preserved.

e Non-abelianisation in 5d
In order to obtain a non-abelian theory the dimensional reduction is carried out via
five dimensions. This requires the background to contain a circle direction along
which one can reduce to 5d. For the S3 the circle is the Hopf fiber in the smooth
Hopf fibration over S2. The reduction on the four-sphere was carried out by viewing
it as an S3-fibration over an interval and the circle direction was therefore also the
Hopf fiber inside the three-sphere. The 5d theory obtained after the circle reduction
is given by the action for Maxwell theory, five free scalars and a fermion coupled
to the background supergravity fields. The non-abelianisation of this action was
determined in [234,235] and the theory obtained was 5d N' = 2 SYM coupled to

background supergravity.

The remaining details of the reductions depend on the specific geometry and will therefore
be omitted. However, the above two points are key to obtaining a supersymmetric and non-

abelian theory more generally. Armed with this machinery we now consider the reduction

2The topological twist can be performed after the reduction on S to obtain a topological theory on a
general manifold Ms_g4.
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on S? x My in the next chapter.



Chapter 6

M5-branes on S? x My: Nahm’s
Equations and 4d Topological
Sigma-models

6.1 Introduction

The six-dimensional N' = (2,0) superconformal theory with an ADE type gauge group is
believed to describe the theory on multiple M5-branes. The equations of motion in six di-
mensions are known only for the abelian theory [201,202], and a Lagrangian formulation of
this theory is believed to not exist. However, in the last few years, much progress has been
made in uncovering properties of this elusive theory by considering compactifications to
lower dimensions. Compactification of the 6d theory on a product S x Mg_,4 has resulted
in correspondences between supersymmetric gauge theories on d-dimensional spheres S¢
and conformal /topological field theories on a 6 — d- dimensional manifold Mg_4. The goal
of this chapter is to consider the compactification of the 6d theory on a four-manifold
M), times a two-sphere S? and to determine the topological theory on My. The particu-
lar background that we consider is a half-topological twist along the S?, together with a
Vafa-Witten-like twist on My, and we will find that the theory on M, is a twisted version
of a sigma-model into the moduli space of SU(2) monopoles with k centers, where k is the
number of Mb5-branes, or equivalently, the moduli space of Nahm’s equations [236] with
certain singular boundary conditions. This suggests the existence of a correspondence
between this topological sigma-model on My and a two-dimensional N' = (0,2) theory,
with a half-twist. This fits into the correspondences studied in the last years, which we

shall now briefly summarise.

For d = 4, the Alday-Gaiotto-Tachikawa (AGT) correspondence [219] connects 4d N = 2

supersymmetric gauge theories on §* with Liouville or Toda theories on Riemann surfaces

177
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M. Correlation functions in Toda theories are equal to the partition function of an A/ = 2
supersymmetric gauge theory, which depends on the Riemann surface Ms. Such 4d N = 2
gauge theories obtained by dimensional reduction of the 6d N' = (2,0) theories were first
studied by Gaiotto in [217], generalizing the Seiberg-Witten construction [237]. For d = 3,
a correspondence between 3d supersymmetric gauge theories, labelled by three-manifolds
M3, and complex Chern-Simons theory on Ms was proposed in [224,223], also referred to
as the 3d-3d correspondence. This correspondence has a direct connection to the AGT
correspondence by considering three-manifolds, which are a Riemann surface My times
an interval I, M3 = M x, I, whose endpoints are identified modulo the action of an
element ¢ of the mapping class group of Ms. On the dual gauge theory side, the mapping
class group action translates into a generalised S-duality, and the three-dimensional gauge
theories, dual to complex Chern-Simons theory are obtained on duality defects in the 4d
N = 2 Gaiotto theory. The 3d-3d correspondence was ultimately derived from a direct
dimensional reduction of the 6d N' = (2,0) theory on a three-sphere via 5d by Cordova
and Jafferis [235,229).

Both the AGT and 3d-3d correspondences uncovered very deep and surprising relations be-
tween supersymmetric gauge theories and two/three-manifolds, their geometry and moduli
spaces. In view of this a very natural question is to ask, whether we can obtain insights
into four-manifolds, as well as the dual two-dimensional gauge theories obtained by di-
mensional reduction of the 6d N' = (2,0) theory. Here, unlike the AGT case, the theory
on the four-manifold is a topological theory, and the gauge theory lives in the remaining
two dimensions and has (half-twisted) A" = (0,2) supersymmetry. A schematic depiction
of this is given in figure 6.1. More precisely, we propose a correspondence between a 4d
topological sigma-model and a 2d half-twisted N' = (0, 2) gauge theory. In particular we
expect that topological observables in the 4d theory can be mapped to the partition func-
tion and other supersymmetric observables of the 2d theory. Note that the S? partition
function defined with the topological half-twist [238] is ambiguous as explained in [239].
However the analysis of counter-terms (and therefore ambiguities) must be revisited in
the context of the embedding in 6d conformal supergravity, which is our set-up. In par-
ticular, the 2d counter-terms should originate from 6d counter-terms. Recent results on
localisation in 2d V' = (0, 2) theories have appeared in [240], albeit only for theories that
have N/ = (2,2) loci. The theories obtained from the reduction in this chapter do not

necessarily have such a N' = (2, 2) locus.

From a brane picture, the theory we consider can be obtained by compactifying k& M5-
branes on a co-associave four-cycle in Go [241,242]. The two-dimensional theory that is

transverse to the co-associative cycle has N' = (0, 2) supersymmetry, and we consider this
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6d (2,0) on S* x M,
\701(82)_> 0 VOI(M4)—’ 0
Topological | ¢ > )
o-model on M, (0,2) SCFT on S

Figure 6.1: 4d-2d correspondence between the reduction of the 6d NV = (2,0) theory on
My to a 2d N = (0,2) SCFT on S2, and the ‘dual’ 4d topological sigma-model from My
into the Nahm or monopole moduli space, which is obtained in this thesis by reducing the
6d theory on a two-sphere.

on a two-sphere, with an additional topological half-twist.

The first question in view of this proposal is to determine what the topological theory
on M, is. There are various ways to approach this question. The simplest case is the
abelian theory, which on S? x R!3 gives rise to a 4d free NV = 2 hyper-multiplet [243],
which we shall view as a sigma-model into the one-monopole moduli space. On a general
four-manifold My, we will show that in the topologically twisted reduction, the abelian
theory integrates indeed to a “twisted version” of a hyper-multiplet, where the fields are

a compact scalar and self-dual two-form on My.

For the general, non-abelian case, this 4d-2d correspondence can in principle be connected
to the 3d-3d correspondence by considering the special case of My = M3 X, I, where I
is an interval, similar to the derivation of the 3d-3d correspondence from AGT. In this
chapter we will refrain from considering this approach, and study instead the reduction
via 5d A/ =2 SYM, in the same spirit as [235,229].

We first consider the dimensional reduction on flat My, and then topologically twist the
resulting 4d N' = 2 theory. We restrict to the U(k) gauge groups, but in principle the
analysis holds also for the D and E type. To determine the flat space reduction, we view
the S2 in terms of a circle fibration over an interval, where the circle fiber shrinks to
zero radius at the two endpoints. We determine the 6d supergravity background which
corresponds to the 6d theory on S? x R*. After dimensional reduction on S* the resulting
theory is 5d N' = 2 SYM on an interval, where the scalars satisfy Nahm pole boundary
conditions [244,245]. Further dimensional reduction to 4d requires to consider scalars, that
satisfy Nahm’s equations. The resulting theory is a 4d sigma-model into the moduli space
of solutions of Nahm’s equations, which is isomorphic to the moduli space of k-centered

monopoles [246] and has a natural Hyper-Kéahler structure. Much of the geometry of the
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) 6d N=(2,0)
S
5d SYM on I )
with Nahm poles S
I
\ Y

4d Topological 0-model into M,onopote

Figure 6.2: The dimensional reduction of the 6d ' = (2,0) theory on an S2, viewed as a
circle-fibration along an interval I, is determined by dimensional reduction via 5d N = 2
SYM. The scalars of the 5d theory satisfy the Nahm equations, with Nahm pole boundary
conditions at the endpoints of the interval. The 4d theory is a topological sigma-model
into the moduli space of solutions to these Nahm equations, or equivalently the moduli
space of monopoles.

moduli space is known, in particular for one- or two-monopoles [247], and a more algebraic
formulation in terms of Slodowy-slices exists following [248-250]. The latter description
is particularly amenable for the characterisation of N' = 2 Gaiotto theories with finite
area for the Riemann surface as studied in [245]. Figure 6.2 summarises our dimensional

reduction procedure.

The 4d N/ = 2 supersymmetric sigma-model for flat M, falls into the class of models
obtained in [251,252]. We find that the coupling constant of the 4d sigma-model is given
in terms of the area of the two-sphere. To define this sigma-model on a general four-
manifold requires topologically twisting the theory with the R-symmetry of the 4d theory.
One of the complications is that the SU(2) R-symmetry of the 4d theory gets identified
with an SU(2) isometry of the Hyper-Kéhler target. The twisting requires thus a precise
knowledge of how the coordinates of the monopole moduli space transform under the
SU(2) symmetry. This is known only in the case of one- and two-monopoles, where a
metric has been determined explicitly [247]. In these cases, we shall describe in section
6.6 the topological sigma-models, which have both scalars and self-dual two-form fields
on My. The sigma-model into the one-monopole moduli space S* x R?, corresponding to
the reduction of the abelian theory to a free 4d hypermultiplet, gives rise upon twisting
to a (free) theory on M, with a compact scalar and a self-dual two-form, and belongs
to the class of 4d A-models of [253]. The sigma-model into the two-monopole moduli
space, which is closely related to the Atiyah-Hitchin manifold, gives rise to an exotic

sigma-model of scalars and self-dual two-forms obeying constraints. Sigma-models in 4d
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are non-renormalisable and infrared free, however, the observables of the topologically
twisted theory are independent of the RG flow and can in principle be computed in the

weak coupling regime.

In the case of My a Hyper-Kéhler manifold, the holonomy is reduced and the twisting does
not require knowledge of the R-symmetry transformations of the coordinate fields. This
is discussed in section 6.5.1, and the topological sigma-model that we find upon twisting

is the one studied in [254] by Anselmi and Fre for almost quaternionic target spaces.

In this thesis we focus on the reduction of the 6d NV = (2,0) theory on a two-sphere,
however, as we emphasise in section 6.3, the reduction would proceed in the same way with
the addition of two arbitrary ‘punctures’ on the two-sphere, characterizing BPS defects
of the 6d non-abelian theory. In the intermediate 5d theory, it would result in different
Nahm-pole boundary conditions for scalar fields at the two ends of the interval and the
final flat space four-dimensional theory would be a sigma-model into the moduli space of

solutions of Nahm’s equations with these modified Nahm-pole boundary conditions.

We should also remark upon the connection of our results to the paper by Gadde, Gukov
and Putrov [226], who consider the torus reduction of the M5-brane theory. The topolog-
ical twist along M} is the same in their setup as in our construction. Thus, the dictionary
to the data of the 2d theory as developed in [226], such as its dependence on the topolog-
ical/geometric data of My, should hold in our case as well. For instance, the rank of the
2d gauge group is determined by b?(My). The key difference is however, that we consider
this 2d theory on S2, and topologically twist the chiral supersymmetry. Interestingly,
the reduction of the 6d theory on either T2 or S? with half-twist gives rather distinct 4d
topological theories: in the former, the 4d N'= 4 SYM theory with Vafa-Witten twist, in
the latter, we find a four-dimensional topological sigma-model into the monopole moduli
space, which for general M, has both scalars as well as self-dual two-forms. The appear-
ance of self-dual two-forms is indeed not surprising in this context, as the topological twist
along M, is precisely realised in terms of M5-branes wrapping a co-associative cycle in

G2, which locally is given in terms of the bundle of self-dual two-forms Q%+ (My) [255].

The plan of the chapter is as follows. We begin in section 6.2 by setting up the various
topological twists of the 6d V' = (2,0) theory on S? x My, and provide the supergravity
background and Killing spinors, for the S? reduction with the half-twist. In section 6.3
we dimensionally reduce the 6d theory to 5d A/ = 2 SYM on an interval times R*, with
Nahm pole boundary conditions for the scalar fields. In particular we study this with a
generic squashed metric on S? and in a special ‘cylinder’ limit. The reduction to 4d is then

performed in section 6.4, where we show that the fields have to take values in the moduli
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space of Nahm’s equations, and determine the N/ = 2 supersymmetric sigma-model on
R*. The action can be found in (6.110), as well as in the form of the models of [251,252]
in (6.115). In sections 6.5 and 6.6 we study the associated topological sigma-models:
in section 6.5 we consider the case of My a Hyper-Kéahler manifold, and show that this
gives rise to the topological sigma-model in [254]. The action can be found in (6.130).
We furthermore connect this to the dimensional reduction of the topologically twisted 5d
N = 2 SYM theory and show that both approaches yield the same 4d sigma-model in
appendix C.6. In section 6.6, we let My be a general four-manifold, but specialise to the
case of one- or two- monopole moduli spaces, and use the explicit metrics to determine the
topological field theory. In this case, the bosonic fields are scalars and self-dual two-forms
on My. The action for £ = 11is (6.153) and for k = 2 we obtain (6.176). We close with some
open questions in section 6.7, and provide details on our conventions and computational

intricacies in the appendices.

6.2 Topological Twists and Supergravity Backgrounds

This section serves two purposes: firstly, to explain the possible twists of the 6d N =
(2,0) theory on a two-sphere S?, and secondly, to determine the supergravity background

associated to the topological half-twist on S2.

6.2.1 Twists of the M5-brane on M,

We consider the compactification of the M5-brane theory, i.e. the six-dimensional N' =
(2,0) theory, on My x S?, where My is a four-dimensional manifold. More generally, we
can consider the twists for reductions on general Riemann surfaces ¥ instead of S?. We
will determine the 4d theory that is obtained upon dimensional reduction on the S?, and
consider this theory on a general four-manifold My. Supersymmetry of this theory requires
that certain background fields are switched on, which correspond to twisting the theory
— both along My as well as along S?. The twisting procedure requires to identify part of
the Lorentz algebra of the flat space theory with a subalgebra of the R-symmetry. The
R-symmetry and Lorentz algebra of the M5-brane theory on R® are!

sp(4)r B s0(6)r, . (6.1)

The supercharges transform in the (4,4) spinor representation (the same representation

as the fermions in the theory, see appendix C.1). The product structure of the space-time

'In the dimensional reduction via 5d ' = 2 SYM, we will in fact consider the Lorentzian theory to
derive the theory on R'3. As we have in mind a compactification on a compact four-manifold My, we will
discuss here the Euclidean version.
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implies that we decompose the Lorentz algebra as
50(6), — so(4)p ®so(2)p = su(2), ®su(2), dso(2)r. (6.2)

We can consider the following twists of the theory along M. Either we identify an su(2)
subalgebra of both Lorentz and R-symmetry, or we twist with the full so(4).

On M, there are two su(2) twists that we can consider. In the first instance consider the

decomposition of the R-symmetry as
sp(d)p  — su(2)pdso(2)r (6.3)

and the su(2), is twisted by su(2)r. That is we replace su(2), by the diagonal su(2)wist C
s5u(2)y @ su(2) and define the twisted su(2) generators by

1
st = 5 (TE +T8) (6.4)
so that the twisted theory has the following symmetries
Twist 1: sp(A)rDso(6), —  s5U(2)twist D su(2), & so(2)r ®so(2)r . (6.5)

This twist is reminiscent of the Vafa-Witten twist of 4d N' =4 SYM [225]. The super-
charges decompose under (6.2) and (6.3) as

sp(4)p®so(6), — su(2)r®so(2)r ®su(2), ®su(2), dso(2)r

_ (6.6)
(474) — (2+1@2—17(271)—1@(172>1)7
which after the twist becomes
sp(4)r Dso(6)r  —  sU(2)twist D 5u(2), D s0(2)r Dso(2)L 67

4,4 - (1e3,1) 0(1®3,1) o (2,2) &(2,2) .

This yields two scalar supercharges on My, which are of the same negative 2d chirality
under s0(2),
(1,1)4- & (1,1)—. (6.8)

Upon reduction on My, this twist leads to a 2d theory with N' = (0,2) supersymmetry.
In this thesis we are not concerned with the reduction on My, but focus on the reverse,
namely the theory on My. This twist is compatible with a further twist along S? or more
generally an arbitrary Riemann surface 3, which identifies s0(2); with the remaining R-
symmetry $0(2)r. This is the setup that we will study in this chapter. In the following we
will first perform the reduction (and topological twisting) along the S?, and then further

twist the resulting four-dimensional theory on My.
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Finally, let us briefly discuss alternative twists. We can use a different su(2) R-symmetry
factor to twist the theory along My, namely we can use su(2); C su(2);®su(2)2 ~ so(4)g C
sp(4)g decomposed as

sp(d)p —  su(2); dsu(2),. (6.9)

This twist leads upon reduction on My to a 2d theory with A" = (0,1) supersymmetry.

Twist 2 : sp(4)r Dso(6)r  —  sU(2)twist D 5U(2)2 D su(2), ©s0(2)r
(4,4) — B®1,1,1)-9(2,1,2): ®(2,2,1)_(1,2,2), .
(6.10)
We can in fact further twist the su(2)y with the remaining su(2), Lorentz symmetry on
My. This corresponds to a total twist of the full so(4)r with so(4)z and is analogous to
the geometric Langlands (or Marcus) twist of 4d N'=4 SYM theory on My [256,257]

Twist 3 : sp(A)r®ds0(6), —  50(4)twist Ds0(2)f
(4721) - (3@171)—®(272)+®(272)—@(171@3)+7
(6.11)

which has two scalar supercharges of opposite 2d chiralities
(171)+ @ (171)*5 (612)

so that this twist leads upon reduction on My to a 2d theory with AN/ = (1,1) supersym-
metry. It is not compatible with a further topological twist on S2. Interestingly it was
found in [258] that supersymmetry can be preserved by turning on suitable background
supergravity fields on My. We will not study this background in this thesis, but will return

to this in the future.

We will now consider the setup of twist 1 and carry out the reduction of the 6d N/ = (2,0)
theory on S? x My. As explained in the introduction our strategy is to find the 6d
supergravity background corresponding to the twisted theory along S?, taking M, = R*
to begin with, and carry out the reduction to 4d, where we will finally twist the theory

along an arbitrary Mjy.

6.2.2 Twisting on S?

For our analysis we first consider the theory on S?xR* and the twist along S2. The Lorentz
and R-symmetry groups reduce again as in (6.2) and (6.3). The twist is implemented by
identifying s0(2)r with s0(2);, and we denote it 50(2)wist =~ U(1)twist, whose generators
are given by

Utwist = UL + Urg . (6.13)
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As we have seen this is compatible with the twist 1, discussed in the last subsection.
S? Twist : 50(6)L Bsp(A)r  —  Gres = s5u(2) dsu(2), dsu(2)gr Du(l)pwist - (6.14)

The residual symmetry group and decomposition of the supercharges and fermions is then

50(6)L Dsp(d)r  —  Gres = su(2)y su(2), ®su(2)r ® u(1)twist

_ (6.15)
(4,4) — (2,1,2)0®(2,1,2)_5 & (1,2,2), & (1,2,2)0.

There are eight supercharges transforming as singlets on S? and transforming as Weyl
spinors of opposite chirality on M, and doublets under the remaining R-symmetry. The

fields of the 6d N = (2,0) theory decompose as follows

50(6)L @sp(d)r — su2)ydsu(2), su(2)pdu(l), du(l)r
o™ =(1,5) — (1,1,1)072@ (1,1,1)07_2 ©® (1,1,3)070
=(4,4) - (1,2,2)41,19(1,2,2)1141©(2,1,2) 1,1 ©(2,1,2) 1 41
BAB = (157 1) = (1,1,1)o0® (3,1,1)00® (1,3,1)0,0 P (2,2,1)20 5 (2,2,1) 29

(6.16)
Note from the point of view of the 4d A = 2 superalgebra, some of these fields transform
in hyper-multiplets, however with a non-standard transformation under the R-symmetry,
under which some of the scalars form a triplet. The standard transformation of the hyper-
multiplet can be obtained using an additional SU(2) symmetry [259]. However, in the
present situation, we have to use the R-symmetry as given in the above decomposition.

Twisting with the su(2), Lorentz with the remaining su(2)g, i.e.
5u(2)tvvist = diag(su(Q)g S ﬁu(Q)R) (617)

the resulting topological theory has the following matter content

50(6)L dsp(dr = 92 su(2)wist D 5U(2)r B u(1)twist
o7 = (1,5) — (L,1):8(1,1)2&(3,1)
=(4,4) — (2,2)09(2,2)2:9(193,1) 28 (143,1)
BAB = (15 1) = (1L,1)o®d(3,1)0®(1,3)0D(2,2)2®(2,2)-2

In the following it will be clear that the 6d scalars ® give rise to scalars and a self-dual two-

(6.18)

form on My. The fermions give rise to either vectors, or scalars and self-dual two-forms as
well. The fields appearing in the decomposition of the two-form B are not all independent
due to the constraint of self-duality of H = dB. They will give rise to a vector field and a
scalar on My. This matter content will be visible in the intermediate 5d description that
we reach later in section 6.3, however, after reducing the theory to 4d and integrating out

massive fields, the matter content of the final 4d theories will be different.
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6.2.3 Supergravity Background Fields

Before describing the details of the reduction, we should summarise our strategy. Our goal
is to determine the dimensional reduction of the 6d N' = (2,0) theory with non-abelian
u(k) gauge algebra. For the abelian theory, the dimensional reduction is possible, using the
equations of motions in 6d [201,202]. However, for the non-abelian case, due to absence of
a 6d formulation of the theory, we have to follow an alternative strategy. Our strategy is
much alike to the derivation of complex Chern-Simons theory as the dimensional reduction
on an S? in [229]. First note, that the 6d theory on S* gives rise to 5d N’ = 2 SYM theory.
More generally, the dimensional reduction of the 6d theory on a circle fibration gives rise
to a 5d N' = 2 SYM theory in a supergravity background [235] (for earlier references
see [260,234]). This theory has a non-abelian extension, consistent with gauge invariance
and supersymmetry, which is then conjectured to be the dimensional reduction of the

non-abelian 6d theory.

More precisely, this approach requires first to determine the background of the 6d abelian
theory as described in terms of the NV = (2,0) conformal supergravity theory [232,233].
The 5d background is determined by reduction on the circle fiber, and is then non-
abelianised. We can further reduce the theory along the remaining compact directions
to determine the theory in 4d. For S3, there is the Hopf-fibration, used in [229] to derive
the Chern-Simons theory in this two-step reduction process. In the present case of the
two-sphere, we will fiber the S over an interval I, and necessarily, the fibers will have to

become singular at the end-points.

In the following we will prepare the analysis of the supergravity background. By requiring
invariance under the residual group of symmetries g,.s preserved by the topological twist
on S?, we derive ansitze for the background fields in 6d A" = (2,0) off-shell conformal
supergravity fields. In the next section we will consider the Killing spinor equations and

fix the background fields completely.
To begin with, the 6d metric on S? x R* is given by
ds? = dsis +12d0% + £(0)* dg? (6.19)

with ¢(0) = rsin(f) for the round two-sphere and 6 € I = [0, 7]. More generally, ¢(6) can

be a function, which is smooth and interpolates between

%@Nm for 6—0, %@~w—& for 6 —m. (6.20)

We choose the frame

et = da?t, e =rdf, S =10(0)dgp. (6.21)
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Label Field sp(4)R Properties
eﬁ Frame 1
Vfa R-symmetry gauge field 10 Vfé = —Vfé
Tﬁ;o D Auxiliary 3-form 5 R —
D5 Auxiliary scalar 14 | D35 =Dp; DA =
ba Dilatation gauge field 1

Table 6.1: The bosonic background fields for the 6d N/ = (2,0) conformal supergravity.

The corresponding non-vanishing components of the spin connection are

(6
W0 = g0 = L) do. (6.22)

r
In the following the index conventions are such that all hatted indices refer to the R-
symmetry, all unhatted ones are Lorentz indices. The background fields for the off-shell
gravity multiplet are summarised in table 6.1. Underlined Roman capital letters are flat 6d
coordinates, underlined Greek are curved space indices in 6d, and middle Roman alphabet

underlined indices are 6d spinors. All our conventions are summarised in appendix C.1.

Before making the ansétze for the background fields, we note the following decompositions

of representations that these background fields transform under, first for the Lorentz

symmetry,
s0(6), — su(2);dsu(2), du(l)L
A 6 — (2,2)0@(1,1)2@(1,1),2
(6.23)
[BCDIM): 10 —  (2,2)08(3,1)2®(1,3)_2
[BC]: 15— (2,2)28(2,2) 29 (3,1)0® (1,3)0® (1,1)0
and also for the R-symmetry
s0(5)r — su(2)pdu(l)r
A: 5 = 30@1281 4
N (6.24)
[BC] 10 — 3083283 2B 1

(BC): 14 — 50$3:353 2d1ad1 3@ 1.

The bosonic supergravity fields of 6d off-shell conformal maximal supergravity were de-

termined in [232,233,261,260,235]. They are the frame eﬁ and

T

[BCD]A > v,

A[BC]

(@ )ygen:  Dap:  ba— (@,  (6.25)
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where dV and db denote the field strength of the R-symmetry and dilatation gauge fields,

respectively. Furthermore T[ BCDJA is anti-self-dual® and D( iB) is traceless

T §AB p

iBcplA = LiBcp|(H A 5=0. (6.26)

A

We shall now decompose these in turn under the residual symmetry group gres = su(2), ®
su(2), @ su(2)rp ® u(1)wist and determine the components that transform trivially, and

thus can take non-trivial background values.

1. T

[BCD) A" The decomposition under g,.s is given by

(10,5) —(2,2,3)(2) ©(3,1,3)(2) ©(1,3,3)(2) © (2,2,1)(12) D (3,1,1) (4

©(3,1,1)0) D (1,3,1)(0) D (1,3,1)(_y).
(6.27)

This tensor product does not contain any singlet under g,es, so the backgrounds we

consider have T[ =0.

BCD]A

2. VA[E@

under g,.s. The decomposition of (dV)[ AB|[GD] is:

E We are looking for components of the field strength (dV)[ AB|[ED] invariant

(15’ 10) _>(2’ 2’ 3)(:|:2) D (3a 17 3)(0) D (17 3a 3)(0) D (17 1, 3)(0) D (23 27 3)(:|:4)
®2x (27 2, 3)(0) ©® (3> 1, 3)(i2) ® (17 3, 3)(i2) ® (17 1, 3)(i2)

® (27 2, 1)(:t2) @ (37 1, 1)(0) D (1? 3, 1)(0) ©® (17 1, 1)(0) .
(6.28)
We see that we have a singlet that corresponds to turning on a flux on the S? and
an ansatz for V is given by

Voay = 5 v(0) ey, (6.29)

N | —

where Z,y run over the components E,@ = 4,5, and the other components of V

vanish.

3. ba: The field strength (db)[ Ap) decomposes under gyes as
(15? 1) - (23 27 1)(:|:2) D (33 17 1)(0) D (]'a 3, 1)(0) D (1a 1? 1)(0) : (630)

There is a singlet, which corresponds to turning on a field strength on the S?. In
the following we will not consider this possibility. Note that any other choice can
always be obtained by a conformal transformation with K, which shifts by [233]. In
the following we thus set

by=0. (6.31)

2In Euclidean signature, T[BCD]A can be complexified and taken to satify T'=ixT.
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4. D( AB) The decomposition under g,.s is given by

(1,14) = (1,1,5)0)  (1,1,3)(42) © (1,1,1)(42) & (1,1,1)() - (6.32)
There is one singlet corresponding to the ansatz
3
DZ{E = d(sa’g R D;gg = 5 d555g, (6.33)
with other components vanishing. The relative coefficients are fixed by the trace-

lessness condition on D( AB):

6.2.4 Killing spinors

With the ansétze for the supergravity background fields we can now determine the con-
ditions on the coefficients v and d, to preserve supersymmetry. The background of the 6d

supergravity is summarised in section 6.2.3 and the Killing spinor equations (C.23) and

(C.29) are solved in appendix C.2. In summary the background with T[BCD]E =by =0
preserves half the supersymmetries if
!
v(f) = _10)
r
3 0 (6:31)
df) = -
() 2720(0)°

where for the round two-sphere ¢(f) = rsin(f), and the Killing spinor € is constant and

satisfies the following constraint
(D9B) o — [56em — . (6.35)

The value of the R-symmetry gauge field 1?6 = —@d(ﬁ = w90 and the fact that the pre-
served supersymmetries are generated by constant spinors indicates that this supergravity

background realises the topological twist on S?, as expected.

Finally, recall that we chose a gauge for which b4 = 0. Note that the background field b4
can be fixed to an arbitrary other value by a special conformal transformation (see [233]).
The special conformal transformation does not act on the other background fields (they
transform as scalars under these transformations), nor on the spinor €™, however it changes
the spinor 7™ parametrizing conformal supersymmetry transformations. Indeed one can
show that the Killing spinor equations (C.23) and (C.29) are solved for an arbitrary b

by the same solution €” together with

1 .
T —ibéréem. (6.36)

In this way one can recover the gauge choice b, = a~'8,a (with o = 1/¢ in our conven-
tions) of [235], although we will keep our more convenient choice b, = 0. For our gauge

choice, the dimensional reduction to 5d is rederived in appendix C.3.
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6.3 From 6d N = (2,0) on S? to 5d N =2 SYM

We now proceed with the dimensional reduction of the six-dimensional N = (2, 0) theory
on S! to obtain 5d maximally supersymmetric Yang-Mills theory, as in [260,235]. The
main distinction in our case arises in subtle boundary conditions, which will have to
be imposed on the fields along the 5d interval. All our conventions are summarised in

appendix C.1.

We should remark on an important point in the signature conventions: the reduction to
the 5d A/ = 2 SYM theory is accomplished in Lorentzian signature, R* — R, where
fields admit 6d reality conditions, however it would go through in Euclidean signature
upon complexifying the fields in 6d and then imposing reality conditions in 5d. This
amounts to Wick-rotating the Lorentzian 5d theory. In later sections, when we study the
5d theory on a generic My, we adopt the Euclidean signature, which is compatible with

the twist on Mjy.

6.3.1 The 6d N = (2,0) Theory

The abelian 6d N' = (2,0) theory contains a tensor multiplet, which is comprised of a
two-form B with field strength H = dB, five scalars ®55, and four Weyl spinors p@ of
negative chirality, which are symplectic Majorana. The scalars satisfy ®57 = —®n7 and

Q" ®- = 0. The equations of motion are (we will use the conventions of [233])

1

HM_W — 2<I>AAT;’£ =0
D — 1 D+ L H, TH = 0 (6.37)
le o 7Tmnlﬂ;wo =0.

2 MVG

Here H* = 1/2(H 4+ xH) and the R-symmetry indices of the background fields have
been transformed from A — f# using the Gamma-matrices as in (C.25). The covariant

derivatives are defined as follows

i 1 a_ lom
Dyup™ = (3 b +1 ;‘BFAB) P =5 Vunp
D™ = (3, — 2b,) ™ + V[ " (6.38)

D277 — (94— 3p4 + wi) D@ 4 VAT D@77 %qﬁﬁ .
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Here Rgq is the 6d Ricci scalar. These equations are invariant under the following super-
symmetry transformations

OBy = —eﬁlrﬁpm

SO = —4el™ Ml — QT o (6.39)

5o 1 A R .
097 = (g Hibo TH2E™ 4 DO e — BT

The dimensional reduction of these equations yields abelian 5d A/ = 2 SYM in a general
supergravity background. We will perform this reduction in a gauge choice where by = 0,
which is for instance different from the choice in [235]. The details of this general reduction

are given in appendix C.3. The 6d supergravity fields decompose as follows

H — F=dA

w ¢ _
4 €A, €A, = CA’ mi 0
€ — ’ P — . 1P 6.40
4 <e’6‘ = e? =a ) (z,om m (6.40)

P N (I)ﬁiﬁ
where we used again the index conventions in appendix C.1. The action of abelian 5d

N =2 SYM theory in a general background is
Ssd = SF + Sscalar + 5, (6.41)
where
Sp = —/[aFA*5dﬁ’+CAF/\F]
Sscalar = — / @z /gla™" (Da®™ DX By 4 40™ Fyp TAP' — @5 (Mo 207

$p= — [ @a/lgla s (i7" + (1,575

(6.42)
with all mass matrices defined in appendix C.3 and F is defined as
. 1 I
F=F——o5;17™". (6.43)
e

6.3.2 5d N =2 SYM in the Supergravity Background

We can now specialise to the 6d background R* x 52, including the background supergravity
fields of section 6.2 and determine the 5d N' = 2 SYM theory in the background, which
corresponds to the 6d N = (2,0) theory on S?, by performing the dimensional reduction
along the circle fiber. As shown in section 6.2.3, the only background fields for the 5d
N = 2 SYM theory, which are compatible with the residual symmetry group, are D%ﬁ
and Vfﬁ = S™_ With these background fields, and the action of the 5d N' = 2 SYM
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theory in a general background, that we derived in appendix C.3 in the gauge b4 = 0, we
can now determine the non-abelian 5d action in our background

For our background the metric, graviphoton, C'4/, and the dilaton, «, are given by

1
1= = — 9<
Cyp =0, « @)’ 0 T,

Imposing these conditions and turning on only the

ds? = dsgs +12d6? (6.44)

" and S™" the full action is given by

which means that G
background fields D"

S = SF + Sscalar + Sp + Sint 5 (6'45)

where
/ ——— Tr(F A *5qF)
M> (6.46)

/ te \/@6(9) Tr (977 D2 + 77 (M)
’ n/) ‘

Sscalar = E

S, =-—

Here, we non-abelianised the theory, and the covariant derivatives and mass matrices

Dy @™ = 9, + [A,y, @™
s ae (6) . PP, .
D™ — 9 D, " 4 — L Dy 4 [A,, 0F O] + [Ay, [AY, ST
D™ = O™ Ay 7] (6.47)
RoR+ 5 507 5 (S7sg - 57 5[45) S DE

Mg)20 =
(Ma )75 5r20(6)
1 1 mmem . W0(0) mn /
M™M= —— [ =S Qmr m
( P) n 6(0) ( n' T 2 (75)n ) )
where the five-dimensional Ricci scalar vanishes, because we have a flat metric on the

)

interval. In the non-abelian case we can add the following interaction terms
L0 PPN, Oy
( )Sﬁzﬁq’mr[@”s, Org] — £(0)? pyr [@7, P )

1nt /d5$ V |g TI‘ < mnv q)ﬁ?] [(I)?E’ (I)gm] + 7
(6.48)
where the non-vanishing background fields are
/
E (9) <F45)%
(6.49)

Sm —
"
an . 30"(0) BB\ a5\l slmsal  oma
DR = i) (55 B)T - 5 — o]

3The ratios of numerical prefactors are determined by supersymmetry. Note that our convention for

the scalar fields and gauge fields is that they are anti-hermitian
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where ¢ and /" denote first and second derivatives of ¢ with respect to . The action is

invariant under the following supersymmetry transformations

§A = 00) ey p™

SPT = —42’6[7%,0m — QM p

= ] A | o ] [ 5 7]7 1 o o
Sp™ = WFH/,/W Viem 4 Zzpqw"eﬁ + 4 @ S e, — L), 2" es
(6.50)
Note that the Killing spinor e%/ satisfies the relation (6.35) which now reads
(DI5) e’ = (s e (6.51)

So far we have kept the sp(4)r R-symmetry indices explicit. However the background
breaks the R-symmetry to su(2)r®s0(2)g. To make the symmetry of the theory manifest,
we decompose the scalar fields @™ into a triplet of scalars ¢, transforming in the 3¢ of
su(2)r @ s0(2)g, and the complex field ¢, which is a singlet 1;. This can be achieved as

follows

— ]
—

- (6.52)
¢ =" +ig® =~ (I +4I%)__ ™"

m )
p > p
as detailed in appendix C.1.3. We also split the gauge field (singlet of the R-symmetry)

The spinors p; decompose into the two doublets p , transforming in (2)1 @ (2)-1,

into the components A, along R* and the component Ay along the interval.

The spinor e; parametrizing supersymmetry transformations decomposes under the R-
symmetry subalgebra su(2) g @ s0(2) g into two su(2)r doublets of opposite s0(2) g charge:

€m — eg), 61(72) (see appendix C.1.3). The projection condition (6.51) becomes

eg) — 75(-:%1) =0, 61(32) + ’7551552) =0. (6.53)

For any 5d spinor x we define
1

X = 5(x+ Y°X) (6.54)

as the four-dimensional chirality. The action for the gauge field is

1 1
SF = —g /dst} ‘g‘ @T{' (F#VFMV + ZFMQFMQ) 9 (655)

and for the scalars we find

S, scalar

1 ~ 1 ~ 1
=7 /deL‘v lg9¢(6) Tr <D“<PaDuSOa +DHoDyup + 5 Do Dowa + 5 Doy Do + mi@@) ;
(6.56)
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with the mass term
7'(0)> —£(6)0"(6)

20002

= cot(#)?/r? and diverges at the endpoints of the interval.

my(0)* = (6.57)

2

which for the round sphere is m¢,

We will return to this matter when discussing the boundary conditions. The action for

the fermions is

1 ~
Sy / d+/|g] €0 < 0 Dup®7 4 pl D p PP + = pll) Dy — TPI%Q_)Dep(_l)p)
(6.58)

Finally, the interaction terms in this decomposition read as follows

Syukawa = —/d‘r’x\/@é(ﬁ)Q Tr [ a)pi 2 [%,p( )} + 207y 1(942 {%”0(1)}

+i (p(f_) [@,p’i(l)] + ) [@pﬁ(l)} — o [%p’i@)} [so pp(z)m
. 1 -~ 1
Squartic = /d5x\/ gl £(0 ( va: elle", ol + Slva, wplle” ] — Lo Plles <p]>
1 0N (0) -
Scubic = —G/d% gl ()T()eabc Tr (palep wel) -
(6.59)
The complete 5d action is
SSd = SF + Sscalar + Sp + SYukawa + Squartic + Scubic ) (660)

and the supersymmetry variations for this action, decomposed with regards to the R-
symmetry, are summarised in appendix C.4. The action above should be supplemented
with appropriate boundary terms, which ensure that supersymmetry is preserved and that

the action is finite. This will be addressed subsequently.

We need to determine the boundary conditions of the 5d fields at the endpoints of the
6 interval. To proceed we first notice that the complex scalar ¢ has a mass term m(6)?

which diverges at the boundaries § = 0,7 4

2 6 —0
m(f)? ~ 912 ’ -0 (6.61)
m 5 9 — .

Finiteness of the action requires that ¢ behaves as

[ o® . 60,
‘p_{O(w—e) . 6 (6.62)

The boundary conditions on the other fields are most easily determined by the require-

ment of preserving supersymmetry under the transformations generated by 6(1) and 6}%2)
presented in appendix C.4. We obtain at 6 = 0:
Pl =000), p =00), A,=00?), (6.63)

4This follows from the regularity conditions (6.20) on .
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and the counterpart at 0 = .

The fields p%, Ag are constrained by supersymmetry to obey modified Nahm’s equations

as they approach the boundaries, given by
-1 B Pt
Dyp® — 57%(9)6“36[@1’, ¢l =0. (6.64)

These equations are compatible with a singular boundary behaviour of the fields at the
endpoints of the f-interval. For simplicity let us assume the gauge Ay = 0 in a neighbor-
hood of # = 0, then the above modified Nahm’s equations are compatible with the polar
behavior at § = 0

ot = QfQ(;:) +0(1), (6.65)
where
o: su(2) — u(k) (6.66)

denotes a Lie algebra homomorphism from su(2) to u(k), see e.g. in [244,245] and 7% are

related to the Pauli matrices 0@ as follows
¢ = —0%. (6.67)

Moreover the O(1) term is constrained to be in the commutant of ¢ in u(k). The reduc-
tion that we study, from a smooth two-sphere to the interval, corresponds to ¢ being an
irreducible embedding [245].

More generally the Nahm pole boundary condition (6.64) is compatible with any homo-
morphism ¢ and is associated with the presence of ‘punctures’ — or field singularities — at
the poles of the two-sphere in the 6d non-abelian theory [217]. An embedding g can be
associated to a decomposition of the fundamental representation k under su(2) and can
be recast into a partition [n1, ng,---] of k. The irreducible embedding is associated to the
partition ¢ = [k] and corresponds to the absence of punctures in 6d, and is therefore the
sphere reduction that we consider here. The boundary conditions at § = 7 are symmetric
to the ones at 6 = 0 and are also characterised by Nahm pole behaviour with irreducible
embedding o = [k].
1 2

The remaining fermions p* ', p’ appear in the supersymmetry variations of ©® and hence

are of order O(1) at § =0

P =0@), Pl =0(1), (6.68)

and similarly at 6 = .

The boundary condition (6.65) for the scalars ¢ introduces two difficulties: the super-

symmetry variation of the action results in a non-vanishing boundary term and the poles
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of the scalar fields make the action diverge. These two problems are cured by the addition

of the following boundary term

0(0)* abe "
Sty = |5y [ ol T (¥l o)
0

12
_ (o> [ 4 abe
= /d@@g |:12/d x |g4|Tr (6 (Pa[‘Pa ()OC]> )

The second line gives Spqry as a total f-derivative and we shall take this as the definition

(6.69)

of the boundary term. This additional term ensures supersymmetry and makes the 5d
action finite. In particular, taking the derivative along 6 we find,

’ . 2
Sty = [ v/l | O (gl ) + T @ualged) | (670

where the first piece cancels the cubic scalar interaction in the 5d action and the second
term combines to give
1 ~ 1 -z o
~ra [ EaVIIO) T (DagDaga + 120073 n, il 7] - 40 ugaly ]

1 1 i)
== 13 d®z+/|g| Tr (De@a - 57‘6(9)6535[901)’ ¢C]> )

(6.71)
which is the square of modified Nahm’s equations. The 5d action is finite since the scalar

fields ¢% obey modified Nahm’s equations at the boundaries.
We notice that the modified Nahm’s equations (6.64) can be recast into the form of
standard Nahm’s equations by a change of coordinate to

~ 1 [?
0= /0 dzx l(z). (6.72)

T

One obtains ) ~
Dg(pa _ 57,261136[()0177 (PC} — 0,

& (6.73)
28 = Q(;; ) + 0(50)7

and a similar Nahm pole behavior at the other end of the 0 interval. We conclude then
that the moduli space of solutions of the modified Nahm’s equations is the same as the

moduli space of solution of the standard Nahm’s equations.

6.3.3 Cylinder Limit

For general hyperbolic Riemann surfaces, with a half-topological twist, the dimensional
reduction depends only on the complex structure moduli [217]. The two-sphere has no

complex structure moduli, however, there will be a metric-dependence in terms of the area
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of the sphere, which enters as the coupling constant of the 4d sigma-model [245]. We do
not expect the reduction to depend on the function £(6), except through the area of the
sphere. This can be checked explicitly by performing the reduction keeping ¢(6) arbitrary.
However, for simplicity we consider here the special singular limiting case, when the two-
sphere is deformed to a thin cylinder. This is achieved by taking the metric factor £(6) as

follows
£(0) = £ = constant for e<O<m—e,

0(0) — smooth caps for 0 <e, T—e<8,
and then taking the limit ¢ — 0. The limit is singular at the endpoints of the f-interval,
since at finite €, the two-sphere has smooth caps, £(0) ~ rf, while at e = 0, £(0) = ¢ is
constant on the whole 6 interval and describes the metric on a cylinder, or a sphere with
two punctures. One may worry that such a singular limit is too strong and would change
the theory itself. We will argue below in section 6.3.4 that the reduction of the theory
with £ constant leads to the same four-dimensional sigma model as for arbitrary ¢(¢). The

reason for choosing ¢ constant is only to simplify the derivation.

We rescale the fields as follows

a 1 3 1 (1) L (2) L (2
— — — — — — . 6.74
¥ MSO P MSO’ P+ Mpi y P Mpi ( )

The action in this limit simplifies to

_r
8¢

1 ~ 1 ~ 1
Sscalar = ~ 17 /d9d4$ |g4| Tr (D”SOGDM% + D oD, ¢ + T—2D9¢“D9¢a + ﬂD9¢D0¢>

2
Sr = dod*z+/|gs| Tr (FWF’“’ + r—z(a“Ag — OpA, + [Ap, Ag])z)

rf P+ - p—
1 ~
—=pi) Dy )p)
.

S = i 02 52 5
+i (,02(;1,) [Sb, plj(l)} +'01(3142 [@Pi(l)} _ p]%{) [@)p}j@)} _ pg) [%pﬁ@)D)

1 1 a b a = 1 _ _
o = =gz | '/l T (3 loa w5lle®, ) + loa o1l 1 - 5.l 1)

4
S _ 1 d9d4 | |8 T ?1\/(;8 a /l; @
bdry — 61370 I\ 194109 LI | €@ @ @ .

2 5 51 5
Sp=—=, [ dod'z\/]gs| Tx <P(1)V“Dup(2)p 001 D + ) DopE”

(6.75)

The supersymmetry variations of the 5d action summarised in appendix C.4 simplify in
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the cylinder limit and for the bosonic fields are

_ 1 (2) 1)
0Au =~ ( WPy, o5 + 2P wpm)
§Ap = — (é )ppg _ 4”%;”)

6" = i (W™ p) — (o™ Pl
_ 15 (1)
bp = _9¢( )pp;ﬁ-i-
(2)

) (6.76)

p

and for the fermions

wr v ? 1 abe q i 3
opy) = < " ) — ZDHW nel + ir =D polest) - o ( "lpa, o5l (0n)le) — il 90]6,(31))

1 _ & (1) (1) 2 1 @ (2)
5P7'5_ = 4FH971‘€A + Du‘P 'YMEA + EDQQO%\ - E[‘Pa‘ﬁﬁ]ﬁzj
7 1 7 _ &
5[% == Fuo” e(A) - ZDquAv“e(f) + waef;) ~ P ]69)
2) _wr v (2) o 1 a2 1 (g% ) 2)
0p5- = g Fwn™ e + Dusa’v &+ Dovieq —g( [pas 5l (0)des” + il, Bley )

(6.77)
The theory we obtain is nothing else than the maximally supersymmetric SYM in 5d. A
similar reduction of the 6d A" = (2,0) theory on a cigar geometry was considered in [244].
This five-dimensional N = 2 SYM theory is defined on a manifold with boundaries, which
are at the end-points of the #-interval and half of the supersymmetries are broken by the
boundary conditions. It is key to study the boundary terms and boundary conditions in

detail, which will be done in the next subsection.

6.3.4 Nahm’s Equations and Boundary Considerations

The boundary conditions at the two ends of the # interval are affected by the singular
cylinder limit. They can be worked out in the same way as in section 6.3.2 by enforcing
supersymmetry at the boundaries. In the cylinder limit of the two-sphere ¢(0) — ¢ the
mass term m(#)? goes to zero everywhere along the f-interval except at the endpoints
0 = 0,7 where it diverges, forcing the scalar ¢ to vanish at the boundary, as before.
The other boundary conditions are found by requiring supersymmetry under the eight
supercharges. This requires that the scalars ¢® obey the standard Nahm’s equations close

to the boundaries

1~
Do - Sl 6] = 0. (6.78)
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Furthermore, the boundary behavior of the fields in the gauge A9 = 0 around 6§ = 0 are

(although this is not the gauge we will choose later)

a QTE a
p=00). A4=00), &=2TD 40 1 00).

A =01), P2 =001), pl=00), s =00),

(6.79)

where ¢ : su(2) — u(k) is an irreducible embedding of su(2) into u(k), with 7 as in
(6.67) . There are similar boundary conditions at # = . The constant term 90?0) in
the ¢%expansion is constrained to be in the commutant of embedding p. With o = [k]
the irreducible embedding, this commutant is simply the diagonal u(1) C u(k), so go?o) is
a constant diagonal matrix. This condition propagates by supersymmetry to the other
fields.

The maximally supersymmetric configurations are vacua of the theory preserving eight

supercharges and are given by solutions to the BPS equations

PO N
Dopp® — Segle" ¢ =0
D,U«Spa = 07

with all fermions vanishing. The 5d action is minimised and vanishes for supersymmetric
field configurations (6.80). Moreover there is the additional constraint that the scalars p®
have poles at § = 0,7 both characterised by the partition/embedding ¢ = [k]. The first
equation in (6.80) is Nahm’s equation for the fields (¢®, Ag) and the boundary behaviour

of ¢ are standard Nahm poles.

We can now address the validity of the singular cylinder limit ¢(f) = ¢ constant. In
the following we will reduce the theory on the interval and find that the dominant field
configurations are given by solutions of Nahm’s equations. The resulting four-dimensional
theory will be a sigma model into the moduli space of solutions of Nahm’s equations. It
is easy to see that for arbitrary ¢(f) describing a smooth two-sphere metric, the same
dimensional reduction will be dominated by field configurations satisfying the modified
Nahm'’s equations (6.64). We can then reasonably expect that the reduction will lead to
a four-dimensional sigma model into the moduli space of the modified Nahm’s equations.
However we argued at the end of section 6.3.2 that this moduli space is the same as the
moduli space of standard Nahm’s equations, so the reduction for arbitrary ¢(6) would lead

to the same sigma model.

Finally, let us comment on generalisations of the Nahm pole boundary conditions with

two arbitrary partitions g9 and or for the scalar fields at the two boundaries § = 0,7,
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respectively, as described in [245]. The polar boundary behavior at § = 0 is given by (6.79)
with 0 — ¢ and the subleading constant piece gof(io) takes values in the commutant of gy (i.e.
matrices commuting with the image of gg). These boundary conditions preserve the same
amount of supersymmetry and admit global symmetry groups Hy x Hr C SU (k) x SU (k)
acting by gauge transformations at the end-points of the O-interval. Hy and H, are the
groups, whose algebras ho, b, are respectively the commutants of gy and o, in su(k).
These global transformations leave the gy and o, boundary conditions invariant. In the
reduction to 4d, only a subgroup of Hy x H, can be preserved (see the discussion in section
2 of [245]).

The general (9o, o) boundary conditions correspond to inserting singularities or ‘punc-
tures’ of the type g¢ at one pole of the two-sphere and of the type o, at the other pole
in the 6d N' = (2,0) theory. All our results can be directly generalised to having general
(00, 0x) Nahm poles at the boundaries of the #-interval. In this case we would obtain
sigma-models into a different moduli space: the moduli space of Nahm’s equations with

(00, 0x) boundary conditions.

For the sphere with two punctures labeled by two arbitrary partitions gg, ox, it is very
natural to consider the metric describing a cylinder, since this is the topology of a sphere
with two punctures, and the reduction, whether with the sphere or the cylinder metric,
is expected to lead to the same four-dimensional theory. From this point of view, the
sphere without punctures, or “trivial punctures”, is simply a subcase corresponding to the
specific partitions g9 = o = [k], and we may take the cylinder metric, as for any other

choice of punctures.

6.4 Nahm’s Equations and 4d Sigma-Model

In the last section we have seen that the 5d N'= 2 SYM in the background corresponding
to the S? reduction of the 6d A = (2,0) theory requires the scalars ¢ to satisfy Nahm’s
equations, and the supersymmetric boundary conditions require them to have Nahm poles
(6.79) at the boundary of the interval. The four-dimensional theory is therefore dependent
on solutions to Nahm’s equations. To dimensionally reduce the theory, we pass to a de-
scription in terms of coordinates on the moduli space M, of solutions to Nahm’s equations
and find the theory to be a four-dimensional sigma-model into M, with the action
Sia= —— [ d'e/lga] Gy (0uX" X7 — 2iWTP01D, )

art
" (6.81)

1 . .
—2Rumﬁ(”I”ﬁg)‘]é‘(”K‘]&?ﬂ
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with X7 the coordinates on the moduli space
X My — Mg, (6.82)

and £€@ | where i = 1,2, Grassmann-valued sections of the pull-back of the tangent bundle
to My
€02 e N(X*TM,;, ® S*), (6.83)

where S* is the spin bundle of 4 chirality on My. The sigma-model for My = R* is
supersymmetric, with N' = 2 supersymmetry in 4d. The coupling constant for the sigma-

model is proportional to the area of the two-sphere, which is ~ 7/, as anticipated.

6.4.1 Poles and Monopoles

Before studying the dimensional reduction to 4d, we summarise a few well-known use-
ful properties of the moduli space My. The moduli space My of solutions to Nahm’s
equations, on an interval with Nahm pole boundary conditions given by the irreducible
embedding o = [k], is well-known to be isomorphic to the moduli space of (framed) SU(2)
magnetic monopoles of charge k [262, 263,246, 247], which is 4k-dimensional and has a
Hyper-Kahler structure. The metric of the spaces My, is not known in explicit form, other
than for the cases M; ~ R3 x S! (which is the position of the monopole in R* and the
large gauge transformations parametrised by S!) and for the case
St x Man

~ R3
./\/lz X Z2

(6.84)

where Mg is the Atiyah-Hitchin manifold [247]. A detailed description of the metric in
the latter case will be given in section 6.6.2. Hitchin showed the equivalence of SU(2)

monopoles of charge k with solutions of Nahm’s equations [263]

dT; 1
5 gl T =0, i=1,23, (6.85)

where T; are matrix-valued, depending on ¢ € [0, 7] and have poles at the endpoints of the
interval, the residues of which define representations of su(2). Furthermore, Donaldson
[246] identified Nahm’s equations in terms of the anti-self-duality equation Fly = — * F)y
of a connection

A=Tpd0+ ) Tida, (6.86)

on R*, where Ty, the gauge field along the interval, can be gauged away and the T are
taken independent of the 2° coordinates. The metric of the solution-space (modulo gauge

transformations) has a Hyper-Kéhler structure [264, 265].
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This Nahm moduli space (or monopole moduli space) takes the form [247]

Stx MY

~ R3
Mk X Zk s

(6.87)

where R3 parameterises the center of mass of the k-centered monopole. A particularly
useful characterisation of the reduced Nahm moduli space Mg is in terms of Slodowy-
slices. Kronheimer has shown that the solutions of Nahm’s equations with no poles at
the boundaries have a moduli space given by the cotangent bundle of the complexified
gauge group, 1*G¢c = ge X G, which has a natural Hyper-Kéhler structure. Furthermore,
Bielawski showed in [249,250], that the moduli space of solutions with Nahm pole boundary

conditions for k-centered SU(2) monopoles is given in terms of
M) = {(g,X) € SUN)c x su(N)c; X € SpyNg ' Spygt C T*SU(k)c,  (6.88)
where the Slodowy slice for an embedding p : su(2) — u(k) is

Sy = {p(r*) + 2 € su(k)c; [p(r™),a] = 0}. (6.89)

Here 7% = 71 4472 are the raising/lowering operators of su(2). The Hyper-Kéhler metric

on My, will play a particularly important role in section 6.6, where this will be discussed

in more detail.

6.4.2 Reduction to the 4d Sigma-Model

To proceed with the reduction on the f-interval to four dimensions, we take the limit
where the size of the interval, r, is small.” The terms in the action (6.75) are organised
in powers of r, and in the limit, the divergent terms which are of order =", n = 2,3,

L contain the four-dimensional kinetic

must vanish separately. The terms of order r~
terms and lead to the 4d action. The terms of order ™, n > 0 are subleading and can
be set to zero. To perform this reduction we must expand the fields in powers of r,
O = &g+ D11 + Por? + -+, and compute the contribution at each order. We find that

only the leading term ®( contributes to the final 4d action for each field, except for the

1 (2
_;,_I’)\a p_l’;a

The final 4d action will arise with the overall coupling ﬁ.

‘massive’ scalars ¢, @ and spinors p whose leading contribution arise at order r.

Let us now proceed with detailing the dimensional reduction. At order r—3 we find the

5By r small, we mean that we consider the effective theory at energies small compared to %
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term

1 4
S’——W/dﬂd x\/|g4]

Tr

1 N2 . 1
<D9<P“ - 56“33[<Pb, M) + lva, Pll", @l + DopDag — 1o, @l ¢l

(6.90)
This term is minimised (and actually vanishes)®, up to order O(r~!) corrections, upon

imposing the following constraints: ¢, @ vanish at order r°,

p=¢=0(r), (6.91)

and the fields goa and Ay obey Nahm’s equations, up to order O(r) corrections,

21;6[80b7 (,06] -0, (6.92)

€

Dyyp® —

with Nahm pole behaviour p = [k] at the two ends of the interval. The four-dimensional
theory then localises onto maps X : R* — M, where M, is the moduli space of u(k)
valued solutions of Nahm’s equations on the interval with g-poles at the boundaries, or
equivalently the moduli space of k-centered SU(2) monopoles, as reviewed in section 6.4.1.
The fields satisfying Nahm’s equations can be written in terms of an explicit dependence

on the point X' in the moduli space M,
P (0, 2) = (0, X (a)),  Ag(0,2") = Ag(0, X (a")). (6.93)

Furthermore, we choose the gauge fixing

0pAp =0. (6.94)
The terms at O(r~2) vanish by imposing the spinors pl(;}r, pgl to have no O(r?) term
P =0(r), P =0(r). (6.95)

The kinetic term of these spinors becomes of order r and can be dropped in the small

r limit. The fermions p(AlJ)r, pgz become Lagrange multipliers and can then be integrated

P
out, leading to the constraints on the fermions p](;z, ](323_

Dyp ) +ill, ) =0 6.06
DopY) +if2, p] =0, (040
which are supersymmetric counterparts to Nahm’s equations (6.78). We will use these
localizing equations below to expand the fermionic fields in terms of vectors in the tangent

space to the moduli space of Nahm’s equations, M.

5To avoid possible confusions about the positivity of the action, we remind that our conventions are
such that the fields are anti-hermitian.
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Finally we drop the order r kinetic terms of the 4d gauge field and scalars ¢, @ (which
contribute only at order r), and we are left with the terms of order % which describe the
4d action. The remaining task is to express this action in terms of the fields X = {X'}
and the massless fermionic degrees of freedom, and to integrate out the 4d components of
the gauge field A, and the scalars ¢, ¢, which appear as auxiliary fields in the 4d action.
The subleading terms (at order r) in the ©® expansion can similarly be integrated out
without producing any term in the final 4d action, so we ignore these contributions in the

rest of the derivation.

In addition one should integrate over the one-loop fluctuations of the fields around their
saddle point configurations. We will assume here that the bosonic and fermionic one-loop
determinants cancel, as is frequently the case in similar computations [266], and now turn
to deriving the 4d action. Some of the technical details have been relegated to appendix

C.5.

Scalars

We will now describe the 4d theory in terms of ‘collective coordinates’ X', similar to
the approach taken in e.g. [266] for the dimensional reduction of 4d SYM theories on a
Riemann surface resulting in a 2d sigma-model into the Hitchin moduli space. Related
work can also be found in [267,268]. The resulting theory is a (supersymmetric) sigma-
model (6.82), where for this part of the chapter we will consider My = R*. The three

scalar fields ¢z and Ay are expanded in the collective coordinates as follows
5% =135 X1

§Ay =105 X! (6.97)
0 — I 9

where I = 1,...,4k. Here, the basis of the cotangent bundle of My, is given by

S Op® .
Y7 = -7 +[En ¢’
ox1 (6.98)

A
g _ 04 — DyET,

=g

where E defines a u(k) connection V; = 07 +[Er,.] on My. The T% Y9 satisfy linearised
Nahm'’s equations
Dy Y7+ | 14,67] = [T 5,06 (6.99)

The metric on M}, can be expressed in terms of these one-forms as

Gry= —/de Te(Y9Y 5 + 1979 (6.100)
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The Hyper-Kahler structure on My, can be made manifest in this formulation, by defining

the three symplectic forms (see for instance [269])
Wiy = /de Tr(ﬁfrlgrjﬁ Tirs — 1I79). (6.101)

Some useful properties of these are summarised in appendix C.5.1. Using the expansion

(6.98) we obtain
1 ~
Sucatars =~ 75 / d8d*z+/|ga| Tx (aIAgaJAg v (9[g0a3J(pa) 9, X7 0" X7 . (6.102)

This will combine with terms arising from integrating out the gauge field to give the usual

sigma-model kinetic term.

Fermions

The fermions satisfy the equation (6.96), which is the supersymmetry variation of Nahm’s
equations. The spinors therefore take values in the cotangent bundle to the moduli space

M}, and we can expand them in the basis that we defined in (6.98)

G0 Na\(DT | n(0) \ (DT
p—l% = TI(Ua)%)\;(;) +ir ))\%)
(2) RN R ONG (6.103)
Pis= TI(Ua)ﬁ)‘q +4T; )\],5 ,
where ALV AP are spacetime spinors, valued in T My, The identities (C.58) imply that

the fermionic fields obey the constraints
W AT = i(0h)IADT (6.104)

The expansion in (6.103) can be seen to satisfy the equation of motion for the spinors
(6.96) by making use of (6.99) and the gauge fixing condition (C.62). Then substituting
in the kinetic term for the spinors and making use of the expression for the metric on My

(6.100), the symplectic forms w? ; and the constraint (6.104), we find

8i )
Spuin = rl/d4$ |94 [GIJ)\(I)IP’Y“QL)\%Q)J

_ / a0 Tr(ﬁa s+ 100 ﬂﬁ?) A(l)lﬁry”Ai(?\Q)KﬁuX‘q .
(6.105)

6.4.3 4d Sigma-Model into the Nahm Moduli Space

Finally, we need to integrate out the gauge field and the scalars ¢, ¢, which is done in

appendix C.5.2. The conclusion is that, in addition to giving the standard kinetic term for
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the scalars, this covariantises the fermion action and results in a quartic fermion interaction

that depends on the Riemann tensor of the moduli space. In summary we find the action
1 1 . 5 2)J
5= / d'z\/|g] [4G1J8#X18“XJ+ 8iG 1 ADPyrD, NP

—32R; KL (A(l)lﬁ)\gﬂ) (A(Q)K(’j)\@)L)} 7

q

(6.106)
where DMAIE?)I = 5MA1(32)I + )\%Q)JngaMXK. The final step is to decompose the spinors
A as explained in appendix C.1.2, into 4d Weyl spinors

(1
o 1(& @r 1[0
D
obeying the reality conditions
€y =67, €@y =g, (6.108)
and the constraint
Gl (DT . NG DI
W 507 = i(0®) T (6.109)

The 4d sigma-model action from flat My into the monopole moduli space My, is then given
by

1 o
Swa= — [ die\/]gd] [GU (6MX18“XJ - 2z§<1>fpaﬂpug§”)

4rl
1 o I (6.110)
_§RIJKL€(1)IP£]'(5 ¢RI ] :
The supersymmetry transformations are
I_ . @pMI ()p(2)1
0X* = z(e pfﬁ + € pfﬁ )
nr 1 1y .oa G 1 VK
sel — i (8MX10“61(3) Al J(aa)gaux"a“eg)) — Tl ox 7l (6.111)

551/()\2)1 — _i (aMXla-/LEI%Q) _ Zwalj(aa)gauXJa'#€é\2)> _ FgK(SXJé-Z/()?)K )

We have thus shown, that the M5-brane theory reduced on an S? gives rise to a four-

dimensional sigma-model with N/ = 2 supersymmetry, based on maps from R?* into the

moduli space My, of Nahm’s equations (with ¢ = [k] boundary conditions).

6.4.4 Relation to the Bagger-Witten Model

There is an equivalent description of the sigma-model in (6.110), which relates it to the
models in [251,252]. In this alternative description we make use of the reduced holonomy of
the Hyper-Kéahler target Mj,. We will consider an (Sp(k) x Sp(1))/Zsy subgroup of SO(4k),



Chapter 6. M5-branes on S? x My 207

under which the complexified tangent bundle of a Hyper-Kéhler space decomposes into a
rank 2k vector bundle V' and a rank 2 trivial bundle S. The index I decomposes under this
into ip, where i = 1,--- , 2k labels the 2k-dimensional representation of sp(k) and p = 1,2
is the doublet index of sp(1) = su(2)r. The map I — ip is realised by the invariant tensors
fP1 [270], which satisfy

FPrflip =65, FPrfg =000, 2fP; f7ig = 6560 +iwf’ (0a)L. (6.112)
The alternative description of the sigma-model is obtained by defining the fields
i L 5 I i L i I
§Wi= gt €= et (6.113)
which can be inverted, by using the constraint on the fermions (6.109)
I i 2)1 i
& = 11peMt, g = pe® (6.114)

Using this decomposition the 4d untwisted sigma-model action into the monopole moduli

space My, can be re-expressed in terms of the fermionic fields (6.113)

1 1 o 1 o,
5= / d2/Tgil [46;[]3# X 97 — g €0 DT LW (e 5(1»)(5(2%5(2)1)}
(6.115)

where the covariant derivative is
D@ = 9,6t 4 @iy ig, XT. (6.116)

The tensors 'l,U[ji and Wjji; are the Sp(k) connection on V' and the totally symmetric
curvature tensor, respectively. These are expressed in terms of the Christoffel connection

and Riemann tensor as

T
wr! =5 Orfi5+ Tk [N ip)

1 ~ (6.117)
Wik = §flpz’fjf)ijqkaquRIJKL :
The supersymmetry transformations are
sxI = _Z'g(?)ﬁfliﬁ (i _ iﬁ(l)ﬁfliﬁ (2)i
5eMi — %fiﬁlaquaueg) s X eV (6.118)

) 1 . ,
66 = —2 FPr0, X 16 — wy 6 XTe@i

It is natural to ask how this sigma-model can be extended to general, oriented four-

manifolds My. Using the topological twist 1 in section 6.2.1, we will now consider this

generalisation.
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6.5 4d Topological Sigma-Models: Hyper-Kahler My

So far we have discussed the five-dimensional theory on flat I x R*, where I is the @ interval,
reducing it to a sigma-model in four-dimensional flat space. The goal in the following is
to define a 4d topological sigma-model on a general four-manifold. We first describe the

twist in terms of the 4d theory in section 6.5.1.

As we shall see, for the target space a Hyper-Kéhler manifold, as is the case for the Nahm
moduli space, and general gauge group, we determine a general form of the sigma-model
for the case of Hyper-Kihler M,. For compact My, this comprises 7% and K3 varieties.
We will discuss the special reductions for the abelian case and the two-monopole case for

general My later on.

6.5.1 Topological Twist

Twist 1 in section 6.2.1 was formulated for the 6d theory. We now briefly summarise how

this twist acts in 4d. From now on we switch to Euclidean signature 7.

Recall, that in 6d, we twist the su(2), C su(2), & su(2), of the 4d Lorentz algebra with
the su(2)r C su(2)p ® s0(2)r C sp(4)r. From the point of view of the 4d theory, we
start with the R-symmetry su(2)g and twist this with the Lorentz symmetry of My, which

generically is so0(4) = su(2), @ su(2),, resulting in

gad = Su(2) g Dso(4)r  —  Gewist = SU(2)gwist B 51(2), . (6.119)
(1)

In terms of 4d representations, € and )

P
chirality respectively. We adopt the convention that negative/positive chirality spinors
@)
P
component under s1(2)wist @ 51(2),, which is selected by the projections

are Weyl spinors of positive and negative

correspond to doublets of su(2)y/su(2), respectively. After the twisting, ¢’ has one scalar

(Y0a02 +i(0a)De? =0, a~a=1,2,3, (6.120)

where the indices a and @ are identified in the twisted theory. The spinor e®? parametrises

the preserved supercharge and can be decomposed as
P —y & (6.121)

where v is a complex Grassmann-odd parameter and € is a Grassmann-even spinor nor-
malised so that

e

e =1. (6.122)

"For this twist we change from Lorentzian to Euclidean signature. In what follows o as defined in
appendix C.1.2 is replaced with ¢ = 70, where the prime will be omitted.
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We can associate the u(1)r charge —1 to the parameter u and consider & as uncharged.

The su(2)r R-symmetry with which we twist rotates the complex structures of the target
and therefore is identified with the sp(1) C so(4k) of the Hyper-Kahler target. This means
that SU(2)r/Zs2 is mapped to an SO(3) isometry of the metric on M. In order to do the
twist one needs to know how the coordinates X! transform under this sp(1) = su(2)g. For
the monopole moduli space with charge 1 and 2, M; and My, where the explicit metric
on the moduli space is known, the coordinates split into two sets transforming respectively
in the trivial and adjoint representation of su(2)g. This suggests that this property could
hold for moduli spaces My, with & > 2. Under the twist, the coordinates transforming
in the adjoint of su(2)r become self-dual two forms on My and the resulting theory is
a sigma-model, whose bosonic fields are maps into a reduced target space and self-dual

two-forms. We shall study the M7 and My cases in section 6.6.

A simplification occurs when the bundle of self-dual two-forms on My is trivial i.e. when
My is Hyper-Kéhler. In this case, all the coordinates transform as scalars on My after
the twist and therefore the twist can be performed without knowledge of the metric on
M. In this situation, the twisting procedure is simply a re-writing of the theory, making
manifest the transformation of the fields under the new Lorentz group. This is done in

the next section and gives a topological sigma-model on Hyper-Kahler My.

6.5.2 Topological Sigma-Model for Hyper-Kahler M,

The 4d sigma-model into the Nahm moduli space (6.110) can be topologically twisted for
Hyper-Kahler M4. We now show that this reduces to the 4d topological theory by Anselmi
and Fre [254], for the special target space given by the moduli space of Nahm’s equations.

This topological theory describes tri-holomorphic maps from M, into My,

X ={x"}: My — My, (6.123)
which satisfy the triholomorphicity constraint

X! — (59, 0, X7w T =0, (6.124)

where the index a = 1, 2, 3 is summed over and j* and w® are triplets of complex structures
on My and M respectively, which define the Hyper-Kéhler structures. We will also
comment in section 6.5.3 on how this can be obtained by first topologically twisting the
5d NV = 2 SYM theory, and then dimensionally reducing this to 4d. This alternative
derivation from the twisted 5d N'= 2 SYM theory can be found in appendix C.6.
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We now turn to the topological twisting of the 4d sigma-model into the Nahm moduli
space (6.110), by the twist of section 6.5.1. The fields of the 4d sigma-model become

forms on My, with the degree depending on their transformations under giwist

Field| gia | gwis | Twisted Field

xI @, (1,1) X!

(1)Ip o (6.125)
éﬁ (27271) (1 @37 1) )‘ 7Xuy
e (2,1,2)| (2.2) wh

Despite the fact that the index I transforms non-trivially under the R-symmetry SO(3)g,
this will not play a role in the twist for the Hyper-Kéhler four-manifold My: the holonomy
is reduced to su(2), and the su(2), connection that we twist with vanishes. To be even
more concrete, the covariant derivatives acting on fields with an index I will not pick
up any su(2)iwist connection because the connection vanishes, so we may treat I as an

external index. This is of course not true for non-Hyper-Kéahler Mjy.

The most general decomposition of the spinors into twisted fields is given by

W1 _ (L o s
A <A T3 X"““) @ (6.126)
D"~ 5iile,

I
“w

and a one-form, valued in the pull-back of the tangent bundle of the target space X*T M.

where the Grassmann-odd fields A/, X/IW, K,, are respectively a scalar, a self-dual two-form

However the components of fg)l are not all independent as they satisfy the constraint

(6.109). This constraint on the components of 45}(; ) translates into

I NJ 1
Wur JAT = Xpw

(6.127)
W' gk = —3/<;/IL,
where w,, ' 7 = —(5%),ww 7. As the self-dual two-form X;Iw is not an independent degree

of freedom we shall consider the decomposition of 5}(?1)1 just in terms of the fermionic scalar

M, with a convenient normalisation,

1
1(31)1 =i\ + 40'#1/“)#1/1])\]) Eﬁ
6.128
@)1 L, 1- ( )
i)\ = —ZO' KJMEﬁ

Note that this decomposition of 51(71)[ solves the constraint (6.109) automatically, and thus
all components of A’ are independent. However, this is not the case for 51(?2)1 and we need to
impose upon the fermionic one-form /ﬁﬁ the constraint (6.127), which can be re-expressed
as

wl+ %(j“)u”ml{(w“)f =0. (6.129)
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The action in terms of the twisted fields takes the form

1 1
SHK = @ /d4:(} ‘94‘ I:ijauXIaMXJ — QGIJQ/W/\I’DMKJZ + 8RIJKL/€£HZ)\K)\L:| ’

(6.130)
and is invariant under the supersymmetry transformations
oXT =u)
A =0 (6.131)

Skt = u (O, X" — w50 X7) = Th 0 X7k
This is precisely the form of the topological sigma-model of [254] for Hyper-Kahler Mjy.

The action takes a simpler form than in the model presented in [254] since the target space

M, is also Hyper-Kéhler (i.e. has a covariantly constant quaternionic structure).

The topological BRST transformation @ (with §, = uQ) squares to zero Q* = 0 on-shell.

To make the algebra close off-shell, we can introduce an auxiliary one-form blﬂ valued in the

pull-back of the tangent space to My, b € I'(X*TM ® Q') and satisfying the constraint
1

bl + g(ja)uvbi(wa)f =0. (6.132)
We then define the BRST transformation to be
Qx' =\
QX =0
(6.133)
Qrp = bl, — Thp Mkl
1
Qb = SRy LA N Ry = TN by
The action (6.130) can then be recast in the form
goft—shell — g/ g, (6.134)
where S’ and St are Q-exact and topological, respectively, given by
1 1
S'=Q (M/d4xv 94| G119" K], <3VXJ - 8bi)>
. (6.135)
Sr= o0 / Ao/ lga] (G4t 0, X1 8, X
Integrating out blIL
bl =0, X" — (j) 0, X w " (6.136)

we recover the on-shell action (6.130). The term St is ‘topological’, in the sense that it is
invariant under Hyper-Kéahler deformations, and can be written as

1

=500

7N XFw®, (6.137)
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where X*w® is the pull-back of the Kahler forms on My, and for Hyper-Kéahler My, j¢ are
the Kéhler forms. From this form it is clear that the term is invariant under Hyper-Kéahler

deformations, but not deformations, that break the Hyper-Kéahlerity.

Finally, to show that the theory is topological, meaning independent of continuous defor-
mations of the metric (which preserve the Hyper-Ké&hler structure), we must check that
the energy-momentum tensor 7, associated with S’ part of the action is Q-exact. We
find

2 69 1 1
uy = ﬁégﬁ == G[Jb{t(al,XJ — gbi) + GIJbll/(auXJ - gb;{) - g;w»clv (6138)

where £ is the Lagrangian density in (6.135). This can be expressed as

1

T#V = Q{G}J/ﬁﬁ <8VXJ — 3

bi) + Gkl (8“XJ — ébg) — guGrr"? (a,,XJ — ébg )

(6.139)
Clearly it is of interest to study further properties of these theories, in particular observ-
ables, which will be postponed to future work. Some preliminary results for sigma-models
that localise on tri-holomorphic maps have appeared in [254], however only in terms of

simplified setups, where the target is the same as Mjy.

6.5.3 Relation to topologically twisted 5d N’ =2 SYM

The topological sigma-model (6.130) for the Hyper-Ké&hler case, can also be obtained by
first topologically twisting the 5d A" = 2 SYM theory on an interval obtained in section 6.3,
with the twist described in section 6.5.1. The derivation is quite similar to the analysis
in section 6.4, and we summarise the salient points here. The details are provided for
the interested reader in appendix C.6. There, we also discuss the topological twist 1
in the context of the 5d A/ = 2 SYM theory. The action for the bosonic fields, and
some analysis of the boundary conditions in terms of Nahm data, has appeared in [244].
The supersymmetric version has appeared in [271], albeit without the supersymmetric

boundary conditions.

The topologically twisted 5d ' = 2 SYM theory can be written in terms of the fields B,
which is a self-dual two-form defined in (C.80), a complex scalar field ¢, the gauge field

A, and fermions, which in terms of the twisted fields have the following decomposition
1 ~ 2 -
A =1"00% A ="00%

1 ~ 1 ~ (6.140)
P = (n(” - 47“”Xf}3> & P = (n(” + ’VWXE?V)) &

4
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Nahm'’s equations in terms of the self-dual two-forms are
1
DGB,LW - i[B,upa Bup] =0. (6141)

The supersymmetric vacuum configurations which satisfy this, are again characterised in
terms of maps into the moduli space of solutions to the equations (6.141), which is the
k-centered monopole moduli space, when M, is Hyper-Kéhler. The 4d topological theory
is obtained by expanding the fields B,,,, Ag and the fermions in terms of coordinates on
the moduli space, much like in section 6.4, and the resulting 4d topological sigma-model

is precisely the one we obtained by twisting the flat space sigma-model in (6.130).

6.6 Sigma-models with Self-dual Two-forms

Having understood the Hyper-Kéahler My case, we can finally turn to the case of general
My. The reduction proceeds in the same way as for the Hyper-Kéhler case, but the
situation is somewhat complicated by the fact that part of the coordinates X! become
sections of QF (My), namely self-dual two-forms. We consider in detail the abelian case
with target space M; ~ R3? x S' and the first non-trivial case, corresponding to the
reduction of the 5d U(2) theory, with target space My ~ R3 x 51272/\/13, where MY is the
Atiyah-Hitchin manifold.

In the case of an arbitrary (oriented) four-manifold My, there is no Hyper-Kéahler structure,
only an almost quaternionic structure [272]. One could anticipate dimensionally reducing
the twisted 5d SYM theory, as discussed in section 6.5.3 and appendix C.6.1. However,

this requires that Nahm’s equations for the self-dual two-forms B,
1
DQB,uz/ - 5[B,upa lep] =0, (6142)

to be solved locally on patches in M, and the patching must be defined globally, according
to the transformation of B on overlaps. Generically this means that part of the mapping
coordinates X' will transform from one patch to the other and therefore belong to non-
trivial SU(2),; bundles over My. A similar situation appears in [266] appendix B, when
twisting the sigma-model into the Hitchin moduli space. To understand precisely, which
coordinates X! become sections of SU(2), bundles on My, we require a detailed under-
standing of the metric on My, and the action of the SU(2), isometries. In the following,

we will address this in the case of k£ = 1,2, where the metrics are known.

We provide here the analysis in the case of the reduction of the abelian theory, as a warm-

up, and then the reduction of the U(2) theory, which is the first non-trivial case. In these
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cases we find that the four-dimensional theory is a topological sigma-model with part of

the coordinates X' on the target space transforming as self-dual two-forms on M.

6.6.1 Abelian Theory

Recall that the dimensional reduction on S? of the untwisted single M5-brane theory gives
a free hyper-multiplet in R'3. We shall now discuss this in the context of the topologically
twisted theory on S? x My and determine the sigma-model into the one-monopole moduli
space Mj—1 = R3 x S!, with R3 the position of the center and S' parametrizing a phase
angle. As the metric is known, we can identity the coordinates parametrising the position
of the center as those which transform under the su(2)z and the twist gives a topological
model for general My. In fact, we find the abelian version of a model in [253] in the context
of 4d topological A-models. The 4d field content is the self-dual two-form B,,, the scalar

¢ and (twisted) for the fermions, a scalar 7, a vector 1, and a self-dual two-form x,,.

We begin by decomposing the target space index I — (a, ¢), with a = 1,2,3. Under this

decomposition the constraints on the spinors 5g M can be solved as
e =i(o")Ie?, (6.143)

leaving only fg )% as the unconstrained fermions in the theory. Under the twist the fields

become
Field g4d Otwist Twisted Field
X? | (1,1,1) | (1,1) ¢
X (3 1,1) (3,1) B, (6.144)
1221 1e3.1)|  nxw
ok <2 12)| (2,2) b

where the twisted fermions are obtained from the decompositions

. 1 _
&g =i <n + 40'“”x;w> %

1 -
51(72)¢> = —Z5H¢u€ﬁ'

(6.145)

The scalars X* are decomposed in terms of the self-dual two-form B,, by making use of
the invariant tensors j;,

By = —jo,X°. (6.146)

The action for the k = 1 topological sigma-model from flat space into the monopole moduli

space M is then

1 1
K, / d'2/194](0p 00" 6 + 70 Bps0" B — 200, + 20, 0,x*") . (6.147)
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and it is invariant the supersymmetry transformations

0 = un
0B, = uXuw
2 ! (6.148)
m=dx=0
0y = u(0up + 0" Byy) .
To show that this action is topological we introduce the auxiliary field
P,=0,0+0"B,,, (6.149)

so that 0P, = 0 and v, = uP,. The action can be written as the sum of a Q-exact term

and a topological term by noting that §, = u@Q

Spt = QV 4+ — / do ndB, (6.150)
27’6 My
where
1
v / d2/Tg1] (— Py + 201(9,6 + 8" Byy)) - (6.151)
47"[ M4

For M, without boundary, the second term in (6.150) vanishes upon integrating by parts.
This action can then be generalised to arbitrary M, by covariantising the derivatives, and
add curvature terms

RyuvpeB" B, RB,,B". (6.152)

The resulting theory is a (free) topological sigma-model based on the map ¢ : My — U(1),
together with a self-dual two-form B and fermionic fields and is given by

1
Spy = 7 | (kA9 Ad +*dB N dB + 20 A (xdn — d)) - (6.153)

The supersymmetric vacua, which are the saddle points of the action, satisfy
do¢ ++dB =0, (6.154)

which implies that ¢ and B are harmonic, and in particular then d¢ = 0 and dB = 0.

Thus, ¢ is a constant scalar, and B is a self-dual 2-form in a cohomology class of H?*(My).

Note, likewise one can obtain the same abelian theory starting with the 5d twisted theory
for curved My as discussed in section 6.5.3 and appendix C.6.1. The reduction can be done

2) and ¥, and taking the leading

straight forwardly, integrating out the fields ), x(
1/r terms in the action. The match to the action in (6.153) can be found by defining the

fields in the 4d reduction as

Ag=¢, n=nqY, ¢, =4i0? . xu=x. (6.155)



Chapter 6. M5-branes on S? x My 216

The scalar ¢ is actually defined in a gauge invariant way as ¢ = foﬁ dfAgy. Moreover it takes
values in iR/Z = U(1) ®, where the Z-quotient is due to the large gauge transformations
5([ Ag) =2min, n € Z°.

6.6.2 U(2) Theory and Atiyah-Hitchin Manifold

In this section we study the simplest non-abelian case, corresponding to two Mb-branes
wrapped on S?, or equivalently we study the reduction of the 5d U(2) theory to 4d on
an interval with Nahm pole boundary conditions. The flat 4d theory is given by a map
into the 2-monopole moduli space My, with the action given in (6.110). For the curved
space theory we find a description in terms of a sigma-model into S' x R>o supplemented
by self-dual two-forms obeying some constraints. We provide a detailed analysis of the
geometrical data entering the sigma-model and we give the bosonic part of the topological

sigma-model on an arbitrary four-manifold Mjy.

The 2-monopole moduli space has been studied extensively in the literature (see for in-
stance [247,273-276]), starting with the work of Atiyah and Hitchin [247]. It has the

product structure
St x Map
Zo ’

where R? parametrises the position of the center of mass of the 2-monopole system, and

My =R3 x (6.156)

Mg is the Atiyah-Hitchin manifold, which is a four-dimensional Hyper-Kéhler manifold.
The metric on R3 x S! is flat, it is associated to the abelian part of the theory U(1) C U(2).
The non-trivial geometry is carried by the Atiyah-Hitchin (AH) manifold [247], whose
Hyper-Kéhler metric (AH metric) is given by

dsiy = f(r)2dr® 4 a(r)?o? + b(r)%o2 + c(r)?03, (6.157)
where f,a,b, c are functions of r € R>g and o; are SO(3) left invariant one-forms
ol = —sintpdf + cos(1) sin(0)de
02 = coshdh + sin(vp) sin(0)do (6.158)
02 = cos(#)de + dip
with0 <0 <7, 0<¢ <2rand0 <1 < 2w, with ¢ ~ ¢+ 2x. In addition the coordinates

are subject to the following identifications [273],

8The factor i is due to our conventions in which Ay is purely imaginary.

9These transformations correspond to gauge group elements g = '*(?) with a(0) = 0 and «a(r) = 27n.
The quantisation of n is required for g to be trivial at the endpoints of the 6 interval.
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where the second identification accounts for the Zy quotient in (6.156), 5 € [0, 27| being

the angle coordinate on the S'. The one-forms obey
do' =% A o3, (6.160)

and cyclic permutations of 1,2, 3. The metric has an SO(3) = SO(3)an isometry (leaving

1,2,3

the one-form o invariant). The function f can be fixed to any desirable value by a

reparametrisation of r (usual choices are f = abc or f = —b/r). The functions a, b, c obey

the differential equation
da f

dr ~ 2be
and cyclic permutations of a,b,c. More details on the geometry of My, including the

(0* +c* —a® —2bc) | (6.161)

explicit Riemann tensor, can be found in [275].

The geometry is Hyper-Kéahler and therefore possesses three complex structures J¢, a =
1,2,3. These three complex structures transform as a triplet of the SO(3)an isometry.
They extend naturally to complex structures on the full My geometry and then transform
as a triplet of SO(3)r, =diag(SO(3)an X SO(3)abel), where SO(3)apel is the rotation
group of R3. In the untwisted sigma-model (6.110), this SO(3)r, isometry is identified
with the SO(3)r R-symmetry of the 4d theory,

Untwisted theory: SO(3)am, ~ SO3)R.- (6.162)

In the twisted sigma-model SO(3) r¢, gets identified with the SO(3), left Lorentz rotations

on the base manifold My,

Twisted theory: SO(3)a, ~ SO(3);. (6.163)

Because of this identification, some coordinates on My acquire SO(3), Lorentz indices
and become forms on M. To make the action of SO(3),; on the My coordinates explicit

and manageable, we need to choose appropriate coordinates.

The treatment of the R? x S coordinates is identical to the abelian case. We have
coordinates ¢, a = 1,2, 3, parametrizing R?, transforming as a triplet of SO(3) r4,, and 3
parametrizing S!, scalar under SO(3)r,. Here and in the rest of the section we identify

the indices @ and a, namely we implement the 4d twisting which identifies SO(3)r and
SO(3)y.

The treatment of the coordinates on M agy is more involved. Here we propose to introduce
the coordinates y*® = 3%, with a,i = 1,2, 3, forming an SO(3) matrix (y%) € SO(3)

—sinysin ¢ + cosfcospcosyy —cossing — cosfcos@siny  cos ¢sin b
(y*i) = | —sintcosd — cosfsingcost) — coscos+ coslsingsiny — sin¢psinb
cos P sin 6 —sin @ sin Y —cosf
(6.164)
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The SO(3) m, isometries act on the matrix (y%;) by left matrix multiplication, so that the

2.a
)

three vectors yb¢, y*¢ y3¢ transform as three triplets of SO(3)r,. The identifications

(6.159) become

(ﬁ? y17a7 Z/Q’Qa yg’a) ~ (57 yLav _y27a7 _y37a) ’ (ﬁa y17a7 y27a7 Z/g’a) ~ (/8+7T7 _yLav _y27a7 yg’a) .

(6.165)
We can express the AH metric in terms of the 3% coordinates by using the relations
1
(0_1)2 — 5(_dyl,adyl,a 4 dyQ,adyQ,a 4 dy3,ady3,a)
1 .
(0,2)2 — E(dyl,adyl,a o dyQ,adyQ,a + dy?),adyd,a) (6.166)

1
(0_3)2 — §(dy1,ady1,a + dyQ,adyQ,a o dy3,ady3,a) ,

where the index a is summed over. The AH metric (6.157) is then understood as the

pull-back of the metric

~9
dsay = F2dr? 4+ vidy™dy"® + vedy®*dy>® + vsdy>*dy>? (6.167)
where
1 1 1
v = 5(—&2 + 02+, vy = §(a2 0’ +P), vz = §(a2 +b2 - 2. (6.168)

As already mentioned the AH manifold May admits three complex structures J%, a =

1,2, 3, preserved by the above metric, and satisfying the quaternionic relations

(T (%) ¢ = =696k + ee(J) ¢, (6.169)
where the indices I,.J, K run over the four coordinates of the AH metric '°.
an index with the AH metric Gy (6.157), we define the three Kéhler forms (Q%);; =

Gri(J?)X ;. These forms can be nicely expressed as the pull-back of the forms Q% on the

Lowering

space parametrised by the 7, y»® coordinates:'!

~ 1
Q" = Ze%e|(~a+b+o) Fybldr A dy' + (a — b+ ) fy*Pdr A dy?>© + (a + b — ¢) fy®Pdr A dy*

— bedy™? A dyt© — acdy®® A dy*c — abdy®® A dy®c| .
(6.170)
These forms can be further simplified by using the functions wy, = be, we = ca, ws = ab,

which obey

dwl_ dw?_ dw3_
— = f(atbro), —==—fleta=b), —==—f(b—c+a). (6171

10This is a small abuse of notation compared to the convention of previous sections where I, J, K run
over all the coordinates on M.
"We found the expression of one complex structure in [274] in terms of the Euler angles 6, ¢, and

worked out the re-writing in terms of y*®. The other two complex structures were easily obtained by cyclic
permutation of the y** coordinates.
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We obtain the nice expression
Qo = —%eabc | Z d(wiyi’b) A dye. (6.172)
i=1,2,3
The pull-backs Q® are complex structures on Map, hence they obey dQ2* = (0. This
description of the complex structures is convenient, because it is much simpler than the
expression in terms of the Euler angles 6, ¢, 1, but more importantly because it makes
manifest the fact that the three Kéahler forms %, or the three complex structures J¢,

transform as a triplet under the SO(3) A, isometry.

After this preliminary work we can express the bosonic part of the flat space sigma-model
action (6.110) in terms of the new coordinates 3, $%, r, ¥, describing the maps My — M.

Fixing f(r) = 1 for simplicity, we obtain

3
1 , ,
Sitabos = 75 / d'z\/1g4] (8“5(%6 + 80" ¢ 09" + 01,1 + Zm(r)aabaﬂy%“émy“b)
i=1
(6.173)
where the sigma-model coordinates y*® are constrained to form an SO(3) matrix (6.164)

and to obey (6.165). These constraints can be stated explicitly
5abyi7ayj7b — 61] , Eabcyl,ay27by3,c — 1 . (6174)
The coordinate 7 is also constrained to be positive r» > 0.

Having described the (bosonic) action of the twisted theory on flat space we can easily
derive the (bosonic) action on an arbitrary My. The fields 3, r are scalars on My, so their
kinetic term is unchanged. The fields ¢%, y»® are triplets of SO(3),. They are mapped to

self-dual two-forms

bMV = _jZV¢a7 y:ﬂ/ = _jZVyi’a' (6175)
Their kinetic term gets covariantised by adding suitable curvature terms and we obtain
3
1 . .
S My bos = ~ 27 /dﬁ A *dB + db N\ xdb + dr A\ xdr + E vi(r)dy* N\ *dy" . (6.176)
r
i=1

The constraints (6.174) become ylzuyj“” = 469 and ylﬂ”yzl,py?’p“ = 4.

The fermionic part of the action Saq, ferm that is obtained from the untwisted action
(6.110), is somewhat more involved, due to the presence of the four-Fermi interaction
and the constraint (6.109) on the fields €?. From the abelian part of the U(2) theory
we obtain the fermionic field content of the abelian model (6.153). In the following we
describe only the fermions related to M 4. Explicitly we can define the push-forward of

the fermionic fields

gz1(\1)119 _ a[yfg((?l)[p7 552)}“15 _ 81y7§g)1p, (6.177)
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where the index I runs over r,(i,a). In the twisted theory we identify the su(2), and
su(2)r doublet indices ¢ and ¢ and the fermionic fields of the resulting sigma model are a

vector Ky, a scalar n and self-dual two-forms nhe ~ 77;,/ satisfying the constraints
5 byza Jb -5 byja 7,b Zyj,anj,b Zy]b ja (6178)

The other fields appearing after the twisting are expect to be expressed in terms the above
fields by solving the constraints (6.109). However the computation is rather involved and

we do not provide an explicit expression here.

The sigma-model we obtain seems to be different from the sigma-models studied in the
literature so far. It is a sigma-model with target S* x R>( with constrained self-dual two-
forms. To study this sigma-model, and in particular to show that it defines a topological
theory, one would need to work out the details of the fermionic part of the Lagrangian
and the action of the preserved supersymmetry (or BRST) transformation on the fields.

We leave this for future work.

To conclude we can see how the bosonic action (6.176) compares with the bosonic action
of the topological model that we obtained for Hyper-Kéhler My (6.130). More precisely
we would like to know how the action (6.176) decomposes into @Q-exact plus topological
terms as in (6.135). For this we simply evaluate Sp for the sigma-model into Ma, using
the explicit form of the Q% (6.172). The terms involving the fields ¢ and b vanish upon
integration by parts as in the abelian case, assuming M, has no boundary. When the

theory is defined on an generic four-manifold My, the remaining contribution is
1 1
St = ™ /ja AN XY = i /ja Adx? A de(Qa)]JDuXIDVXJ + curv., (6.179)
r r

where D,, is covariant with respect to the Christoffel connection and SU(2), Lorentz ro-
tations (in the tangent space), and “+curv.” denotes extra curvature terms, which appear
when we consider a general curved My and covariantise Sy. Replacing X! — r, " we

obtain
3
Sr=— Z

- _Z 1610 /d4$\[€uvw ] ) ( 'c)mDu(wiyb’i)Dyyc’i + curv.

1 4 ,
67 /daz“ Ada” A dxP A dz® e (5%) po Dy (wiy®') Dyy® + curv.

. o (6.180)
—_Zl6g/dxfe D(wyp )Dyyt, + curv.

4 uvpo
16r€/d x\/ge (wly ")Dy, D }ym+curv

[
C“M
. w
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From the third to the fourth line we have integrated by parts assuming M, has no bound-
ary. The result on the fourth line can be recognised as containing only curvature terms
(no derivatives on the fields r, yfw) which must cancel each-other. This is necessary for
supersymmetry to be preserved (since this term must be supersymmetric by itself). We
conclude that the sigma-model action (6.176) must be Q-exact, without an extra topolog-
ical term. Clearly, studying topological observables and further properties of this model

are interesting directions for future investigations.

6.7 Discussion and Outlook

In this chapter we determined the dimensional reduction of the 6d N' = (2,0) theory on
S?2, and found this to be a 4d sigma-model into the moduli space Mj, of k-centered SU(2)

monopoles. There are several exciting follow-up questions to consider:

1. 4d-2d Correspondence:
Let us comment now on the proposed correspondence between 2d N = (0, 2) theories
with a half-topological twist, and four-dimensional topological sigma-models into
M. The setup we considered, much like the AGT and 3d-3d correspondences,
implies a dependence of the 2d theory on the geometric properties of the four-
manifold. In [226] such a dictionary was setup in the context of the torus-reduction,
which leads to the Vafa-Witten topological field theory in 4d. It would be very
important to develop such a dictionary in the present case. From the point of view
of the 2d theory, the twist along M} is the same, and thus the dictionary developed
between the topological data of M, and matter content of the 2d theory will apply
here as well. The key difference is that we consider this theory on a two-sphere, and
the corresponding ‘dual’ is not the Vafa-Witten theory, but the topological sigma-

model into the Nahm moduli space.

2. Observables in 2d N = (0,2) theories:
Recently much progress has been made in 2d N' = (0, 2) theories, both in construct-
ing new classes of such theories [226,277,49,50] as well as studying anomalies [278]
and computing correlation functions using localisation [240]. In particular, the local-
isation results are based on deformations of N' = (2,2) theories and the associated
localisation computations in [279,280]. The theories obtained in this thesis from the
compactification of the M5-brane theory do not necessarily have such a (2,2) locus
and thus extending the results on localisation beyond the models studied in [240]

would be most interesting.
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3. Observables in the 4d topological sigma-model:
An equally pressing question is to develop the theory on My, determine the coho-
mology of the twisted supercharges, and compute topological observables. For the
case of Hyper-Kéahler My, with the target also given by My, some observables of the
topological sigma-model were discussed in [254]. However, we find ourselves in a
more general situation, where the target is a specific 4k-dimensional Hyper-Kéahler
manifold. For the general M, case we clearly get a new class of theories, which have
scalars and self-dual two-forms. The only place where a similar theory has thus far
appeared that we are aware of, is in [253] in the context of 4d topological A-models.
We have studied the topological sigma-models for k£ = 1,2, and the explicit topolog-
ical sigma-models for k > 3 remain unknown. It would certainly be one of the most

interesting directions to study these.

4. Generalisation to spheres with punctures:
The analysis in this thesis for the sphere reduction can be easily generalised to spheres
with two (general) punctures, i.e. with different boundary conditions for the scalars
in the 5d N' = 2 SYM theory. We expect the 4d theory to be again a topological
sigma-model, however, now into the moduli space of Nahm’s equations with modified
boundary conditions. Studying this case may provide further interesting examples
of 4d topological field theories, which seem to be an interesting class of models to

study in the future.

5. Reduction to three-dimensions and 3d duality:
The four-dimensional sigma-model that we found by compactification of the 6d N' =
(2,0) theory on a two-sphere, can be further reduced on a circle S' to give rise to a
three-dimensional sigma-model into the same M, target space. Similarly the twisted
sigma-model on a manifold S' x M3 reduces along S' to a twisted sigma-model on
Ms. On the other hand the compactification of the twisted 6d N' = (2,0) Ay theory
on S? x S! x Mz can be performed by reducing first on S*, obtaining 5d N' = 2 SYM
theory on S? x Mjz, and then reducing on S?. We expect this reduction to yield
a different three-dimensional theory, which would be dual to the 3d sigma model
into My, for Mz = R3, or twisted sigma model, for general Mz, that we studied
in this thesis. This new duality would be understood as an extension of 3d mirror
symmetry [281] to topological theories. To our knowledge the reduction of 5d N' = 2
SYM on the topologically twisted S? has not been studied '2. It would be very

interesting to study it and to further investigate these ideas in the future.

2Note that the reduction of 5d N' =2 SYM on a two-sphere, but in a different supersymmetric back-
ground, has been considered in [282,283], in relation with the 3d-3d correspondence [223,284], and leads
to an SL(k,C) Chern-Simons theory on M3 with a complex Chern-Simons coupling.



Chapter 7

Conclusion

In this thesis aspects of gauge theories derived from higher dimensional compactifications
were studied in the framework of M-theory and F-theory. Many key features of the lower
dimensional theory are encoded in intricate aspects of the compactification manifold, which
is one of the reasons why the study of this subject is so fascinating. We shall briefly review

the material presented in this thesis.

As a natural consequence of string theory living in dimensions greater than the four space-
time dimensions which we observe compactifications are central in the study of string
phenomenology. Requiring some supersymmetry to be preserved in the reduction requires
the compact dimensions to admit covariantly constant spinors. M-theory reductions to four
dimensions preserving N’ = 1 supersymmetry requires the compactification manifold to
have G holonomy!, which has recently received considerable attention. Four-dimensional
reductions of F-theory preserving minimal supersymmetry singles out elliptically fibered
Calabi—Yau four-folds, and part of this thesis has focussed on exploring one particular

aspect of these manifolds.

This thesis began with an exploration of additional U (1) symmetries in SU(5) GUT models
engineered in F-theory. In chapter 3 the possible U(1) charges for 5 and 10 representa-
tions of SU(5) were determined by studying elliptically fibered Calabi—Yau manifolds with
additional rational sections. One important ingredient in this analysis is the possible split-
tings of the fibral curves over codimension two loci over which matter is localised, which
was determined in [70]. Together with the geometric constraints on the rational sections
the possible intersections of the section with matter curves in the fiber were ascertained

and the realisable U(1) charges computed.

!The other known seven-dimensional manifold which can be considered is one with Calabi—Yau three-
fold boundary [14].
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In chapter 4 a phenomenological survey of the U(1) charges determined in chapter 3
was conducted with the objective of establishing whether these abelian gauge symmetries
would be effective at forbidding couplings which result in fast proton decay, common to
SU(5) GUT models. To engineer a matter spectrum consistent with the minimal super-
symmetric Standard Model one needs to incorporate fluxes. The fluxes are constrained by
requiring the absence of exotics and also by the cancellation of mixed anomalies between
the additional U(1) symmetries and the Standard Model gauge group. Despite the abun-
dance of constraining factors phenomenologically favourable models were discovered and
could be extended, in the case of two additional U(1) symmetries, to also generate known

Yukawa textures through the Froggatt—Nielsen mechanism.

In the context of gauge theories compactifications have a long history of yielding interest-
ing equations on lower dimensional spaces. One well-known example is the reduction of
the instanton equations, which arise as the minimal energy configurations in pure Yang—
Mills theory in four dimensions. The dimensional reduction of the self-dual Yang-Mills
equations yield the monopole equations in three dimensions and Hitchin’s equations in
two dimensions [285]. The study of Hitchin’s equations on Riemann surfaces, or flat holo-

morphic vector bundles, has remarkable connections to other areas of mathematics.

In the final chapter of this thesis the focal point changes to the 6d N' = (2,0) superconfor-
mal field theory describing the interacting theory of multiple M5-branes. The dimensional
reduction of the 6d theory on the two-sphere is carried out in chapter 6. The S? is ex-
pressed as a circle fibration over an interval and the reduction proceeds via 5d N’ = 2 SYM.
The reduction of the 5d theory on an interval with supersymmetric boundary conditions
require the fields to solve Nahm’s equations and the resulting 4d theory, after topological
twisting, is a topological sigma-model into the moduli space of Nahm’s equations. Su-
persymmetric observables in this theory should have a counterpart in the 2d A" = (0,2)
superconformal field theory which arises from the compactification of M5-branes on a gen-
eral four-manifold with the Vafa—Witten twist. It would be very interesting to explore

this further in the future.
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Appendices for Chapter 3

A.1 Details for Anti-Symmetric Matter

In this appendix the various details of the enhancements from I5 to I}, which gives rise
to matter in the 10 representation of SU(5), are collected. Tables A.1 and A.2 list the
sixteen different enhancements that can occur, as determined in [70], and represented by
the appropriate box graph. The possible U(1) charges listed in section 3.5 are determined
by studying each of these sixteen enhancements and asking in what ways fiber curves, or
collections of fiber curves, can be contained inside the section, whilst remaining consistent
with the intersection data in codimension one. There are eleven qualitatively different
“splitting types”, which were previously listed in section 3.5, and for each of these it is
determined what the possible configurations of curves in any rational section for that

particular splitting type are.

A.1.1 Codimension two I{ Fibers

For the purpose of this appendix a new notation will need to be introduced to concisely
summarise all of the different configurations as there are many configurations that realise
the same intersection numbers of the curves with the section. Each fiber will be displayed
as in figure A.la. As such there is an obvious choice of ordering C1,--- , Cg, where these
curves can be curves associated to either roots or weights. If a curve C; is contained
within the section it is such that deg(N¢,/,) < —1 by Theorems 3.3.5 and 3.3.8, and by
the analysis it is also known that this value always happens to be in the (negative) single

digits. The notation is then given by the string (ningongnsnsng) where the n; are
(i) If C; is contained inside the section then n; = —deg(N¢, /)

(ii) If C; is uncontained in the section and has an additional transverse intersection with
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G| 1G

Figure A.1: (i) is a schematic depiction of an I fiber and (ii) is this I fiber in the
configuration (1123-x). As usual if a component is colored red then it is contained inside
the section, and the red integer adjacent to the component is the degree of the normal
bundle to that component in the section. A red node indicates an additional transverse
intersection with the section.

the section then the n; is replaced by an “x”. Additional here means that there
is a transverse intersection that does not come from the intersection(s) of C; with

another curve C; which is contained inside the section.
(iii) If the curve C; is otherwise then the n; is replaced with an en-dash “-.

Such a string completely determines the configuration, for example consider the configu-
ration (1123-x) on the fiber presented in figure A.la. Such a configuration is represented

in figure A.1b. The string fixes that

e (1,0,C3,Cy C o with deg(N¢, /) = deg(Ney /o) = —1, deg(Ngy/e) = —2, and
deg(NC4/U) = 3.

e Cs ¢ o and ¢ -y Cs = 1 from the single intersection point between Cs and the

contained curve Cy.

e Cs ¢ 0 and o -y Cg = 2 with one contribution from the intersection point of Cg
and Cy, and an additional contribution from the extra transverse intersection of the

section with Cg.

A.1.2 Compilation of Codimension two Fibers

In this section the different sets of intersection numbers and the possible realisations as
configurations of the fiber curves contained within the section are enumerated for each
splitting type introduced in section 3.5.1. Figure A.2 demonstrates the ordering of the
fiber components for each of the three major types, and fixes the ordering of the notation

(n1---ng). All the configurations, determined by a similar procedure to that used in
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# | Box Graph Splitting Intersections Iéo‘l) Sy values [é0\|1) Sy values
1 Fo—)CI5+F2+F3+F0 Cas'[ | Sf‘YCZ5:+2 Sf'YCI5:+4
Fo _ 01—2 Fy, Ss -y C;2 =+3| Sy C;2 =46

F, F

i Cpy
2 F3—>C;5+C;5 Ca| B Sf-yC;SZ—i—Q Sf~y03+75:+4
Fo—Ci,+ R+ F Spy Cis=-2|8rv Cpy=—4
Fy=Cp 1S || Sy oy Cry =43 | Sp oy Oy = +6

T
3 Fy = Cy5 4+ Cis Gl [Fs Spy Ciy=+2 | Sp v Cify=-1
Fy— Cf,+C3, Casy SfyCyy=-2|8pvCs5=—4
F0—>C;5+Fo _C25+ Fill Sy ~yC;':4:+2 Sy ~yC;:4:+4
]3’0:Ci2 T, Sf-ny’2=+3 Sf'YCEQZ-FG
4 B = Cys+C5,+F | <" Spoy Cfs=+2 | Spy Ci5 = —1
Fy — Cys+ Fo Fiy Sgoy Ciy=—-2|8py Ciy=—4

Fo = Cﬁ _C25+ F

i Ciy
5 Fi— Cfy+Coy G| |Fs Spy Ciy==3|8;vCiy=-1
F4—>CS+’4—|—F2—|—C27Y5 Fz_ Sf~y0£5:—2 Sf~yC£5:+1
_CZS-Ft Sf'yc;4:+2 Sf'yc;4=+4

T as
6 F4~>C;4+F1+F2+Ci5 G| | Fs Sf'yc;4=+2 Sf'yc;4=+4
by Sf'~yC;5:+3 Sf'~yC;5:+1

Fi F,

B Cis
7 Fi — Cf 5+ Cy s Gl [ Spy Cfy=—3|Spvy Cfy=—1
F2—>C;4+C3i4 Cou') Sf-y0£5=—2 Sf~y0£5=+1
Fy— Cf, 4+ Cyy 1S Bl Spy CFy=+42| Sy Cfy=—1
T || Sy Cou=—2| Spy Cyy=—4
8 Fy, — Cf, 4+ Ci G| | Fo Sy Ciy=+2|SpvCf,=-1
F4~>02+’4+F1+C;5 B Sf~yc3i4:*2 Sf-y03f4:74
_C24+F3 SpyCrs=+43 |85 vCis=+1

B Cay

Table A.1: Splitting rules for SU(5) x U(1) with 10 and Shioda map details Sy for Iéoll)

and IE()OHU for phases 1 — 8.
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# | Box Graph Splitting Intersections Iéoll) Sy values IE()OHI) Sy values
9 F1—>Ci5+F4+CQ_74 Gis'| | Fo Sf-nyf5:—3 Sf~y0ff5:—1
F3—>C;3+C£4 F4_ Sf'Yc£4=—2 Sf-yCQ_A:—‘rl
H _Cz4' E NSy 0;3:4_2 Sty 0;3:_1

i Gy’
10 Fi— Cf, +Cyy G’ |2 SivCiy=-3|8rvCfy=-1
F3—>CZ3+C£4 C24_ Sf~yC£4:—2 Sf~yC£4:+1
] F4%Cft4+cli5 |G R Sf'YC;:3:+2 Sf-ycgtszfl
T C Sf'yc;5:+3 Sf~y01_,5:+1
11 Fi = Cis+ Fa+ F3 4+ Cqy | <™ Spy Cfs=-3|S;vCfy=-1
F3_ Sf'yc2_73:*2 Sf‘YCQ_’3:+1

F, F

T
12 F1—>Cit4+F3+CQ_73 G| | Fa Sf'YC:4:_3 Sf‘YOI4:_1
F4—>Ci4+C;5 FS_ Sf~yC£3=—2 Sf~yC£3=+1
] 1 Cu' Fo || Sp -y Cis=+3|S8fv Cis=+1

i Cis
13 F3—>02+’3+F1—|—C£4 x| | B Sf~yC;f3:+2 Sf-yC;3:—1
Fo—Ci,+Fp F Sfy Cry=+43| Sy Cry=+1
Fo:Cjﬁ _C14r F, Sf 'yCI5=+2 Sf Yy 015:*4

T
14 ] F1~>Cl+,3+027’3 Cis™| | Fs Sf'nyr’3=*3 Sf~nyL’3=*1
F3—>Cf:3+cl_’4 Gy Sf"YC£3:—2 Sf‘YCQ_,3:+1
F0—>C£4+FO _ClS- F, Sf-yC;4=+3 Sf-yCI_AI—‘rl
By =Cj, T | Srv Gl =42 S v G =44
15 Fy = Cf, + O, Cs'[ | F Spvy Ciy=-3|8;vCiy=-6
Fo— Fo+ F3 4+ Cp, By SpyCrg=+43| 8 vCizg=+1

FO:CI5 _C137 F

T
16 Fo— Ciy+ P+ Fs+Ey | Cs || Sty Cfs =42 | Sp-v Cfy =+4
FOZCZE, B Sy Ciy=+43| Sy Ciy=+6

F, F

T

Table A.2: Splitting rules for SU(5) x U(1) with 10 and Shioda map details Sy for Ié

and IE()OHU for phases 9 — 16.

0[1)
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C*| | F., C*| | F., C*| | F.,

~

C+ Fl 61 FI Fk Fl

C C* C
Figure A.2: The structure and ordering of the Iy fibers of A-type, B-type, and C-type,
respectively.

section 3.5 for the A.2 splitting types, are listed in table A.3.

For each splitting type there are many more configurations than there are possible sets of
intersections numbers between the split curves and the section. Multiple configurations
correspond to the same intersection numbers, the same U(1) charges. In table A.3 the
intersection numbers are listed for each set of configurations with common intersection
numbers. The intersection numbers o -y C' are given as a tuple of integers in the same
ordering as the strings describing the configurations. The intersections of the section with
curves that do not split are not included in such a listing as they are always determined by
codimension one: they are either zero or one depending on whether the section intersects

that component in codimension one.

Each of the concrete enhancements from the I5 fiber into an I fiber, listed in tables
A.1 and A.2, are realisations of one of the splitting types just analysed. Determining
the splitting type depends on the phase (which fixes whether it is of type A, B, or C),
and the codimension one configuration, which determines the subcase. The configurations
of I curves in the section can then be determined for each phase and codimension one
configuration of the section. All of the configurations for each of the sixteen phases are
listed in tables A.4 and A.5.

A.2 Charge Comparison to Singlet-Extended FEjy

In [105] U(1) charges for SU(5) models that come from a Higgsing of Eg, extended by
non-Fyg singlets, are determined. What is considered is the decomposition of the adjoint
of Eg — SU(5) x U(1)*, which is then augmented by additional singlets carrying different
charge under the abelian U(1)% such that for every pair of 5 and 5 representations of SU(5)
coming from the decomposition of Eg there exists a singlet such that the coupling 155 is

uncharged under the U(1)*. Various singlets can be Higgsed to produce models with fewer
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Splitting type | Intersection numbers Configurations
(-1,1,-1,1) (1231- -), (1231-3), (12313-), (123133)
Al (0,0,0,0) (- - ——x), (2222-2), (222232)
(1,-1,1,-1) (-213-1), (3213-1), (-21331), (321331)
(-1,1-1,2) (12312x), (123124)
A2 (0,0,0,1) (-~ x), (22222-), (222223)
(1,-1,1,0) (-21- — ), (321 — ), (-21322), (321322)
A3 (-1,1,0,0) (1-———— ), (123222)
' (0,0,1,-1) (----- 1), (222321)
(-1,1,-1) (1223-1), (122331)
1 (0,0,0) (- - ——x), (2222-2), (222232)
‘ A1) (-221- ), (3221 -), (-2213-), (-221-3),
o (32213-), (3221-3), (-22133), (322133)
(-1,1,0) (122- - ), (122322)
B.2 (0,0,1) (————— x), (22222-), (222223)
(1,-1,2) (—2212x), (32212x), (—22124), (322124)
B3 (-1,0,0) (1-—— - ), (123222)
‘ (0,-1,1) (——-12-), (22312-), (— — —123), (223123)
(-1,1,-1) (1-2321), (132321)
B4 (0,0,0) (—x——— ), (2-2222), (232222)
‘ (1-1,1) (——212-), (3—212-), (-3212-), (— —2123)
T (33212-), (3-2123), (-32123), (332123)
(0,1,-1) (-——-- 1), (222321)
B.5 (1,0,0) (x————— ), (—22222), (322222)
(2,-1,1) (x2212-), (x22123), (42212-), (422123)
(1,-1) (—222-1), (3222-1), (—22231), (322231)
C.1 (0,0) (————=x), (2222-2), (222232)
(-1,1) (1222 ), (12223-), (1222-3), (122233)
09 (-1,0) (122— — ), (122322)
' (0,-1) (-——-- 1), (222321)
(2,-1) (x22221), (422221)
O3 (1,0) (x————— ), (—22222), (322222)
' (0,1) (-~ x), (22222-), (222223)
(-1,2) (12222x), (122224)

Table A.3: For each of the different splitting types, listed in section 3.5.1, for the enhance-
ments from an I5 fiber to an I}, including the information of which fiber component the
section intersects in codimension one, all the possible consistent configurations of the I
fiber components with the section are listed in the third column, using the notation de-
scribed in section A.1.1. There are multiple configurations of the curves inside the section
where all of the fiber curves have the same intersection numbers with the section, these are
collected and the intersection numbers particular to those configurations are listed in the
second column. These intersection numbers are the relevant datum for the computation
of the U(1) charges. The tuples of intersection numbers do not include the curves which
do not split as their intersection numbers are always uniquely fixed by codimension one.
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abelian symmetries, and determine the tree of possible theories arising from this singlet-
extension of Fg. In this appendix the charges found from this analysis, listed in tables 2.1
and 2.2 of [105], are compared to the possible U(1) charges determined in the main body
of this thesis. In summary, it is found that the charges appearing in descendants of the

singlet-extended Eg form a strict subset of the charges found herein.

Consider first the single U(1) models from the singlet-extended Eg. There are eleven such
models listed in [105], which all have U(1) charges' that are subsets of one of the following

three classes of charges

10 5
(1):  {-2,-1,0,1,2}  {-3,-2,-1,0,1,2,3}
2):  {-8,-3,2,7} {-11,-6,-1,4,9}
3): {-4,1,6} {-8,-3,2,7}.

(A1)

For each of the three classes there is at least one model which realises matter represen-
tations with all of the charges in that class. These three classes have charges which are
subsets of the charges® from the three codimension one fiber types, I é(n)? 1 é0|1)’ and 1, é0||1)
respectively, as determined in sections 3.4 and 3.5 for the 5 and 10 matter. There are some
U(1) charges which come from the analysis of configurations of the fiber curves with the
section which do not appear to arise from the singlet-extended Eg. The missing charges

are
e In class (1) the charges +3 for the 10 representation.

e In class (2) the charges —13 and +12 for the 10 and 14 for the 5.

e In class (3) the charges —9 and +11 for the 10 and —13 and +12 for the 5.

The significance of Eg is not entirely clear so that this mismatch in the charges of the
10 and 5 matter is perhaps not too surprising. However all the single U(1) models from
the singlet-extended Eg have charges which come from the analysis of the possible con-
figurations of the section in the present thesis, as expected. This includes also the singlet
charges which appear in [105] as, from the analysis in section 3.7, the range of singlet
charges depends on an integer p, which specifies the normal bundle of one of the curves in
the I fiber. As we do not know of any constraint on the possible values of p it is possible

to tune p such that one realises the charges in the singlet-extended Fs analysis.

Moving on to the models with two or more remaining U (1) symmetries after the further

!Some models have an additional discrete symmetry from the Higgsing of the U(1). This is not relevant
for this comparison and will be ignored at this point.

2There is an overall sign between the charges of class (2) and the T, éo\l) codimension one configurations
which were listed in figure 3.8.
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Higgsing of the U(1)* it appears that there are models which have charges that are not
neatly pairs of charges that would be possible for single U(1)s. As discussed in section
3.9, when there are multiple U(1)s one can consider any linear combination of the U(1)
generators and thus produce another U(1) generator, under which the matter will have
different charges. To be concrete, consider the model labelled {4,6,8} from table 2.1
of [105]. This model has 5 matter with U(1) charges (—4, —4) and (—2, —1), among other
5 matter. Recall that for a single U(1) it was only possible to realise a 5 matter curve

é0|1) model, and thus all the 5 matter should have charge, under

with charge —4 in an [
that U(1), which take values in —14, —9, —4, 1, 6, and 11. The model in question also
has 5 matter with charge —2 (or —1 if one studies the second U(1)) which is not one of
the possible charges. However, if one designates the two U(1) generators as U; and Us

respectively then one can define two new U(1)s by linear combinations of these, as
Uy =U; — U,

(A.2)
U} = 2U, — 30U, .

Under this new pair of U(1) generators the charges of the 10 and 5 curves in the model
{4,6, 8} transform as

10 5 10 5
(—=2,-2) | (—4,-4) (2,0) (4,0)
(0,1) | (—2,-1) (=3,-1) | (—-1,-1)
(1,o) |(-1,-2) < (2,1) (4,1) (A.3)
(3,3) (1,1) (=3,0) | (—1,0)
(3,4) (—6,-1)
(4,3) (—1,1).

Now it can be seen that the sets of charges are consistent with the charges listed in the
main text for each additional U(1). Indeed with respect to the first new generator U] the

. S . 0|2 . . .
section o9 to which it is associated seems to be an [, é 12 fiber in codimension one, and the

. . . . 01
section of the second generator, o1, seems to intersect the codimension one fiber as I, é ),

1§01'2>

The {4, 6,8} model can be seen to come from an enhancement of an model.

The remaining multiple U(1) models in table 2.1 of [105] which have charges that do not
immediately match the charges found in the main body of this thesis can all be brought into
the form listed here by taking the appropriate linear combination of the U(1) generators,
and thus all the U(1) charges found therein can be seen to be U(1) charges that also come
from the analysis of how the section can contain curves in the codimension two fiber that

has been the focus of this thesis.
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Appendices for Chapter 4

B.1 Multiple 10 curves for single U(1) Models

In this appendix we provide details on multiple 10 representations for single U(1) mod-
els, completing the analysis in section 4.3. We find only models with Njg = 2 and
N& = 4 solve the anomaly cancellation conditions and forbid the unwanted operators at
leading order. These models regenerate dimension five proton decay operators with the
remaining charged Yukawas, which if sufficiently suppressed, could still leave these models
phenomenologically viable. However their flavour physics is highly constrained and does

not yield phenomenologically interesting textures.

B.1.1 MNjp=2
For the case of multiple 10 representations with one U (1) symmetries it is possible to have
top Yukawa couplings of the form,

104,104,5 ¢, -5 » (B.1)

where the two 10 representations do not have the same charge under the U(1). This means
we can make use of the full set of charges in (4.34) and, in particular, we do not require

one of the 10 representations to have a U(1) charge within the set given in (4.38).

In this case the general parametrisation will be of the form,

R | q(R) M N
5w, | —qH. 0 -1
ng qm, 0 1

(B.2)
5 | gs, M; N;

101 | qi0, Mg Nio
102 | quo, |3 — Mo | —Nio
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where i = 1,..., N5, the latter being the number of 5 representations.
Nz =3

Here the anomaly cancellation conditions can be solved for general charges. There are two

possible parametrisations, which differ in the structure of the top Yukawa coupling.

R a(R) M N R 4(R) M N
SHu —qm, 0 -1 t_')Hu —qH, 0 —1
5, | —qm, + Swm, 0 1 5u, | —qm, + 5w, 0 1

5 —qm, + dws, 3 0 5; —qu, + dws, 3 0

10, —34m, Mo Nig 10, q10 Mo Nig
10y | —3qm, + 5wig | 3 — Mig | —Nig 102 | —qio —gqH, |3— Mo | —Nio

(a) (b)
(B.3)

In the above parametrisation, N1y = 0, +1, this is to ensure the absence of exotics. How-
ever setting N1p = 0 only gives solutions where the u-term is allowed at leading order,
therefore we neglect this case and focus on Njp = +1. For parametrisation (a) the top

Yukawa coupling is of the standard form,

10,10, H, (B.4)

where the two 10s have the same charge under the U(1). In (b) the top Yukawa coupling

is of the form given in (B.1). Below we outline the solution for (a) but a very similar

analysis can be done for (b).

The anomaly condition (A2.) imposes wg, = wi1pN19, which upon imposing (A3.) yields
wlONl[)(QHu + 5w10(N10 — 3)) =0. (B5)

As we require the two 10s to be different charged and wp, # 0 to avoid the p-term thus
wig, N1g # 0, the only allowed solution to (B.5) is given by qg, = —bwio(N1p — 3). The

charges, which satisfy the anomaly conditions are

R q(R) M N
SHu 5w10(N10 — 3) 0 -1

5 5 2N19—3 0 1

Ha wio(2N1o = 3) (B.6)
5 5(w51 + ’U)l()(Nlo — 3)) 3 0

10, 2wio(N1g — 3) Mo Nig

10 Swio(N1g — 1) 3 — Mo | —Nio

Imposing a bottom Yukawa coupling with 10; gives the additional constraint,
ws, = 2015 — 7Nyg). (B.7)

! 2
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There are solutions to the above set of charges, which satisfy the F-theory charge pattern,
which we summarise in table B.1. Here we have not imposed the presence of the bottom
Yukawa coupling explicitly as these solutions correspond to one particular choice for ws, .
Restricting to the F-theory charge range, (4.38) and (4.34), we are constrained to take
w1 £ 1, and, without loss of generality, we take wip = 1 as the two choices differ by an
overall factor of —1 in normalisation of the U(1) charges. Likewise we have taken qg, = 5
in case (b). All the possible choices for wg,, which are within the F-theory charge range,

are given by,

123a€ {-1,2,3,4,5}
ws, for (B.8)

1.2.3be {-2,1,2,3,4} .
As one can see from the general solutions, all but one of these allow either the dimension
five proton decay operators (C2.) or (C6.) and are therefore excluded. The case which
forbids the unwanted operators at leading order is given by ws, = —2 in 1.2.3.b however
in this model dimension four proton decay operators are regenerated with bottom Yukawa

couplings and therefore is also not a viable model.

For Nz > 4, the strategy for finding solutions to the anomaly conditions is to take all
possible sets of 10 and 5 charges, selected from (4.34) and find those, which can solve
(A1l.)—(Ab5.) for allowed M, Ns. The two solutions shown in table B.1 solve the anomaly
cancellation conditions, forbid operators (C1.)—(C7.) and do not regenerate dimension
four proton decay operators with the charged Yukawas. They do, however, regenerate
dimension five proton decay operators, which, if sufficiently suppressed, could still give

viable models.

The matter in the MSSM can be allocated to the U(1) charged 10 and 5 representations

in model 1.2.4.a as follows:

Representation || Charge | M N Matter
10 -3 1 -1 Q1, U, us,
10, -1 2 1 | Q2,Q3,u3,€4,A=1,2,3
5H, -2 0 -1 H, (B.9)
SHD; 2 0 Hy
51 -3 0 Ly, 1=1,2,3
59 -1 |3 =3 dr, 1 =1,2,3

In this spectrum the following couplings are allowed by the additional U(1) symmetry
Y4,10210555, D QztusH,

b _ _ _ (B.10)
Y5410255,52 D Q3dsHg + QadaHy .
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In order to regenerate the remaining Yukawa couplings one needs the singlet of charge 2
to acquire a vev, which however, also regenerates all dimension five operator, with various
suppressions. This model may still be viable from the point of view of proton decay, with
sufficient suppression, however, the flavour physics based on an FN-type model is not very

realistic, and we therefore discard these solutions.

For model 1.2.4.b the spectrum is given by

Representation | Charge | M N Matter
10 -3 2 0 | Q1,Q2,1u1,u2,€1,E2
10, -1 1 0 Qs3, U3, €3
5m, -2 0 -1 H, (B.11)
5u, 2 0 1 Hy
51 -1 1 2| d3,L;,1=1,2,3
59 1 2 -2 di,ds

For this model there were two sets of M, Ns which solved the anomaly cancellation condi-
tions, the values displayed in (B.11) are the ones compatible with having rank one top and
bottom Yukawa matrices at tree level. In order to regenerate the top Yukawa coupling
involving the two differently charged 10s a singlet of charge 2 is required, and the same

remarks as for 1.2.4.a apply.

N >5

All but one of the models, for Ny = 5,regenerate the dimension four operator (C4.) with
the missing Yukawa couplings. The remaining model however is inconsistent with the
hierarchy of Yukawa couplings. For the cases of six and seven 5 representations there
are no solutions, which both solve the anomaly cancellation conditions and forbid the

unwanted operators, in agreement with what was found for a single 10 representation.

B.1.2 MNyp=3

This case is maximal for the number of 10 representations and has the greatest potential
for generating a Yukawa texture with good quark mass ratios. However, by increasing the
number of 10s one increases the chance of generating forbidden couplings, in particular
the operator (C5.) becomes unavoidable in most models. There is only one solution to the

anomaly cancellation conditions which forbids the unwanted couplings at leading order.
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This solution, 1.3.4.a

Representation || Charge | M N
10, -3 10
10, -2 1 0
105 e (B.12)
5, -2 0 -1
5, 1 0 1
51 -1 0 3
59 0 3 -3

A full rank Yukawa matrix can be generated by giving a vev to the singlet of charge 1.
This model interestingly generates the Haba textures (4.31), however one also regenerates
dimension four proton decay operators with a singlet insertion of the singlet, which is

phenomenologically unacceptable.

In conclusion we see that for a single U(1) the solution space is very limited — even
disregarding flavour problems — and for solutions to the anomalies and constraints on

couplings, generically the Yukawas bring back the unwanted couplings at subleading order.

B.2 General Solution for Mg = 1 and Nz = 4 with multiple
U(1)s

B.2.1 Two U(1l)s

In this appendix the general solution for the case of one 10 and four 5s is derived for two
U(1)s. This class of solutions, which give rise to good phenomenological models, is given
in table B.2. The extension of the solutions for the case of two U(1)s to multiple U(1)s is

also discussed. Consider a model with two abelian factors, parametrised as

R q(R)“ M N
5m, —q7, 0 -1
SHd —qj‘;u + 5wj‘§d 0 1

! (B.13)
51 | —qf, + 5w§“1 M N
59 —qgy, + 5wg2 3—M|—-N

10 | qro = — 345, 3 0

where ¢ denotes the charges under U(1),, o = 1,2. Without loss of generality, we take
N > 0. The linear anomaly (A2.) for each abelian factor is of the form

wiy, + N(wg, —wg,) =0, (B.14)
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which can be solved for wi . Inserting this equation into the quadratic set of anomalies
(A3.), we have,

N(ws, — w,)(wg, +ws, + (w3, —ws,)N) =0
N(wi —wi))(wi +wi, + (wi —wi)N)=0 (B.15)
N(w} w2 —wi wi + (wi —wi ) (wf —wi)N)=0

Setting N = 0 solves all the anomaly conditions simultaneously but from (B.14) we see
that this results in the presence of the u-term at tree-level, which is unfavourable. We
therefore neglect this class of solutions. The first two quadratic anomalies can be solved

in three distinct ways:

a) wi =wk w? =w

— w2
51 597 7Hy 59

b) wl — (N=1) 1 2 _ (N=1) 2

51 7 N+1 w52’w51 - N+1 w?)g

1 1 .2 _ (N=1) 2
C) ws _wgg’w_ - N+1 w52

The sets of charges from these three possibilities are given below.

: : 1 o 1 2 2
a) Upon the insertion of wy = Wy, w5 = W

(B.15) the mixed quadratic anomaly is automatically solved. The U(1) charges in

into the third anomaly condition in

this case are

| 10 [54[50 | 8 | 3
¢'(R) | =54y, | ahr, | —h, | =i, + 5wk | —qiy, + 5w}, (B.16)
CR) | —54k, | ah, | —an, | —an, + 503, | —ah, + 503,

This pair of U(1)s always gives rise to the u-term at leading order and therefore does

not give phenomenologically favourable models.

b) Here the solutions for w%l and w%l have the same form as in the single U(1) case.

The mixed anomaly in (B.15) is automatically solved and the charges for each U(1)

are
| 10 |5, 54, | 5, | 5
1 11 1 1 10N , 1 1 5(N=1) 1 1 1
¢ (R) || —34m, | 9u, | —98, T 1TNs, | ~9m, T N —qp, T Sws,
2 1.2 2 2 10N , .2 2 5(N—-1) 2 2 2
¢ (R) || =2dm, | O, |~ + 178 W5, | ~G, T TiEw Ws, |, O,

(B.17)
¢) The mixed anomaly in (B.15) is not automatically solved, but instead it reduces to

L‘%JU%ZN 0 B.18
1+N (B.18)

The charges for the two different solutions to (B.18) are:
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| [ I1.1.4.a I1.1.4.b |
M 0/1 0/1
N 2 2
10, (=344, —34%,) (=348, —39%,)
qm, (Q}{uv qHu) (q}{u, at,)
4H, (— qH -7 w527_qH + 20“’52)2) (— QHu _QHu+ 20w52)2)
a5, (—qiy, + Swi,, qH + juws,) (—qi1,, 43, + 3w3,)
as, (=g, + 5w})2, —qH + 5wi,) (—q}{u, —q, +5w3)
v | (“qah, + %w@’—*q}q + 35w§2) (=3, =347, + Fv3,)
Table B.2: Solution for N =4, N9 = 1 for two U(1)s.
i) w%Q =0
| 10 |54, 54, | 5, | 5,
¢'(R) || =395, | 9m, —qi, —qi, —qi,
5(N—1
¢*R) | —34% a, | —am, + 113]1\\[/ 52>2 —aj, + (1+N)w§ af, + 5w§2
(B.19)
ii) w§2 =0
| 10 |54,| 54, | 5 5
¢'(R) _%qHu Q}{u —Q}{u _qllﬁlu + 5w%2 —q}{u + Hwk (B.20)
¢R) || —3dh, |, | —am, | i, —ai,

This set of charges also does not forbid the u-term at leading order and therefore

is disfavoured.

Excluding the cases where the tree-level u-term is not forbidden by the additional U(1)
symmetries we are left with only case b) and ci). In both cases setting N = 1 results in
the separation between the charges of 51 and 55, becoming zero, this produces a leading
order coupling of the form (C5.)

10:10:51, (B.21)

which is forbidden. Similarly, N = 3 can be excluded as these cases always regenerate
dimension four proton decay operators with the remaining charged Yukawa couplings.

This can be seen from the charge relation

dm, + a5, =2q5,, a=1,2, (B.22)

which is true only when N = 3. This relation implies that the charge of the dimension four
proton operator coupling 10; and 55 will be the same as the bottom Yukawa couplings
for 5y.
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The charges for case (b) and (ci) for N = 2 are given in table B.2. If the charges are to
remain within the F-theory charge set then wg, = £3, a = 1,2 and the charges of H, are
restricted to,
e {-2,+2}
qj’_‘lu for IE()OH) € {-14,+6} (B.23)
1o e (=8, +12} .
Each distinct pair of charges (q}{u, q%{u) gives a phenomenologically viable model, which

forbids the unwanted operators at leading order.

Imposing the presence of a bottom Yukawa coupling further constrains the sets of possible
U(1) charges. For II.1.4.a the requirement of a bottom Yukawa coupling with either 5,
or 59 gives solutions where all matter is charged the same under both U(1)s. In model
I1.1.4.b requiring a bottom Yukawa coupling forces all matter to be completely uncharged
under one of the two U(1)s. Thus in both cases, the solutions reduce to the single U(1)
models I.1.4.a and 1.1.4.c given in table 4.1. Extending to two additional U (1) symmetries

results in no new models, if one requires the presence of a bottom Yukawa coupling.

B.2.2 Extension to Multiple U(1)s

The pairs of matter charges for two U(1)s, determined above, can be combined to give
models charged under multiple U(1)s. Every pair of U(1)s must solve the anomaly can-
cellation conditions in one of the cases a), b), ci) or cii). From examining the charges in
each case one can rule out certain combinations of the four different pairs of U(1) charges.

One obtains four types of models with multiple U(1)s:
Type A: Charges from case a) and case cii) are combined in one model
Type B: Charges from case a) are combined in one model
Type C: Charges from case b) and case ci) are combined in one model
Type D: Charges from case b) are combined in one model

Models of type A and B are phenomenologically disfavoured as the u-term is always
present at leading order. This can be seen from the charges in (B.16) and (B.20). All
models of type C and D can be obtained by combining the charges which arise in 111.4.a
and II.1.4.b in table B.2, however none of these allow for a leading order bottom Yukawa
coupling. This implies that all multiple U(1) models in this case, with F-theory charges
and a bottom Yukawa coupling at leading order, are trivial extensions of the single U(1)

solutions I.1.4.a and 1.1.4.c in table 4.1.
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B.3 General solutions to Anomaly Equations

Solving the anomaly constraints in generality for multiple matter curves can be quite
difficult. Here we provide some systematic approach how to do so. The quadratic anomaly
(A3.) is a diophantine equation in terms of the U(1) charges and integer multiplicities
M and N, and we will use some methods from Mordell’s work in [72] to find general
solutions. Note that for the case of the restricted F-theory charge range (as we can simply
scan through all the possibilities), these methods are not necessary, however it provides

an elegant approach to finding closed forms of the solutions.

We would like to stress that this approach can be used to classify all possible solutions
allowed after imposing the constraints (Al.)-(A5.) and (C1.)-(C7.). This approach allows
to classify all phenomenologically allowed solutions and can be used to survey all field-
theoretically allowed FN models. It is similar to the approach taken in [74,286] where

anomaly free, flavour universal gauge symmetry extensions to the MSSM were classified.

B.3.1 Mordell’s solution for Diophantine equations

Consider one U(1) with N9 =1 and Nz = n. We will now solve the system of anomaly
constraints using a method of Mordell. First let us set up the equations: the matter

spectrum in this case takes the following form, where the top Yukawa coupling is already

imposed
R q(R) M N
5m, —qH, 0 -1
5, 1H. 0 ! (B.24)
Sitn i M; N;
5, an 3— i Mi | - N
10 | qi0 = —1qm, 3 0

The constraints on the integers M; and IV; is

n—1
0<M; <3, O0<M+N<3, Y M<3,  (N,...,N)) #(0,...,0).
i=1

(B.25)

Imposing the anomaly constraint
n—1
(A2) = qm, = —qu, + ) Nilg — @) (B.26)
i=1

This automatically implies that the charge of the u-term is

n—1
G = qu, +qu, = Y Niltn — @) - (B.27)
=1
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Next, impose the bottom Yukawa coupling, without loss of generality, for 54

9 n—1
(Y2): aitam+qo=0 = qu, =3 <Q1 + ) Ni(gn — q¢)>
=1

n—1
1
qH, =3 <—QQ1 + E Ni(gn — Qi)) :
i—1

Finally, we impose the anomaly (A3.), which results for a single U(1) in a quadratic

(B.28)

constraint
n—1

Gu(qm, — qm,) + Y Nilg? —q7) =0, (B.29)
=1

which after inserting the solution of the charges for the Higgs doublets takes the form of
a Diophantine equation X

ne

Z a;ijqiq; =0, (B.30)

ij=1
where the integers a;; depend on the multiplicities NNV;. From the form (B.29) it is clear
that each term in the anomaly is proportional to the difference of two charges, so that one
initial seed solution is

¢%i=¢q i=1,...,n. (B.31)

Starting from this solution, we can generate all solutions to this with the method from
Mordell [72].

The theorem in Mordell [72] states, that if a non-zero integer solution to

aqi + bg3 + g3 + 2fq2q3 + 2991q3 + 2hgigz = 0 (B.32)
exists, then the general solution with all ¢; coprime, i.e. (q1,¢2,93) = 1, is given by
expressions

¢ = aip® +bipg+ g, (p,9)=1, pq€Z, (B.33)

with a;, b;,¢; € Z constants. In fact a constructive method is given: consider an initial

seed solution (¢Y, 43, ¢3). Then let
= 0 + = Y + = 9 B.34
q1 rqy D, q2 rqs q, q3 rqs - ( . )

Inserting this back into (B.32) results in a linear equation for r, which can be solved and

thus one determines the expressions for ¢; from (B.34).
This method can be applied more generally for n > 2. The ansétze are
qi:q,?r—i—pi, fori=1,...,n—1

. (B.35)
Qn = an N
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Again, the resulting equation (B.30) becomes lines in 7, and can be solved in each case to
yield the charges g; for all i. In general this leaves n — 1 charges unfixed by the constraints
imposed thus far. For each case we will now consider in the following the charges of the
unwanted couplings (C1.)—(C7.), in order to determine the phenomenological soundness

of the models.

B.3.2 General Solutions for Nz =5

To exemplify the method in the last section, consider the case of three matter 5 represen-

tations, in addition to the two Higgs ones, which will be parametrised as

R 4(R) M N

5m, —qH, 0 -1

51, qm, 0 1

5 Q1 My Ny (B.36)
59 q2 Mo Ny

53 q3 3— My — My | —N1 — No

10 | q10 = —3qm, 3 0

Note that for fewer, the equations always factor and can be solved easily. The first non-

trivial case is n = 5. The constraints on the integers M; and N; is
0< M, <3, 0< M;+ N; <3, My + My <3, (Nl,NQ)?é(0,0). (B.37)

There are 90 solutions, however only 40 will be eventually of interest and distinct from

earlier cases with fewer, distinctly charged matter.

Again, we first solve the anomaly constraint (A2.) which yields
(A2.) = qm, = @a(N1+ N2) — Nigt — Nag2 — qm,, - (B.38)

Furthermore, without loss of generality, we impose the bottom Yukawa coupling for the
51 matter, i.e.

2

3(N1(J1—N1Q3+N2Q2—N2Q3—CJ1) , (B.39)

(Y2) = q+gu,+q0=0 = qu, =

where g, from the anomaly was used. Furthermore as we impose the bottom Yukawa for

51, we require M7 # 0. Note that the p-term has charge
qu = qH, + qu,; = (N1 4+ N2) g3 — Nig1 — Naga #0. (B.40)

This in particular implies
(N1, N2) # (0,0). (B.41)
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The anomaly (A2.) constraint now reads

(43) = (T—N1)Nigi + (3= Na) Nogs — (N1 + No) (N1 + N +3) g3
+2 (N1 —2) (N1 + N2) qrgz — 2 (N1 — 2) Nagig2 + 2N2 (N1 + Na) q2q3 = 0,
(B.42)
which is a homogeneous quadratic equation in ¢; with integer coefficients. We are searching
for rational solutions, although by rescaling, we can consider integer solutions. Such Dio-
phantine equations are for instance discussed in [72], which gives a systematic construction

of its solution, starting with a seed solution.

Applying this to the anomaly constraint (B.42) with the seed solutions

¢} = 4NNy — 3N + 9Ny, ¢ = 4Ny Ny + 17Ny — 11Ny, ¢§ = 4Ny Ny — 3N; — 11Ny,
(B.43)
which is non-trivial as N; cannot both vanish. We now need to choose these integers so

that the seed solution satisfies (¢?,¢3,q3) = 1. Examples of these are
(N1, No, N3) = (—1,-2,3), (1,-2,1), (-3,2,1), (—2,1,1), (2,-1,-1). (B.44)

The resulting charges from the Mordell argument are

(9N + N1 (4N — 3)) ((N1 —7) Nip® + 2 (N1 — 2) Napg + (N — 3) Nag®)
10 (N1 (N1 (4N2 + 3) — 25N2)p + Ny (3N2 + Ny (4N2 . 9)) q)
(N1 (4N 4 17) — 11N3) (N7 — 7) N1p® + 2 (N1 — 2) Napg + (N2 — 3) Nag?)
10 (N1 (N1 (4N2 4+ 3) — 25N2) p + Na (3N2 + N1 (4N2 — 9)) q)
(N1 (4Ng — 3) — 11Ny) ((N1 = 7) Nip® + 2 (N1 — 2) Napg + (N2 — 3) Nag?)

q1 =D —

q2 =4q—

= 10 (N1 (N1 (4N2 + 3) — 25N3) p + Na (3N2 + Ny (4N3 — 9)) q)
(B.45)
Here, p,q € Z and coprime. The p-term is
3 (N1 4+ N3) (N1p — Nag) ?
Gu=— (N1 + N2) (N1p — Nog) £0. (B.46)
N (Nl (4N2 -+ 3) — 25N2)p + Ny (3N2 + Ny (4N2 — 9)) q
The remaining bottom Yukawa couplings have charge
d) = — (N1 + N2) (N1p — Nag) ((2N1 — 11) p + (2N2 — 3) q)
? N1 (Ny (4N2 4 3) — 25N2) p + Na (3N + N1 (4N2 — 9)) ¢ (B.A7)
g(\L) = (N1p — Nag) (=11Nap + Ny (2N2 + 3) p + 2 (N2 — 3) Nag) '
) =

N1 (N1 (4Ny +3) — 25N3) p+ Na (3N2 + N1 (4N2 — 9)) q

Similarly one can solve for more 5 curves using this Mordell approach. In the main text
we will constrain ourselves to the F-theoretic charges, which comprise a finite set, and

thus do not necessarily need to use this method.
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B.4 Search for Other Known Textures

In section 4.5 we saw that the case of four 5 representations produced Yukawa textures
matching (4.31) and (4.32). Extending the analysis to five and six 5s we find that there
are no solutions to the anomaly cancellation conditions, which produce the same Yukawa
hierarchies. Here we consider whether other known flavour models can be realised within

our F-theory framework. We find no fits to other known flavour textures.

B.4.1 Symmetric Textures

Consider first the Yukawa hierarchies in [176] given by

e 8 & S 6
Vin |l & e & |, Yin| & & ¢ (B.48)
e e 1 e e 1

In this section we will show it is not possible to match to this texture in our framework,
due to the form of the down-type Yukawa matrix. To see this, note that we need at least

five 5s so that each down-type quark resides within a differently charged 5. Consider the

parametrisation

R ¢'(R) ¢*(R) M N
5H, —ay, —a%, 0 —1
51, %q}{u - 5w%3 %q%[u - 5w§3 0 1

51 | —qp, +5wg, —qf, +5w3, | 1 Ny

5, | —qp, +5wi, —qf, +5wi, | 1 No (B.49)
53 | —qp, +5wi, | —qf, +5wi, | 1 | —Ni—No

101 | —3q3;, + 5wy, | —34%, + 5wl | 1 0

105 | —1qf;, +5wiy, | —3a%, + 5wy, | 10

103 —1qk. —1q%. 1 0

where the charge of H; has been chosen to allow an order one bottom Yukawa coupling
(which we choose to be 53) at leading order. This set of charges gives rise to the following
Yukawa textures written in terms of the singlet insertions required to regenerate each

entry

8% S182 S1 S481 S183 S1
VAR

S1 S9 1 S4 S3 1

Y~ | s1s9 83 s2 |, 5452 S283 89 (B.50)
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(Si)

where s; = Mo and the charges of the singlets S; are

(qsl ’ qsl) = 5('[0%01 ’ wlol)
(48, 43,) = —5(wig,, wiy,)
o 12 : ) ) (B.51)
(qS3’ ng) = 5(w52 w53 wLE)Q - w53)
(q54,q54) = 5(u151)1 w53 wgl — w%g).

From the structure of the singlet insertions in the Yukawa matrices shown above one can
see that it is not possible to match to the e suppressions shown in (B.48). The problem
lies in the texture of the down-type matrix in (B.50), if the singlet insertions in (2,3) and
(3,2) are chosen to have € suppression then the (2,2) entry is automatically of order e*.

This is in disagreement with (B.48) therefore it is not possible achieve the texture in [176].

B.4.2 FEg-model Textures

Consider the Yukawa hierarchies discussed in [159]', which was discussed in the context

of local models in F-theory in the context of models obtained by higgsing Fsg,

e & 63 e & 63
Yin | & et e |, Yin| & & ¢ . (B.52)
| |

One finds that it is not possible to match to this set of textures either. It is not surprising
that the local analysis in [159] is not consistent with the analysis here, as it relied on local
U(1) charges and does not consider the quadratic anomaly (A3.). To see that the global
F-theory charges do not allow for these texture in (B.52), note that each down-type quark

must originate from a differently charged 5 representation which requires

Ms, =1,

7

(B.53)
Ny, =-1,0,1,2, i=1,2,3,

7

where the restriction on N5, stems from imposing the absence of exotics. For general 5§

charges there are three distinct cases to consider
(Ns,, Ns,, N5,) = {(0,0,0),(1,-1,0),(2,—1,-1)}. (B.54)

The first case is excluded as the cancellation of the linear anomaly (A2.) requires the
presence of the p-term at leading order which is unfavourable. We shall see in the following

that we find no phenomenologically good models for the second and third cases either.

!The down-type Yukawa matrix has been transposed to match the convention defined in (4.26).
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For the second case, the anomaly cancellation conditions can be solved exactly for the

following parametrisation,

R q¢'(R) ¢’(R) M| N
51, ~di, ~diy, 0]-1
5m, | —am, +5w}{d —q% +5w?{d 0|1
51 | —qp, +5wi —qf, +5wi, | 1|1
5, | —qp, +5wi, | —qf, +5wi | 1 |-1 (B.55)
53 | —qp, +5wi, | —q¢k +5wE | 1|0
101 | —5qj, +5wily, | =54, +5why, | 1] 0
10y | —3qf; +bwiy, | —5a%, +5wiy, | 1 | 0
103 —34, —34H, L]0

The third generation quarks are taken to reside within 103, the charge of which has been
fixed to allow for a leading order top Yukawa coupling. Inserting this set of charges and

M, Ns into the linear anomaly we obtain,
wiy, +wy, —wg, =0, (B.56)
where a = 1, 2. Solving for wf; and inserting into the quadratic anomaly (A3.) we obtain,

ws, (w§, — wg,) =0,

1,2 2 11 1 1 Z (B.57)
2w51w51 - Ws5, Ws, + Ws, W5, = 0.

This set of three equations has two distinct solutions however neither of them lead to

phenomenologically good models

[ ] wél :w%l =

Substituting this into the charges in (B.55) we observe that,

(a1, 95,) = (@,,43,) » (B.58)

which means that the unwanted operator (C5.) is present at leading order through

the coupling 10310357. This set of solutions is therefore not viable.

° w%l = w%m and wgl = ng

Substituting this solution into (B.56) one observes that wf = 0, which results in a

leading order u-term which is unfavourable.

To find solutions for the last case, given by the choice, N5, = 2, N5, = N5, = —1 we scan
through the possible charges of 10 and 5 matter under two U(1)s for the six codimension
one fibers in (4.37). We find no sets of charges which solve the anomaly cancellation
conditions for this set of N5;s. Therefore, in order to obtain a model that is consistent with

the flavour texture in (B.52), anomaly cancellation and absence of dangerous operators
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one must go to greater than five 5 representations. However, on extending this analysis to
six 5 representations, there are again no solutions matching to flavour texture in (B.52).
Possibly, by including more U(1)s these other textures become accessible in this class of

models as well. We leave this for future investigations.
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Appendices for Chapter 6

C.1 Conventions and Spinor Decompositions

C.1.1 Indices

Our index conventions, for Lorentz and R-symmetry representations, which are used
throughout chapter 6 of the thesis are summarised in the following tables. Note that
R-symmetry indices are always hatted. Furthermore, note that m = 1,---,8, however

only four components are independent for Weyl spinors in 6d.

Lorentz indices 6d 5d 4d 3d 2d
Curved vector v w v i,V
Flat vector A B A, B A, B a,b x,y
Spinors m,n m', n’ D, q; P, q
(4of su(4)r) (4ofsp(4)r) (2 of su(2)s; 2 of su(2),)

Table C.1: Spacetime indices in various dimensions.

\50(5)R sp(d)r s0(3)r su(2)r s0(2)r
A, B a,

Index for the fundamental rep ‘ B m,n b D,q

Table C.2: R-symmetry indices.

252
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C.1.2 Gamma-matrices and Spinors: 6d, 5d and 4d

We work with the mostly + signature (—,+,---,+). The gamma matrices I'4 in 6d, fyA/

in 5d and 44 in 4d, respectively, are defined as follows:

I'=1i®1®o = 11®o

I'o=01®01®01 = 12Q0;
'3 = 01®02®01 = 301
lN'j= 0o1®03®01 = ®o1

I's= —03®12®01 = 1501
I'e= 1,®1®o07, (C.1)

with the Pauli matrices

a-(V0) (0 0) (s h) e

The 6d gamma matrices satisfy the Clifford algebra

{T'a,I'p} =2nap, (C.3)
and similarly for the 5d and 4d gamma matrices.

Futhermore we define

PAidz-Ay = plAids-An] - l' > (—1)rrdem e | TAue (C.4)
n.
wESn

and similarly for all types of gamma matrices.
The chirality matrix in 4d is 75 = —03 ® 12 and in 6d is defined by
[;=T?...T0 = L1, o3. (C.5)

The charge conjugation matrices in 6d, 5d and 4d are defined by

C(Gd):U3®U2®02 =C

C(Sd) = C(4d) = —io3®oe =C. (CG)
They obey the identities

(FA)T: —CcT4Cct, A=1,--- 6.

(yA’)T = cy¥et, A =1, 5

("' = cytet, a=1, 4 (C.7)



Appendix C. Appendices for Chapter 6 254

To define irreducible spinors we also introduce the B-matrices

B(Gd) =101 ® 092 ® 03

B(Sd) = B(4d) = 101 Qo092, (C.8)
which satisfy

AN* Anp—1
(1) = Ba)l*Bghy, A=1,-,6.

<7A/) = _B(5d)7A/B(_5(11) ) A= 17 to 75'

(FYA)* = _B(4d)7AB(_4(11) ) A= 17 e 74- (Cg)

The 6d Dirac spinors have eight complex components. Irreducible spinors have a definite
chirality and have only four complex components. For instance a spinor p of positive
chirality satisfies I'rp = p. Similarly Dirac spinors in 4d have four complex components
and Weyl spinors obey a chirality projection, for instance 51y = v for positive chirality,
and have two complex components. The components of positive and negative, chirality

spinors in 4d are denoted with the index p = 1,2 and p = 1, 2, respectively.

The indices of Weyl spinors in 6d can be raised and lowered using the SW/NE (South-
West /North-East) convention:

Pm - P@Qma Pm = Q npﬂa (ClO)

with (C™%) = (Qm) = C. There is a slight abuse of notation here: the indices m,n go
from 1 to 8 here (instead of 1 to 4), but half of the spinor components are zero due to the
chirality condition. When indices are omitted the contraction is implicitly SW/NE. For

instance
pp = pmlamv pl—‘Aﬁ: pﬂ(ré)ﬂmpm> (C.11)

with (I'4)2,, the components of T'4 as given above.

The conventions on 5d and 4d spinors are analogous: indices are raised and lowered using
the SW/NE convention with (C™") = (Cpyn) = C in 5d and with the epsilon matrices

Pl = ¢y, = Pl = €pg, With ¢!2 = 1. They are contracted using the SW/NE convention.

We also introduce gamma matrices T4 for the sp(4)r = s0(5) g R-symmetry

Fi:O'1®O'3 , Fé:(n@ag , F3203®03 , F‘l:lg@ag , F5:12®01
(C.12)
For the R-symmetry indices we use the opposite convention compared to the Lorentz
indices, namely indices are raised and lowered with the NW/SE convention:

P = 0" m, P =g (C.13)
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with (Qmz) = (Q™) = ioy ® 0. When unspecified, R-symmetry indices are contracted

with the NW/SE convention, so that we have for instance pp = p@ﬁnl;

A collection of Weyl spinors pg; in 6d transforming in the 4 of sp(4)r can further satisfy a
Symplectic-Majorana condition (which exists in Lorentzian signature, but not in Euclidean

signature)

(pm)" = Bea)p™ - (C.14)

In 5d the Symplectic-Majorana condition on spinors is similarly

(pm)" = Bsa)p™ - (C.15)

In 4d the Weyl spinors are irreducible, however 4d Dirac spinor can obey a Symplectic-

Majorana condition identical to (C.15).

Let us finally comment on the conventions for the supersymmetries and their chiralities
in 6d. The fermions and supercharges have the same chirality, which we will chose to be
4 of 50(6) 1, and we consider an A = (2,0) theory in 6d. Subsequently, from the invariant
contraction of spinors (C.11) and (C.10), it follows since {T'7,C} = 0 and CT = C, that
the supersymmetry transformation parameters are of opposite chirality, i.e. left chiral

spinors transforming in 4.

C.1.3 Spinor Decompositions

6d to 5d :

m

A Dirac spinor in 6d decomposes into two 5d spinors. A 6d spinor p = (p™) (eight com-

ponents) of positive chirality reduces to a single 5d spinor p = (pm/), with the embedding

p= p® <(1)) . (C.16)

For a 6d spinor of negative chirality, the 5d spinor is embedded in the complementary four
spinor components. The 6d Symplectic-Majorana condition (C.14) on 2 reduces to the
5d Symplectic-Majorana condition (C.15) on pg if p, has positive chirality, or reduces to
the opposite reality condition (extra minus sign on the right hand side of (C.15)), if Pe

has negative chirality.
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5d to 4d :

A 5d spinor p = (pm/) decomposes into two 4d Weyl spinors 4,1 _ of opposite chiralities,

with the embedding
0 1 _
a <1> Byt <0) By = (Z-‘r) . (C.17)

If p™ obeys the 5d Symplectic-Majorana condition (C.15), the spinors @bf,w’_ﬁ are not

independent. They form four-component spinors which obey a 4d Symplectic-Majorana

(von) =seliCs). o

With these conventions, we obtain for two 5d spinors p, p the decomposition of bilinears
PP = PP = Pyt — P =iy — Y
PY°B = P (V)™ B = ¥+ P = gy
PP = bop(THP . oy (PP, = o+ T (C.19)

with (7-177-277—377—4) = (_12701702703) and (77-1777—2777—3777—4) = (_127 —01, =02, _03)'

condition:

R-symmetry reduction :

In this thesis we consider the reduction of the R-symmetry group
sp(4)r — su(2)r Bso(2)r. (C.20)

The fundamental index m of sp(4)r decomposes into the index (p, ) of su(2)r & s0(2)g.
A (collection of) spinors pgz in any spacetime dimension can be gathered in a column

four-vector p with each component being a full spinor. The decomposition is then

1
p=pVea <0) +p?® (?) : (C.21)

with p() = (p(1)5) transforming in the (2)11 of su(2)g @ s50(2)g and p® = (p?)5) trans-
forming in the (2)_1. So the four spinors ps get replaced by the four spinors p(l)ﬁ, p(z)ﬁ.
From the sp(4)r invariant tensor Qz7, with Q = € ® 01, and the explicit gamma matrices

(C.12) we find the bilinear decompositions. For instance
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C.2 Killing Spinors for the S? Background

In this appendix we determine the solutions to the Killing spinor equations for the 5?2

background of section 6.2.3.

C.2.1 &7 =0

The supersymmetry transformations of conformal supergravity are parametrised by two
complex eight-component spinors em,nm, of positive chirality and negative chirality, re-
spectively,! with an index m transforming in the 4 of sp(4)r. The first Killing spinor

equation is

_ 1 _
0= 0y =Dac™ + o7 (T™BEDT popT geq + Dan™ (C.23)
with
D™ = 9™ + 1b €+ 1(I)mljlgcem — 1VmAeﬁ
K W 9 K 47k T2 2 £ (C.24)
E},’?*B = 265[A8[#6Z]B} — eﬁ[éeﬁ]gegaﬁe@ + Qe%bﬂ = w;‘f + 2€%b§} ,

i o oD Ayima i Ayima (B
Vi'e =VageTPO"s 0 TEEp = Tipep @)™ D™= Dz (1)
(C.25)
We choose to set n = 0. After inserting our ansatz, in particular ggl) =0ba = 0, we
obtain 1 .
0=20 ﬁ_iglerf)ﬁ'fﬁ_i 0 F45’7fz/\ﬁ
¢€ ~ 2r ( ) € 2 U( )( ) ne (026)
0=0ue" , W= 2t 2?2, 240
We find solutions for constant spinors €™ subject to the constraint
0 = —T56em 1 (pIym_eh (C.27)
with )
(o
v(0) = — (6) . (C.28)
r

The condition (C.27) projects out half of the components of a constant spinor, leaving
eight real supercharges in Lorentzian signature, or eight complex supercharges in Euclidean

signature.

In Lorentzian signature these spinors obey a Symplectic-Majorana condition, leaving 16+16 real su-
percharges.
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C.2.2 " =0

The second Killing spinor equation is given by

0 = ox2"
5 BCD Bopm & _ Lpma s, 5 BCD
- (DATBCD) recopa, _ Ypso R — —D™e® 1 OTER TBDy — traces,
32 16 T 4 8
(C.29)
with . . Al
DuThEp = 9, Thep + Swu[BTCD]E bu T + Ve Tpep (©30)

ma T(my ,n)
Rﬁz_Qa[M ] +V[ V]

Here, ‘traces’ indicates terms proportional to invariant tensors Qm",ég,én. Again the

background fields are converted to sp(4)r representations using (C.25).
With Tg‘gD = 0, we obtain the simpler conditions

0= —L2rECRIT

1 BORE ¢l — D% — traces . (C.31)

The R-symmetry field strength has a single non-vanishing component, corresponding to a
flux on S?

i i e'0) L amvaa

In flat space indices this becomes

5 =~ R =~ o ) (©3)

Moreover our ansétze for D 75 (6.33) can be re-expressed in sp(4)g indices as:
D™ =d [5@15) 35yl — glmgml s — Qm@m] : (C.34)

where the two last terms lead only to “trace” contributions in (C.31) and hence drop from
the equations. We obtain

15 0(0)

_ 2 56 (5N [m__A] 45\[m_(pd5\n] 5
3 120(0) (T*)™ze S5d(T)MA(T*) e’ . (C.35)

Using (C.27), we solve the equations without further constraints on €™ if

(C.36)

The background we found corresponds to the twisting u(1); @ u(1)g — u(1) on S2. It
preserves half of the supersymmetries (and no conformal supersymmetries) of the flat

space theory, and corresponds to the topological half-twist of the 2d theory.
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C.3 6d to 5d Reduction for b, =0

In this appendix we detail the reduction of the six-dimensional equations of motion on
an S'. This is done following [260,235] however we choose to gauge fix by, = 0, which is

possible without loss of generality.

We start by decomposing the six-dimensional frame as

! ¢ _ A 6 _ . —1
R Cw=—Cu A= | w = O (C.37)
4 ek =0 eé’b =« A 1 ’

ey = eg =a”
where the 5d indices are primed. We work in the gauge b, = 0, which is achieved by

= e

fixing the special conformal generators, K 4. Note that this choice is different from the
gauge fixing of b, in [260,235], in particular o« is not covariantly constant in our case.
Furthermore, we fix the conformal supersymmetry generators to ensure 15 = 0, which
means that eg = 0 is invariant under supersymmetry transformations. For a general
background the bosonic supergravity fields descend to 5d fields as
pEr . pmn

__ TnOA#£6
Vit — OO 7 (C.38)
gmi A =6
Tige — Tlge=Tik

The components of the spin connection along the ¢ direction are given by

/ 1 1 Al sl 1 a1 / 1 ! Al 1 ! /
A6 _ A A'B _ A'B A6 _ VA A qu
wy = Ee“ Opa, wy = _ﬁG , Wy =5 € G + ?Cu/eu’ o «,
(C.39)
where G = dC, and can be derived from the six-dimensional vielbein using
w;:lj = ZeZ[AO[He% — eﬁ[Aeﬁ]Qegaﬁei . (C.40)
C.3.1 Equations of Motion for B
The 6d equations of motion for the three-form H are given by
dH =0
_ 1 . (C.41)
Hype — 5‘1)7% Apc =0.
We decompose H into 5d components
1 ’ ! !/ 1 ! !/
H = gHA’B’C’eA AeB AC +§HD/E/6€D Aef A el (0.42)
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We can solve the second equation of motion by setting

Hapeo=aFap

1

/A nll ey (C-43)
HA’B’C’ = §€A’B/C/D E (O[FD/E/ - (I)ﬁngL/%/> )

where F)/, is a two-form in five dimensions. Substituting this into the expansion of H

and reducing to 5d we obtain

1 _
aq)mﬁTmn> +FANCH+FA dgo . (C.44)

H= O k5q <F —
The equations of motion dH = 0 imply
dF =0, FAdc+d(a*5F—cI>m*5T%), (C.45)

which can be integrated to the 5d action

SF:—/(aF/\*5dF+C/\F/\F), (C.46)
where
F=F-— l%ﬁT%. (C.47)
(6%

Together with the constraint dF' = 0, which identifies F' with the field strength of a

five-dimensional connection A, given by Fy,, = 0,y Ay — 00 A,y

C.3.2 Equations of Motion for the Scalars

The dimensionally reduced 6d scalar equations of motion are
D2®™ L 9F 4 g TAB 4 (Mg)2Re™ =0, (C.48)

where

A~~~ . [’\ ~ 1~
Dy ®™ = 0,y + V2™
D20™ = (9 + whA ) Dy @™ + VI DH o
_fed

(M) =~

M, <7 1 ’ e SN P 1 Sy e 7, <7 1 A~ A'B’ oy
05+~ O 0S4 Dol (ST7ST) — SLSeT) — o DR - TAP TR,
(C.49)
The 6d Ricci scalar Rgg can be rewritten of course in terms of the 5d fields. This equation

of motion can be integrated to the following action

S = — / &z \/Jgla! (D W DA G 4 ADTIE, p TAB %ﬁ(MQ)?gﬁqﬁ) .
(C.50)
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C.3.3 Equations of Motion for the Fermions

The 6d fermions are decomposed as follows

= 0

Then for a general background the six-dimensional equation of motion reduces to

PP 4+ (M) = 0 (C.52)

i

A 1 ap PO B,
Dyp™™ = <6u’ + Zwﬁl’B VA’B') pr = 9 o

m,r"ﬁ m m ]. / ! m/ m Ii 1 Al m/ ,r"ﬁ
O = (~3ST0 + s Cam (P8R — e X Ol o7 ) (O

]. ! ! ! = 1 — ! ! !
+ ﬁ(’w v )n 05 Crrdyra + iTA'B'mﬁ(’YA B
From this we obtain the action

5= [ /gl o s (D157 + QL)) (C.54)
C.4 Supersymmetry Variations of the 5d Action

The supersymmetry variations (6.50), which leave the 5d action (6.60) invariant, can be
decomposed with respect to the R-symmetry, following appendix C.1.3. This decomposi-
tion will be useful in further proceeding to four dimensions. The scalar and gauge field

variations are then
§A, = —0(0) (VP 2 4 (2D, 1)
H ( ) TPy~ + € ’Yﬂpﬁ-i—
5Ag = —1L(0) (€<1>p Ql — 2P, )

_ L (C.55)
6" = z’( 7o > — (@ )

and for the fermions we ﬁnd
w (2)

n _ _¢ (D) L poded)
Pyy = 80 )Fw,y €& — 4D#<p’y € + 47“D0(’0ﬁ6‘7

w_ ' g el LDl o (py g £O) 7.
%"= ey "t W5 G 4 ) 4 PP
G >6(1> (o) g

@ _ 1 p@ 1 e |
%5+ = ey "5~ P wep e ( 0
)

(™ lpa, iloaie — ilp, @lel)

90> ;)—@[w oL

N<1:.

7 4 (@, 90]3] €

2) i " ( ) ne® 7.2 L)
5oy = Sy e+ {Pu )+ g Due)

(™ lga, 3003l +ilie, Plel) )
(C.56)

where goI;qA =) gpa(aa)ﬁq.
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C.5 Aspects of the 4d Sigma-model

In this appendix we collect several useful relations for the sigma-model reduction, as well
as give details on integrating out the gauge field and the scalars ¢ and @, which appear

only algebraically in the » — 0 limit of the 5d action.

C.5.1 Useful Relations

We now summarise properties of the sigma-model defined in section 6.4. The three sym-

plectic structures (6.101) of the Hyper-Kéahler target can be used to define the three

complex structures w‘}(I = wf JGJ I which satisfy

war’wy K = =020 + Wi . (C.57)

The complex structures exchange the cotangent vectors T? and T? in the following fashion
aJ~n0 a

- - e (C.58)

WYY = 6] + €Y 7.

We introduce a complete set of functions, satisfying the completeness relations [268]
GIJTaa Tbﬁ Z \I/aa \I/bﬂ 55@ 5aﬁ (5(9 . 7_)
GIJfrea T@,B + Z \I,Ga _ 50{5 (5(9 ) (C59)

GIJTaoa Teﬁ + Z \Ijaa —-0.

Here, a, (8 are indices labeling the generators of the gauge algebra. These functions satisfy

the orthogonality relations

/ oY% (0% (9) = 0, / 0% (0% (0) = 0. (C.60)

C.5.2 Integrating out Fields

In this appendix we discuss how the scalars ¢, ¢ and the 4d gauge field A, are integrated

out in the sigma-model reduction. The equation of motions for ¢, ¢ and A, are

D + v, |7 ¢|] = —irlo, o7

Dip + v, [¢%, 0| ] = irloZ, o2

B2 [ [, = 0000+ o]0
(C.61)
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We adopt a convenient gauge for the connection Ej
DoY) + [pa, Y9 =0, (C.62)
which can be re-expressed as
DIE; + [pa, [¢% E1]] = [Ag, 91 Ag) + [pa, Or¢7] (C.63)

where we have used the gauge fixing condition dyAy = 0. Using the expansion for the
spinors (6.103) and the constraints (6.104), we evaluate the spinor bilinears in (C.61) to
give
3] 4 (15 ] o 119 07
[Pipvpf)p} = ([T? Tﬁ] + {Te’Tﬂ) A A (C.64)
4 (x5, 78] + [10.79] ) A, A7

25
[p(_;, Vb, p}
We note that the curvature

&5 =1[V1, V], (C.65)

where V; = Jr + [EJ, -], satisfies the equation
i1y + lpa: 6", @1)) = 2 (T ra, 5] + 14, 75]) (C.66)

It can be used to solve the equations of motion by

= Qir®;; )\( ) N
@ = *827‘@]])\1%)1)\(2)(]13\ (C.67)
Au = E[@HXI + 8Z'(I)[J)\](31)I’)/M)\(2)Jﬁ

Inserting this back in the action the terms with ¢, ¢ results in

Se.p = g dfd*z\/|ga| Tr <D9(I)IJD9(I)KL + (@1, 9" [Pk L, @a]) )\(l)lﬁA,(;l)JA@)Ka)\gg)L

(C.68)
The terms we obtain by integrating out A, will be grouped into three types of terms. The
first type are such that X! appear quadratically

1
SA,typel = 07 d0d4x\/@Tr (D@E}D@EJ — 201 A9yDyE; + 23180 [EJ, vs)
+ [E1 | [Es, 0a] ) 0,X 04X
(C.69)
These terms combine with terms in the scalar action (6.102) to give the usual sigma-model

kinetic term

1
Sscalars + SA%typel = Ay f d437 \/ ’94 GIJa XlaﬂXJ (C?O)



Appendix C. Appendices for Chapter 6 264

Terms of type 2 are linear in X' and covariantise the kinetic terms of the spinor

Sapisver =~y [ d0dte/Tou] Tr (ST, Vel + 200[By, 4] ) AOPr @K, X7
(C.71)
The terms involving the connection Ej are promoted to covariant derivatives V; when
combined with the terms in the spinor action (6.105). Using the identities
VITa = FﬁT?\( + %[@[J, goa]
1 (C.72)
VYY) =115 - 5Do%1

where
Tk = —/deﬂ ( SV T+ T%V(IT?,)) : (C.73)

the kinetic term in the spinor action is covariantised. Lastly, the terms of type 3 give rise

to the quartic fermion interaction. Using (C.66) these terms simplify to

16 N
SAtypes = —7 d*xd6+\/|g4| Tr (DQ(I)IJDH(I)KL + @1, ¢"[PKL, @a]) (C.14)
WP py(2)Ty(1)KG, ()L .
X A p’y“)\ﬁ A q’yu)\qA .
Using various identities, including Fierz-type identities,
(WP y (DI 4 (23K L] _ (MBI (W) QK (2) L]
(AP Ap YA AG ) = 2(AWPEN ‘1)()\13 AG )
a K 0 a
Wt Vig Y5 =V T
e T (C.75)

Vi TS = v 10 (o) I

@ i)J (1)L NENO
Vi T Vi T raAd A0 = 39,19, i T A A
it can be shown that this quartic fermion interaction combines with the term (C.68) to

make the Riemann tensor of the target space appear
S, types + Sy = _% / /Tl Brgsen AOTPADI) AORTABIL (C.76)
where the Riemann tensor is given by
Rijxr = — / df T (QV[IT%V[KTW + VT VT — VTV Tr
F2V T Vi T + Vi T Vi T = VT VT )
= —i/dﬁ Tr (QDQ‘PIJDe‘I)KL + 2017, ¢")[®k 1, ¥a) (C.77)
+ De®r1xDo®L + [®rx, ") ®rL, pal
— D@1 De® i — [®11,¢° [Pk, pal) -

Combining all the terms we obtain the final sigma-model (6.106).
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C.6 Sigma-model for Hyper-Kahler M, from 5d N =2 SYM

In this appendix we provide a comprehensive discussion of the topological twist of the 5d
N = 2 SYM on an interval with Nahm pole boundary conditions, and its dimensional
reduction to 4d for My a Hyper-Kéhler manifold. This results in the same 4d topological

sigma-model as we obtained in section 6.5.2, by twisting the 4d sigma-model on flat Mjy.

C.6.1 Topological Twist

Let us first consider the topological twist 1 of section 6.2.1 applied to the 5d N'=2 SYM
theory. From now on we switch to Euclidean signature 2. The twisted 5d theory was

already considered in [244,271].

Twist 1 of the 6d N = (2,0) theory identifies su(2), C su(2); @ su(2), of the 4d Lorentz
algebra with the su(2)r C su(2)g @ s0(2)r C sp(4)r. Under dimensional reduction to 5d
the symmetries after the twist are

sp(A)r®s0o(B)r, = Grwist = SU(2)twist D su(2), Du(l)gr. (C.78)
The fields of the 5d theory become forms in the twisted theory, according to their trans-
formations with respect to the giwist, as summarised in the following table:

Field giwist Representation Twisted Field

A, (2,2) A,
© (1,1)2 ®
@ (1,1)_ ©
? (3,1)0 B, (C.79)
PV (2.2), P
P (2.2) s
AV e (W)
PP LB PN

The fields A, ¢, ¢ do not carry su(2)r charge and are thus unaffected. The scalars ©°
transform as a triplet of su(2)g. In the twisted theory they become a triplet ¢ of 51(2)twist

defining a self-dual two-form B, on Mj:
By = _(ja)uy¢57 (C.80)
where the three local self-dual two-forms j@ transforming as a triplet of SU(2)gwist- Lhey

can be defined in a local frame ef as (J*)uw = eﬁef(ja)AB, a=1,2,3, with

(o= =64, (GDbe = —€"be, a,b,c=1,2,3. (C.81)

2For this twist we change from Lorentzian to Euclidean signature. In what follows o as defined in
appendix C.1.2 is replaced with ¢ = 70, where the prime will be omitted.
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In this local frame we have
Boo = ¢*,  Bap = €apee’, a,b,c=1,2,3. (C.82)

The self-dual tensors j* are used to map the vector index a of s0(3) to the self-dual two-
form index [AB]". The tensors (j*)", define an almost quaternionic structure, since they

satisfy

() p (3% = =878 + e . (C.83)

The spinor fields transform as doublets of su(2)r. They become scalar, self-dual two-
forms and one-form fields on M, as indicated in the table. The explicit decomposition, is
obtained using the Killing spinor associated to the scalar supercharge in the twisted theory.
This Killing spinor can be found as follows. The spinor €5 generating the preserved
supersymmetry is a constant spinor and is invariant under the twisted Lorentz algebra
SU(2)twist D su(2),. As explained in section 6.3.2 and in appendix C.1.3 €5 decomposes

1 (2

under sp(4)r — su(2)g ® u(1)g into two spinors doublets of su(2)r: €7 — €57, €5,

satisfying the projections (6.53)

eg) — 756](51) =0, 61(?2) + ’}/561(?2) =0. (C.84)

As explained in section 6.5.1, 61%2) has one scalar component under su(2)yist @ s1(2),

selected out by the projections
(’y0aég—|— i(aa)g)eg) =0, a~a=1,2,3, (C.85)

where the indices a and @ gets identified in the twisted theory. The spinor e?? parametriz-

ing the preserved supercharge is then decomposed as
PP =y e (C.86)

where u is complex Grassmann-odd parameter and é is a Grassmann-even spinor with
unit normalisation. The decomposition of the spinors into the twisted fields is then given
by

P = Ve

P2 =P

1w C.87
P = (77(1) + XS;)) & (C.87)

1 )
% = (77(2) + 4’YWX,(Ey)) &-
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C.6.2 Twisted 5d Action

We rewrite now the action in terms of the twisted fields and provide the preserved su-

persymmetry transformations. The bosonic part of this action has appeared in [244], and

related considerations regarding the supersymmetric versions of the twisted model can be

found in [271].

The action in (6.75) in terms of the twisted fields takes the form

Sk =— 8€

dfd*z+\/|gs| Tr <FWFW +

2
ﬁ(auAG - 69Au + [Aua AG])2>

1 1
Sscalars = 7471"5 /d0d4$ V |g4| Tr <4D#B,00D/LBPU + @DGBPUDGBPU

1
-I-D“chugB + T2D9Q0D9g0>

S, = E dod*z/ g4 Tr[ w(l
1
L <¢f3) Dy
SYukawa = d9d4£ﬂ V |g4 TI“ (

w(Q ¢ )DZ/X( Iz%
1
n“U%n@f—4xﬁﬂ%x@Wff

o [ X0 +%

¢ VD, @ 4 M p

B, {n( ), X(zmu}

-3 '5. {X@)m, x(””T} —92B,, [w@)u? w(l)u]

+@ [n(l),n“)} +ig [x,(w),x

4
o [77(2), n@)} i

Squartic = 16 3€ /d9d4x\/ |g4 TI‘<

o [x,(f), X

[B,.,, B,

(D }Jr@ Ml),w(m}
@] g [@bgwam})

" HE%BWHﬂ&mﬂBWw%%%ﬂWWO

1 v
dery = m /d9d4x |g4| Tr (agBW[BW,B p]) .

(C.88)
The supersymmetry transformations of this 5d topologically twisted SYM theory are
u
5A, = —;zpf}) 6Ag = un™
5B,u1/ = UXELIV)
dp =10 5@ = 2un®
iu iu o, C.89
WV =-"Dup P =~ Fu — S DBy, (.89)
4 4 4
sp) = 5(2):fﬂ
= Doy U 2l
=" B, 5<2>:@F+ DBy — (B, B,
Xuw Ar [(pa I ] Xuw 2 Ar 0Dpu S [ 1% ]
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where the self-dual part of the gauge field is defined as

Pt = %(1 +H)F. (C.90)

To define the twisted action for curved My, in addition to covariantising the derivatives,
the curvature terms

RB,,,B" and R,,pe B B | (C.91)

must be added to the action in order to preserve supersymmetry. These terms can be

repackaged with the kinetic term for B, changing the action for the scalars to

S scalars

1 1 1 ,
- dfd'z\/g| Tr <D”BMPD”B,/’ ~ 5 FuBoB" + 5 DyBpe DgB” + DY 6Dy )

Are
(C.92)
where D is defined to be covariant with respect to the curvature connection on M, and

the gauge connection. The 5d twisted action on curved My can be written in the form
Ssa = QV + Ssd,top » (C.93)
where the (Q-exact and topological terms are given by
V= —% / dfd*z+/|g| Tr {X@)W <PW —i(rFu, + %(DQBW - %[Bm, B,ﬂ)))

. v . _ 1 0 _
+20 (2P +i(Fup + D" By)) + i Dy — oon®ip, o] =~V Do

L Wi p
+47“X [P, ;w]
r 1 b=m
Ssdtop = = TrF/\*F—[/ TrF/\B] ,
top 4£ MyxI 27’6 My 60—=0
(C.94)
where P, and P, are auxiliary fields. The supersymmetry transformations are
1
QA= —Ju) QA =™ QB = Xy
Qp =0 Q¢ =27
i i
QP =[P ¢l QPw=-IX2.¢) (C.95)
Qn") = 1 Dov QUL = —Due QX = — 41> B
( _
Q' =—lpdl QU =P, QX2 = P .
The auxiliary fields are integrated out by
/l: v
P :_Z(Fpﬂ_}_D BVM)
(C.96)

i /)

1
Puw = 5 Fp+ 4 (DQBW — 3By, B;]) .

We can now proceed with the dimensional reduction to four-dimensions.
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C.6.3 Triholomorphic Sigma-model with Hyper-Kahler M,

We now reduce the twisted 5d SYM theory to 4d on Hyper-Kéhler M,. We proceed similar
to the analysis in section 6.4.2 and in appendix C.5, and expand all fields in powers of
r and demand that the leading order terms in % in the action (C.88) vanish. This sets

¢ = @ = O(r) and leads to Nahm’s equations for the self-dual two-forms

DyB,, — =By, B,”] =0, (C.97)

1
2
with ¢ = [k] Nahm pole boundary condition. Locally this is the same situation as in the
untwisted theory, but not globally. In the untwisted theory the scalars ¢® were scalar fields
on R4 and the solutions to the Nahm’s equations are described by a map R* — M,,. In the
twisted theory B belongs to the bundle Q% (M) and the global solutions to (C.97) are
generically more involved. However this complication does not happen when the bundle
of self-dual two-forms Q%% (M) is trivial, namely when B transforms as a scalar. In this
case one can regard the components By, as scalars on M, and the solutions to (C.97) are

again given in terms of a map

X : My — My, (C.98)

where M. is the moduli space of solutions to Nahm’s equations with ¢ Nahm pole bound-
ary conditions. As before we define coordinates X = {X’} on M. The case when
Q%% (My) is trivial corresponds to M, having reduced holonomy SU(2), C SU(2), x
SU(2),, which is the definition of a Hyper-K&hler manifold.

The zero modes around a solution B, (X!) can be expressed as

6B, = Y1 ,umoX!

(C.99)
64y =Y95x1,
where the expansion is in terms of the cotangent vectors T, which satisfy
Yruw = 0rBuy + (Er, Bw] (C.100)

T = 01 Ag — 09 Er — [Ag, Ey]

with E; defining a gauge connection on M. We will choose the convenient ‘gauge fixing

condition’
1
Dy} — 11, B*] = 0. (C.101)
The equations obeyed by the cotangent vectors T4", T? are
1
DQTLHV + [T%Bﬂy] - 5 ([T],/Lpa Bup] - [TI,Vpa Bup]) =0. (C102)

A natural metric on My can be defined as

1
Gry= _/deTr <4T7”TJ,W+T§T§) . (C.103)
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Similarly we can write down an expression for the three symplectic forms w®;; (see e.g.

[269]), repackaged into w17 = —(j%)ww’rs, as

1 1
Wuv,IJ = —/d9 Tr (2TI,MJTJPV - iTI,upTqu - TLWT‘?] + T§TJ,MV> . (0-104)

These provide the Hyper-Kéhler structure of the moduli space My. The quaternionic

relations on the three complex structures w®! ; becomes

wupJJWVpJK = QWWJK - 39;w5{{ - (C.105)

I

Using the orthogonality of the T4, T? modes we derive the relations

J~rf
W, 1" Ly = =T

. (C.106)
wupt L =201, + 361X

At order 72 in the 5d action we find terms involving fermions. They vanish upon imposing
@ =0@), ¢ =0@), xZ=0@r. (C.107)

The 4d action arises with overall coupling ﬁ and at this order in r the above fermions

appear as Lagrange multipliers and can be integrated out to give the constraints

1
Dox(i+mn™, B = 5 (X0 B = Iy, Bfl) = 0

1
Dy~ L) 5] = 0 (©108)

Doyp(P — (WP, B,"] = 0.

v

These equations are solved using the basis of the contangent bundle, which obey (C.102)
and (C.101), with the following relations
X = Cow X+ T7G, + Tropud' 7y
1
nM = 1IN — T 1 (C.109)
1/’;82) = TIMV”{/ - T?"f{“

where the fields A ,fi,ﬂ and C/il/ are Grassmann-odd scalars, vectors and self-dual two-

forms on My, respectively. The identities (C.106) imply that the fermionic fields obey the

constraints L ,
Wuy J)\ = Suv
wuoIJ§JVU = 2‘5;Iuj - 3(5,LWAI (CllO)
W g7 = —3/<c,€.

or more generally

wWIJH;T = g#g/ﬁi - gw/ﬁﬁ + eWU”/ﬁf). (C.111)
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This decomposition satisfies the fermion equtaions of motion, which can be seen by using
the identity
- 1 ~ _
Qo = 7 Qe ¥ gy + Q1 2 (C.112)

where €, Qw/ are self-dual two-forms.

C.6.4 Dimensional Reduction to 4d Sigma-Model

After reduction to four dimensions the bosonic fields of the theory will be the collective
coordinates X' describing a map My — M}, and the fermionic fields will be the scalars A\,
one-forms x! and self-dual two-forms ¢ /{,,, which are valued in the pull-back of the tangent

bundle to My,
A e N(X*TMy)

k€ T(X*TM 20 (C.113)
CET(X*TM; ® Q%) .
The bosonic and fermionic zero modes lead to a four-dimensional effective action with

overall coupling constant -7 for the fields X7, M| k! A, and the scalars ¢, @.

oW lLV’

As mentioned previously the kinetic term for A,, namely F; 5,, is of order r and drops from
the action in the small r limit. The gauge field A, becomes an auxiliary field and can be
integrated out using its equation of motion, and likewise for the scalars ¢ and @. Their

equations of motion are

1 5 . 1 v
Djp + 4 By, [B*, )] =dir ([77(1), ]+ D) X })
_ 1 g .
DG Z[Buw [B H =—dir (W,&l)ﬂb(l)“]) (C.114)
1 1
D}A, + Z[ vy [BYP, ALl = [Ag, 01 Ag] 9, X1 + 1 [By,, 0rB"?] 0, X"

+ 41([77(1)’ 7/1,82)] - [Xz(/l,u)’ T/J(Q)V]) :
The spinor bilinears can be further simplified by applying the expansion for the spinors
(C.109)

v 1 v 1 o
[, ]+ 4[xf}27x(1)“ | =407 5]+ [T YDA + 26,¢77)

oy 1 Y, yo

[1/);(;1)7 w(l)”] = _4([ 97 ?}] + Z[ Iops Jp])ﬁfl,’{’J# (0115)
v 1 v

[, @] = ) @) = =47, 9] + 2 Trve, YDA b

To solve these equations we note that the curvature

by = [VI,VJ], (C.116)
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where Vi = 07 + [ET, - |, satisfies the equation

1 1 ,
1[Bup [B, @15l = ST, T + 2077, 75]. (C.117)

Dg(I)[J + 4[

Combining the information above the solutions are

p = 8ir®r AN + 2irdy (), T
@ = —8ir® k)K"’ (C.118)
Ay = E19, X" = 8i®1 (M k] — ¢ w7").

Replacing the fermionic and bosonic zero modes in the action one obtains
1 1
Sscalars = T4l /d9d4$ |94 [Tr <3IA98JA9 + 4813,008JBP”> 8MXIauXJ}
r
21
Sfermions = +T€/d4$ |g4| [(G[ng/ — wIJ) ()\18 K, flugaa"ﬁl{)

— (6K g7 — WV BTy GTKPT(? JaLaEt T%(‘?JT%) X (MM KL — ¢l ik )]
(C.119)
Substituting in the solution for the gauge field (C.118) we obtain three different types of
terms, which we address in turn. Terms of type 1 are proportional to d,X 19,X7 and

combine with the terms in the scalar action to give

1 —
Sscalars + SAN,typel frnd m / d4x |g4| GIJg'U'Va‘u,XlgleJ . (0120)

Terms of type 2 combine with terms from the action of the fermions to give

Sa, type2 = /ded 2/ |ga] (65K g7 — WV KTy < i e VT + Y% VJT9> 9, X7
x (OGN L — el rily
(C.121)
Using the identities
v v 1 v
ViTH =TE YR + 7[<I>U,B“ ]
(C.122)
vYy =1rks — D9<I>U,
where
L
Tk = — / do Tr <4T"K Vi sy + T%VuT%) , (C.123)
these terms simplify to
Sauiyer = 5 | dd*a\/19a] (Grrg”" — ™ 1)) Tk, 0, X (5N Kl — €1 511).

z
(C.124)
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and covariantise the kinetic terms for the fermions. Lastly the terms of type three con-

tribute towards quartic fermion interactions. These take the form

16 1
SA, type3 = 7 /d9d4$ |ga| Tr <D9‘1>1KD9‘I>JL + Z[(I)IK, Bu|[®sr, B“”})

1
X (NN KSR + 26, ¢ R T

= fg/ded% |94 TT<D9‘I’1KD9<I’JL + i[q’m?B;w] (@1, B*] (C.125)
— Do@r1.Dg® i + — ! [CDIL, Bu|[®k, BW])
o ()\I)\J K, L | i UCJpa,{f_(HLT> 7
where we have made use of the identity
wavUrg] = fwﬂyjfv[,rﬁﬂ , (C.126)

and the analogous relation for Y7”, and antisymmetrised in KL indices. To obtain a
quartic fermion interaction involving the Riemann tensor of the target we need to combine

the terms in (C.125) with the term which arises from integrating out ¢ and ¢

16
Se/p = oy /d&d r\/|gs| Tr (DG(I)IJDG(I)KL + = [¢1J7Buu][¢KL,B”V])

4 (C.127)

1
x (NN BT 4 Zgﬁgdp"nfm”) .
Combining (C.127) and (C.125), as well as the fact that the Riemann tensor on the target
is given by
1 v
Rrjkr = —/d9 Tr ( V[IT“} V[KTL],UJ/ + V[ITK]V[JTL} ZV[ITE V[JTK];W

+ 2V Y Vi XY + Vi T Vi Y = Vi X, Vi) »

(C.128)
we obtain the four fermi interaction
32
Sfermi4 = ’I”E d4x\/|gi4RIJKL (AIAJ K LT + CpaCJpa K LT) . (0129)
The final action upon combining all the above terms is
1 1
_32R[JKL (AI)\J K LT + CPUCJ,OO' K L‘r):| ,
(C.130)
where

Dyki, = Ouksy + D0, X7 k) (C.131)
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The action can be further simplified by using relations between the complex structures
wy! s and the fermions (C.110) to eliminate the self-dual two-form Ciy. In addition we
know that the target space My is Hyper-Kéhler, which means that the three complex

structures wu,,l 7 define covariantly constant on My
Drwu’k =0. (C.132)
This in turn implies the relations with the Riemann tensor on My
Rryx™Mwunr = Ryt wuw e (C.133)

and other relations obtained using the standard symmetries of the Riemann tensor. With

C.110) and (C.133), and after rescaling A\ — +\ and k, — <=k, the action simplifies to
4 w7 16 m

1 1
SHK = — d4.’L' ‘94‘ (G[Jg“VaMXIaVXJ — QG[Jg'uVFJ;CDV)\J + gguVR[JKLKIK/ZAK)\L) .

4rl H
(C.134)
The constraint on the fermions nfL can be re-expressed as
1
KL SRl =0, (C.135)
The supersymmetry transformations are
X1 =ut
A =0 (C.136)

5/{,5 =u (9, X" — (") 0, X w7 — quK)\JHff.

This dimensional reduction of the 5d topologically twisted SYM theory, thus gives precisely
the same action we obtained in (6.130), by topologically twisting the 4d sigma-model for
Hyper-Kahler Mj.
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