The Geometry and Physics of
Abelian Gauge Groups in F-Theory

Jan Keitel

Miunchen 2015






The Geometry and Physics of
Abelian Gauge Groups in F-Theory

Jan Keitel

Dissertation
an der Fakultat fiir Physik
der Ludwig-Maximilians-Universitat

Miunchen

vorgelegt von
Jan Keitel

aus Oberursel

Miinchen, 2015



Erstgutachter: Prof. Dr. Dieter Liist
Zweitgutachter: PD Dr. Ralph Blumenhagen
Tag der miindlichen Prifung: 14.07.2015



Zusammenfassung

Diese Arbeit befasst sich mit der Geometrie und den effektiven physikalischen Theorien Abel-
scher Eichgruppen in F-Theorie-Kompaktifizierungen.

Um passende Calabi-Yau Mannigfaltigkeiten mit Torus-Faserung zu konstruieren, nutzen
wir Methoden der torischen Geometrie. Wir bestimmen Komponenten dieser Calabi-Yau-
Mannigfaltigkeiten, die dazu geeignet sind, unabhéngig voneinander untersucht zu werden.
Dies erlaubt die Entwicklung von Methoden zur Konstruktion grofler Zahlen von Mannigfal-
tigkeiten, die zu gegebenen Eichgruppen fithren. In dem selben Rahmen erreichen wir eine
teilweise Klassifizierung torischer Eichgruppen. Wir zeigen, dass der Feldinhalt der gewthnlich
betrachteten F-Theorie-Modelle starken Einschrankungen unterliegt. Um diese Begrenzungen
zu umgehen, entwickeln wir einen Algorithmus mittels dessen wir Torus-Faserungen, die als
“complete intersections” definiert sind, untersuchen kénnen. Unter Benutzung dieses Algo-
rithmus entdecken wir mehrere neuartige F-Theorie-Kompaktifizierungen. Zuletzt zeigen wir,
wie Torus-Faserungen ohne Schnitt durch ein Netzwerk sukzessiver geometrischer Ubergéinge
mit Faserungen mit mehreren Schnitten verbunden werden kénnen.

Um die effektive Physik solcher Kompaktifizierungen bei niedrigen Energien zu untersu-
chen, nutzen wir die Dualitdt zwischen M-Theorie und F-Theorie. Nach der Bestimmung der
effektiven Wirkung von F-Theorie mit Abelschen Eichgruppen in sechs Dimensionen verglei-
chen wir die quantenkorrigierten Chern-Simons-Kopplungen mit topologischen Groflien der
Kompaktifizierungsmannigfaltigkeit. Dies erlaubt es uns, den Materieinhalt der Theorien zu
bestimmen. Unter bestimmten Bedingungen beweisen wir, dass gravitative und gemischte
Anomalien in F-Theorie automatisch abwesend sind. Weiterhin berechnen wir die effektive
Wirkung von F-Theorie-Kompaktifizierungen ohne Schnitt und schlagen vor, dass die Abwe-
senheit eines solchen Schnitts die Présenz eines zusétzlichen massiven Eichfeldes zur Folge hat.
Zuletzt zeigen wir durch Ausweitung unserer Analyse auf vier Dimensionen, dass Uberbleibsel
dieses massiven Eichfeldes sich in diskreten Symmetrien und entsprechenden Auswahlregeln
fiir die Yukawa-Kopplungen der effektiven Theorie auswirken.






Abstract

In this thesis we study the geometry and the low-energy effective physics associated with
Abelian gauge groups in F-theory compactifications.

To construct suitable torus-fibered Calabi-Yau manifolds, we employ the framework of
toric geometry. By identifying appropriate building blocks of Calabi-Yau manifolds that
can be studied independently, we devise a method to engineer large numbers of manifolds
that give rise to a specified gauge group and achieve a partial classification of toric gauge
groups. Extending our analysis from gauge groups to matter spectra, we prove that the
matter content of the most commonly studied F-theory set-ups is rather constrained. To
circumvent such limitations, we introduce an algorithm to analyze torus-fibrations defined as
complete intersections and present several novel kinds of F-theory compactifications. Finally,
we show how torus-fibrations without section are linked to fibrations with multiple sections
through a network of successive geometric transitions.

In order to investigate the low-energy effective physics resulting from our compactifica-
tions, we apply M- to F-theory duality. After determining the effective action of F-theory
with Abelian gauge groups in six dimensions, we compare the loop-corrected Chern-Simons
terms to topological quantities of the compactification manifold to read off the massless mat-
ter content. Under certain assumptions, we show that all gravitational and mixed anomalies
are automatically canceled in F-theory. Furthermore, we compute the low-energy effective
action of F-theory compactifications without section and suggest that the absence of a sec-
tion signals the presence of an additional massive Abelian gauge field. Adjusting our analysis
to four dimensions, we show that remnants of this massive gauge field survive as discrete
symmetries that impose selection rules on the Yukawa couplings of the effective theory.
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Introduction






Chapter 1

Introduction

Throughout the history of science, physical theories have always been approximate descrip-
tions of nature, valid only within a certain range of parameters and limited to a subset of
physical interactions. Over time, progress in the field of physics has usually come either
in the form of deepening the understanding of an existing theory by extracting and testing
new theoretical predictions or by developing a new and more powerful physical theory. The
latter kind of development has often been triggered by experiments probing regimes beyond
the scope of the established theories. For such a novel physical theory to establish itself, it
must correctly reproduce past experimental results and, as a necessary consequence, reduce
to the theory it seeks to replace in some area of its parameter space, as for instance Einstein’s
general relativity contains Newton’s classical mechanics.

Repeatedly, new theories have not only enlarged their predecessors’ ranges of validity, but
completely replaced the notion of the fundamental degrees of freedom governing our world.
The advent of atomic physics brought with it for the first time a quantitative notion of atoms,
the building blocks of matter. Subsequently, through the development of quantum mechanics
these were shown to be comprised of more fundamental objects, namely nucleons and elec-
trons. Finally, according to the theory of Quantum Chromodynamics, nucleons themselves
possess a substructure, as they are described by bound states of quarks.

Another, and surprisingly often related form of progress in physics has been the unifi-
cation of formerly distinct physical phenomena as manifestations of one and the same fun-
damental interaction under the tenets of a new theory. A prime example of such a unifying
theory is Maxwell’s electrodynamics, describing simultaneously magnetic and electric forces
and showing that one can be converted into the other by a simple change of reference frame.
Remarkably, these more general theories are typically “simpler” than the sum of their limiting
cases, as their form is constrained by an underlying symmetry. One may thus entertain the
hope that eventually a “theory of everything could be found — a theory unifying all funda-
mental interactions, reproducing all established physical theories in certain limits, and thus
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describing at least in principle all physical phenomena. And in fact, owed perhaps to hubris
stemming from the limits of both our intellectual and our current experimental capabilities,
it seems that such a theory could possibly be in reach. After all, there are currently two fun-
damental theoretical frameworks left that appear to describe nature surprisingly well, albeit
in different regimes: The ACDM model of standard cosmology and the Standard Model of
particle physics supplemented by neutrino masses.

The former theory contains as its integral part Einstein’s theory of General Relativity,
which describes the gravitational interactions between all matter. Perhaps unmatched in the
simplicity of its guiding principles and in its formal aesthetic appeal, the theory of General
Relativity describes gravity accurately at macroscopic distances and has led to a variety of
theoretical predictions that have been confirmed experimentally, such as the gravitational
redshift or gravitational lensing. The Standard Model, on the other side, provides a quantum
theory of the electroweak force and the strong force, which — at the energy scales currently
accessible to us — are the only relevant contributions to phenomena taking place at micro-
scopic length scales. Over the past decades, the Standard Model has arguably been tested
more thoroughly than any other past theory and continues to resist all attempts at falsifi-
cation. Only recently, its last missing ingredient, the Higgs-boson, has likely been detected
by experiments at the Large Hadron Collider [1]. While precision measurements of this new
particle may require the development of new particle colliders such as the International Lin-
ear Collider whose construction could possibly soon be initiated in Japan, it currently seems
unlikely that the Standard Model would have to be adjusted substantially.

Despite their tremendous successes, both the ACDM model and the Standard Model
have clear deficiencies that one would wish to see addressed eventually. The most glaring
shortcoming may possibly be our failure to understand the basic constituents of our universe:
It is known from cosmological experiments that “dark matter” and “dark energy” respectively
account for 27% and 68% of the energy content of the universe, while the particles that are
so effectively described by the Standard Model, only contribute 5%. Even though many
cosmological questions can be answered without a detailed knowledge of the microscopical
properties of dark matter and dark energy, from a theoretical point of view it is clearly
unsatisfactory not to know their origin. Of similar importance is that the contributions from
dark matter and dark energy are not the only parameters that enter the ACDM model. In
total, the ACDM model has six free parameters and the Standard Model contains another 20,
all of which must be determined experimentally. Crucially, some of these parameters require
a high degree of fine-tuning and are thus vulnerable to small changes. Despite the fact that
certain anthropic arguments have been invoked to justify seemingly artificial tunings, there
remains the hope that eventually a more powerful theoretical framework could both reduce
the number of free parameters and make them less sensitive to small perturbations.

Finally, the most theoretical and yet arguably the most profound deficiency is the lack
of a “quantum” description of gravity. While the Standard Model is formulated as a Quan-
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tum Field Theory (QFT) and, after a hypothetical completion into a Grand Unified Theory
(GUT)! can be extrapolated to arbitrarily high energies, attempting to treat General Relativ-
ity in the same fashion is doomed to fail: Its coupling constant has positive energy dimension,
thereby rendering the theory of General Relativity non-renormalizable.

In view of these numerous challenges, it seems unreasonable to expect their complete res-
olution anytime soon. While it would certainly be desirable to solve these problems by simply
extending the Quantum Field Theory corresponding to the Standard Model, the problems
associated with a quantum theory of gravity make such a hope appear unreasonable. In the
next section, we thus recall the concepts of renormalization and effective quantum field theo-
ries in order to suggest that the renormalizability of the theory of General Relativity can be
understood as an indication that it is simply the low-energy limit of an ultra-violet complete
theory. Next, we very briefly present in section 1.2 the key idea underlying superstring theory,
the theory proposed to unify General Relativity with Quantum Field Theory. In section 1.3
we explain that there exist only five distinct such superstring theories and that all of them
are believed to be limits of another, yet more general theory dubbed M-theory. We proceed
in section 1.4 with a short summary of the landscape problem of string theory and finally,
give an outline of this thesis in section 1.5.

1.1 Effective Theories

As stated above, progress in developing physical theories has frequently meant enlarging
a theory’s range of validity, and has regularly proceeded by replacing (or explaining) the
formerly fundamental degrees of freedom by a more microscopic version. In Quantum Field
Theory, there exists a beautiful formalism implementing a general notion of “coarse-graining”,
that is moving in the opposite direction, which is called Wilson’s Renormalization Group [2, 3].
In very rough terms, it can be understood as follows: Given a QFT 7 valid up to an energy
scale A, one can ask what the QFT 7’ is that governs processes only up to an energy scale
A < A. The effective theory T is obtained from 7 by decomposing the fields of 7 in an
energy basis and integrating out all degrees of freedom with energies E satisfying

N <E<A. (1.1.1)

In order for 77 to take into account the loop effects of the high-energy modes that are no longer
part of its spectrum, this process of integrating out must correct the couplings of 7. Crucially,
it will also lead to non-renormalizable corrections with coupling constant proportional to %
that were previously absent. One thus notes that perturbation theory for 7’ breaks down at
energies I/ ~ A’ and, unsurprisingly, the QFT 77 has a cut-off at A’.

!The Standard Model is a renormalizable gauge theory and can be applied at all energies that can be reached
by current accelerators. Nevertheless, it is worth pointing out that the hypercharge part of the Standard Model
gauge group has a positive S-function and is therefore inflicted with a Landau pole that may prevent it from
being extrapolated to arbitrarily high energy scales. In practice, as discussed in the next section, this is entirely
irrelevant — even if it is exists, the relevant scale is larger than the Planck scale.
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Turning this argument around, we are led to interpret non-renormalizable theories as
effective theories with an inherent cut-off scale. Only for energies below the cut-off, we can
expect the theory to make reasonable predictions. Renormalizable theories, on the other
hand, may in principle be extrapolated to arbitrarily high energies. In practice, another
complication must be taken into account. Unless the theory has a conformal symmetry, the
coupling constant ¢ is not independent of the energy scale — instead, it is renormalized
according to

dg
Olog A

B(9) (1.1.2)

with 8 called the S-function of the Quantum Field Theory. If 8(g) > 0, as is the case
for Quantum Electrodynamics (QED), then the coupling constant g becomes larger as the
energy scale increases. In the absence of a non-trivial fixed point at high energies (i.e. in the
UV), g will become infinite at an energy scale Apangan and is said to have a Landau pole.?
Theories with 3(g) < 0, on the other hand, do not suffer from this particular problem: Here
g — 0 as one increases the energy scale and the theory is said to be asymptotically free.
Interestingly, this is the case for the Yang-Mills theories of the Standard Model and their
putative completions into a GUT.

One particularly well-known example of an effective theory is Fermi theory, suggested as
a description for beta decay. Fermi theory contains parity violating four-fermion interactions,
which are non-renormalizable in four dimensions. Nevertheless, it describes the weak interac-
tion remarkably well up to energies of &~ 100 GeV and in fact, together with QED, it can be
considered as the low-energy effective theory of the electroweak interaction [4]. Weak inter-
actions are mediated by W and Z bosons, which are made massive by the Higgs mechanism.
After integrating out these massive gauge bosons, the renormalizable three-point interaction
of the electroweak interaction is replaced by the effective four-point interaction. Naturally,
one expects this effective description to break down at energies near the gauge boson masses.

More puzzling is the relation between the other constituent of the Standard Model, QCD,
and the various candidates for its low-energy effective theories. QCD is a renormalizable and
asymptotically free Yang-Mills theory with gauge group SU(3). Its fundamental degrees of
freedom are gluons, the analogues of the photon of QED or the W and Z bosons of the weak
interaction. However, at low energies the QCD coupling constant becomes large and bound
states of gluons, called baryons and mesons, form the relevant degrees of freedom. Since QCD
is strongly coupled at low energies, our well-developed perturbative methods can no longer
be relied on and as a result, we still lack a proper understanding of how the confinement of
gluons works. Nevertheless, there is an important lesson to be learned: The fundamental
degrees of freedom governing a low-energy effective theory can differ drastically from the

It is important to point out that the S-function is normally calculated in perturbation theory and is
therefore likely to receive important corrections for g > 1. Even if that is not the case, Arandaw may be far
larger than the Planck scale and therefore irrelevant for all practical purposes.
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degrees of freedom of its ultraviolet completion. Indeed, it is conceivable that the ultraviolet
theory may no longer be a QFT.

Before we proceed by suggesting that this is precisely what happens in the case of Gen-
eral Relativity, let us pause for a moment and consider the scales that are involved. The
fundamental scale of gravity is set by the Planck mass

hc
MPlanck = 6 ) (113)

leading to a Planck scale of Apjanak ~ 10 GeV. For all energy scales that are currently
accessible to us, one can therefore safely use General Relativity. However, hope remains that
cosmological experiments will eventually allow us to probe Planck scale physics.

1.2 From Points to Strings

The key concept of string theory is easily conveyed: Instead of assuming that the fundamental
degrees of freedom are point-like objects in spacetime whose Lagrangian action is obtained by
integrating the proper time over the particle’s worldline, one postulates that the fundamental
degrees of freedom are spatially extended objects, so-called strings. The concept of the
worldline is then replaced by a two-dimensional worldsheet and the mass of the string is given
by multiplying its length with the string tension

T = ! .
2ma!

(1.2.1)

The quantity ' is called the universal Regge-slope and its origin stems from early attempts
to describe the strong interaction in terms of strings.

Considering how straightforward this proposal may seem, postulating that the funda-
mental objects of a theory are strings has astonishingly many implications. First however,
note that the classical motion of a string can be decomposed into the motion of its center of
mass and its oscillations around said center. Only if one probes lengths of the order of v/,
the extended nature of the string becomes apparent — at lower scales, the string appears to
be an ordinary point-like particle.

These oscillatory modes, called higher string modes, do nevertheless play a central role
in the quantization of the string. When performing loop calculations in quantum field theory,
it is customary to encounter UV-divergences, which can consistently be removed as long
as the theory at hand is renormalizable. These divergences originate from integrating over
arbitrarily high momenta running in a loop or, put differently, from probing arbitrarily small
lengths with virtual particles. Remarkably, these divergences are absent in string theory.
Heuristically, one can imagine the string “smoothing out” the formerly localized interaction
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points and denying access to regimes smaller than the string scale.® Surprisingly, quantizing
string theory imposes constraints on the spacetime in which the strings propagate. In order
to quantize string theory, one quantizes the two-dimensional worldsheet theory of the string,
which can be shown to have a conformal symmetry. Demanding that this conformal symmetry
be also a quantum symmetry and assuming a d-dimensional Minkowski spacetime, one finds
that d = 26 for the bosonic string and d = 10 for the superstring.*

If one accepts the dimension of space-time as a necessary constraint that the consistency of
the theory imposes, then one can compute the spectrum of a string in flat spacetime. Notably,
a string can have two different sets of topologies, or, equivalently, satisfy two different kinds
of boundary conditions. If the string is topologically a circle, then we call it a closed string.
Strings that have the topology of an interval are open strings. While closed strings have no
endpoints and propagate through all of spacetime, open strings must end on a subvariety of
spacetime, a so-called brame. As it turns out, the bosonic string has tachyonic modes and
therefore we disregard it. It is an essential property of string theory that one of the massless
oscillation modes of the closed string has spin two and can thus be interpreted as a graviton,
while the oscillation modes of the open string contain a spin-one field, i.e. a field with all the
properties of the ordinary gauge fields in QFT.

It is in this sense that string theory unifies gravity with the type of QFT present in the
Standard Model. As one would expect from any reasonable candidate for a unified theory, it
reduces to a quantum field theory in its low-energy limit and, in particular, its gravitational
interactions are described by General Relativity. Only at energies near the string scale the
contributions of the higher string modes become relevant and seem to provide a consistent
UV-completion of gravity. Whether string theory is in fact the “theory of everything”, is
a completely different question, but its properties are enticing enough in order to merit a
detailed study. In the next chapter, we tentatively discuss the low-energy theory governing the
massless modes of the superstring in ten spacetime dimensions and find again that demanding
the absence of anomalies provides stringent restrictions on the set of allowed superstring
theories.

1.3 The Web of String Theories

For a superstring theory to be consistent, its low-energy effective theory must be as well. At
energies much below the string scale, superstring theory is described by a supergravity theory,
as can be shown be matching string scattering amplitudes with the amplitudes obtained in

3While there seems to be consensus that the extended nature of the string generally removes UV divergences,
this has so far not been proven rigorously. We refer to [5, 6] for a proof of up two loops and some general
evidence for why UV-divergences should be absent in string theory.

4Bosonic string theory and superstring theory differ with respect to the fields of the worldsheet theory:
The former consists solely of bosonic fields, while the latter includes also a pair of Majorana-Weyl spinors of
opposite chirality for every bosonic field.
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Figure 1.1: The so-called “M-theory star”, illustrating that each of the five superstring
theories is the limit of another putative theory called M-theory in some area of
its moduli space. The different superstring theories are connected to each other
by duality transformations or certain limits.

supergravity. In the case at hand, we are hence concerned with the consistency conditions
that a ten-dimensional supergravity theory must satisfy. One such necessary condition is
the absence of both gauge and gravitational anomalies. As it turns out, the requirement of
anomaly freedom places severe constraints on the set of allowed theories [7] and leaves only
five superstring theories:

e Two theories with 32 supercharges, called Type ITA and Type IIB superstring theory.

e Three theories with 16 supercharges, namely Type I superstring theory and Heterotic
superstring theory with gauge group SO(32) or Eg x Eg.

While it is rather remarkable that self-consistency alone has so drastically reduced the set of
all possible superstring theories, the big picture underlying these different theories remained
a mystery for about a decade.

With the advent of the second string revolution, a more unified description began to
emerge. As illustrated in figure 1.1, the five different superstring theories can be connected
to each other by certain duality transformations. More importantly, there is evidence for the
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existence of a more general theory dubbed M-theory, whose fundamental degrees of freedom
are two-dimensional branes called M2 branes. Type IIA string theory and Heterotic Eg x Eg
can be obtained from M-theory by compactifying on either a circle [8] or an interval [9].
These two theories can in turn be related to the remaining superstring theories, leading to
the conjecture that the five superstring theories are simply the limits of a unique eleven-
dimensional theory in different corners of the moduli space. Although there exists solid
evidence for this conjecture, one has much less computational control over M-theory. While
there is a microscopic description of string theory in terms of its worldsheet theory, no such
picture of M-theory has been found. As a consequence, one can currently not compute M-
theory corrections to eleven-dimensional supergravity directly, but must lift ten-dimensional

string corrections to eleven dimensions.

1.4 String Vacua and the Landscape

In view of the dualities between the different five superstring theories and their conjectured
connection to M-theory, one may prematurely be led to declare victory in the search for a
theory of everything. After all, M-theory has only a single parameter — its fundamental
length 5. Unfortunately, one could not be further from the truth. The glaring problem
that still needs to be addressed is the discrepancy between the ten and eleven spacetime
dimensions in which superstring theories and M-theory are respectively defined, and the four
(at least approximately) flat spacetime directions that we so clearly observe.

The most common solution to this problem is based on an idea outlined almost a century
ago [10, 11] and proposes to endow the superfluous extradimensions with a compact topology
and a size that is too small to be detectable by current experiments. The original paper
describes a five-dimensional spacetime that is topologically a R* x S1. Decomposing the five-
dimensional metric yields a metric, a gauge field (the Kaluza-Klein vector field) and a scalar
field in four dimensions. An additional Fourier expansion along the circle coordinate splits
these fields into towers of fields with masses n - myxg, n € Z that depend solely on the four
spacetime dimensions. The Kaluza-Klein mass is proportional to the inverse circle radius such
that small circle radii can lead to arbitrarily high masses for the massive Kaluza-Klein modes.
Originally intended to unify gravity with the theory of electromagnetism, Kaluza-Klein theory
was never an experimental success. However, despite its shortcomings, its key idea has lived
on: One may try to interpret a complicated spectrum in four spacetime dimensions as an
effective theory obtained from compactifying a higher-dimensional spacetime on a compact
space of adequately small size.

To implement this approach for a superstring theory, one must compactify six dimensions.
Unfortunately, however, no mechanism has been found that dynamically selects a geometry
for these extradimensions — instead, their topology is currently treated as input into the
theory. Whereas there is a very limited set of topologies for a single extradimension, namely
either a circle or an interval, there are infinitely many different six-dimensional topologies.
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In the absence of a vacuum selection mechanism or powerful self-consistency conditions, one
must therefore constrain the compactification geometry further. One common but possibly
unnecessary assumption is that the extradimensions should preserve minimal supersymmetry
in four dimensions.” In this case there appears to be evidence that this landscape of string
vacua [14] may in fact be finite [15]. Compared to the situation one faces in Quantum
Field Theory, this is tremendous progress: Instead of continuous parameters, one now has
discrete parameters that can only take finitely many different values. In practice, however,
this advantage is largely philosophical, as the number of vacua has been estimated to reach
O(10°%) [16, 17], eliminating any hope for a straightforward scan of all possibilities.

Nonetheless, not all is lost. Due to the more complicated nature of higher-dimensional
compactification manifolds, computing the effective theory of a general compactification is a
much more intricate problem than the circle reduction. First off, one can no longer perform
a simple Fourier expansion, but must rather decompose the fields in terms of eigenfunctions
of a suitable differential operator defined on the compact space. In first approximation, this
is usually the Laplace operator, whose zero modes can elegantly be counted using index the-
orems and the cohomology of the compact space. For massive modes or in the presence of
higher-order corrections, things quickly become far more complicated. Additional complica-
tions such as these prevent us from fully understanding the set of theories one obtains from
string theory compactifications. In fact, it appears that certain effective theories may be very
hard to obtain from string theory, potentially eliminating large areas of the landscape. Inves-
tigating such general string theory constraints is an active area of research, but two examples
worth mentioning are the struggle to obtain deSitter vacua from string theory and to realize
inflationary models with large tensor to scalar ratio [18, 19].

1.5 Outline of the Thesis

This thesis is concerned with the study of Abelian gauge theories in a certain class of Type
IIB vacua and is split into clearly separated parts. The second chapter of Part I gives a
technical introduction to these vacua via a formalism called F-theory and its definition via
the duality with M-theory. It assumes familiarity with the basic concepts of string theory,
supergravity and field theory. Meant to be a concise review of the concepts relevant to the
latter parts of the thesis, it contains no original work.

In Part 1I, we develop the geometrical methods to construct torus-fibered Calabi-Yau
compactification manifolds that are essential to this thesis. This construction is split into
three parts: The study of the torus fiber by itself, engineering and resolving singularities of

®Obviously, that does not imply that the resulting effective theory should be supersymmetric, since our
observed universe clearly is not. Instead, it means that the supersymmetry of the superstring should not be
entirely broken at energy scales near the Kaluza-Klein scale of the compactification, but a remnant of the
original symmetry should survive up to lower energy scales, where it is then broken by a different mechanism.
For an introduction to such supersymmetry breaking mechanisms we refer to [12, 13].
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the fiber, and completions into globally well-defined torus fibrations. Since most information
about the Abelian gauge theories that we are interested in is contained solely in the fiber
geometry, chapter 3 is the longest and contains several of the key technical insights of this
work. With the intention of presenting in a unified manner the various advances made during
the last three years, we describe how to construct tori, i.e. genus-one curves, as complete
intersections in various types of ambient spaces. Next, we discuss the geometrical quantities
of the fiber relevant to the study of F-theory vacua, namely the discriminant and the Mordell-
Weil group. After presenting a novel algorithm to compute the discriminant for a general
class of complete intersection manifolds, we employ it to classify the toric Mordell-Weil group
of all elliptic curves (that is, genus-one curves with a marked rational point) embedded inside
Gorenstein Fano varieties of dimensions two and three. Finally, we explain the construction of
genus-one curves without marked rational points and elaborate on the transitions taking them
to an elliptic curve. Chapter 4 deals with engineering singularities of genus-one fibrations by
embedding them into reducible ambient spaces. Such ambient spaces can be studied by toric
methods, leading us to introduce the concept of tops and explain how to read off constraints on
the Abelian matter charges of the resulting low-energy effective theory. Finally, we explore
in chapter 5 how to combine the fibers and their singularities with a given base manifold
and present an algorithm to explicitly enumerate all possible fibrations. Globally defined
fibrations must have constant fiber dimension in order to give rise to an appropriate effective
field theory with only finitely many fields, which we rephrase into combinatorial conditions
on the data of the ambient space geometry.

Equipped with this framework to construct and analyze wide ranges of torus-fibered
Calabi-Yau manifolds, we proceed in Part III by studying the low-energy effective physics
that these compactifications give rise to. The vast majority of our efforts is focused on six-
dimensional string vacua. We thus derive in chapter 6 and chapter 7 the low-energy effective
theory of a six-dimensional F-theory compactification with Abelian gauge factors and study
the conditions for anomaly cancelation. In this context, we discover that for certain types
of compactification geometries, namely those with non-holomorphic sections, Kaluza-Klein
modes can become lighter than the zero modes and contribute non-trivially to ensure that
anomalies are automatically canceled. These results are extended in chapter 8 to cover genus-
one fibrations without section, where we show that the absence of a section implies the
presence of a massive Abelian gauge field in the low-energy effective theory. Several example
compactifications are presented in chapter 9, in which we also discuss the transition from
an F-theory model without section to another model with multiple sections in terms of a
conifold transition. Chapter 10 forms the final part of this thesis and investigates further
consequences of compactifications with massive Abelian gauge fields. We show that in these
cases a discrete symmetry remains massless, which imposes selection rules on the Yukawa
couplings in F-theory compactifications to four dimensions.

In addition to the concluding remarks made in Part IV, this thesis is accompanied by
a number of appendices, which are collected in Part V. In particular, Appendix A deserves
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to be mentioned, as it contains an introduction to toric geometry that is tailored towards
the topics that are most relevant to this work. The remaining appendices provide proofs or
detailed derivations of various statements made in the main text of this thesis.

This dissertation is based on the following publications:

e V. Braun, T. W. Grimm, and J. Keitel, New Global F-theory GUTs with U(1) symme-
tries, JHEP 1309 (2013) 154, [arXiv:1302.1854].

e V. Braun, T. W. Grimm, and J. Keitel, Geometric Engineering in Toric F-Theory and
GUTs with U(1) Gauge Factors, JHEP 1312 (2013) 069, [arXiv:1306.0577].

e V. Braun, T. W. Grimm, and J. Keitel, Complete Intersection Fibers in F-Theory,
JHEP 1503 (2015) 125, [arXiv:1411.2615].

e T. W. Grimm, A. Kapfer, and J. Keitel, Effective action of 6D F-Theory with U(1)
factors: Rational sections make Chern-Simons terms jump, JHEP 1307 (2013) 115,
[arXiv:1305.1929].

e L. B. Anderson, I. Garcia-Etxebarria, T. W. Grimm, and J. Keitel, Physics of F-theory
compactifications without section, JHEP 1412 (2014) 156, [arXiv:1406.5180].

e [. Garcia-Etxebarria, T. W. Grimm, and J. Keitel, Yukawas and discrete symmetries in
F-theory compactifications without section, JHEP 1411 (2014) 125, [arXiv:1408.6448|.
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Chapter 2

A Lightning Review of F-Theory

This second and final chapter of the introductory part of this thesis is concerned with review-
ing some of the background material necessary for the understanding of what follows in the
two core parts of this work.

Intended to be a concise introduction to F-theory, the chapter is structured as follows: We
begin in section 2.1 by recalling the massless field content of Type IIB string theory, the ten-
dimensional supergravity theory obtained as its low-energy limit and the branes sourcing the
various massless gauge fields and their generalizations. Particular emphasis is put on seven-
branes, codimension-two objects in Type IIB string theory. Next, we summarize the field
content and the action of eleven-dimensional supergravity, which is believed to constitute the
low-energy limit of M-theory. After explaining how Type IIB string theory can be obtained by
considering M-theory compactified on a torus of vanishing volume in section 2.2, we define F-
theory in various dimensions as M-theory compactified on a torus-fibered manifold after taking
the limit of sending the torus volume to zero. Having introduced F-theory in this manner,
we describe how it allows us to study rather involved Type IIB vacua, and in particular
complicated seven-brane configurations, by analyzing the compactification geometry. Indeed,
it is the dictionary between geometric quantities on the one side and physical observables on
the other that is the underlying reason for much of the usefulness of F-theory. We illustrate
in section 2.3 how the non-Abelian gauge group of the low-energy limit of F-theory is encoded
in singularities of the torus-fibration. Abelian gauge groups are a bit more subtle to detect,
but since they form the central topic of this thesis, we explain their origin in section 2.4.
Having briefly discussed the geometric origin of the gauge theories in F-theory, we dedicate
section 2.5 to a more detailed description of how to actually perform the M-/F-theory limit
to compute the low-energy effective action of F-theory. This is followed by section 2.6, where
we recall some of the key features of GUTs and comment on the properties that F-theory
vacua would need to have in order to be suitable for GUT model building. Finally, we close
in section 2.7 with a summary of other areas of F-theory that are under intense investigation,
but that we have not had time to discuss here.

21
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Field Degrees of Freedom Name

I 35 Graviton
10} 1 Dilaton

By 28 NS-NS two-form
Co 1 R-R zero-form
Cy 28 R-R two-form
Cy 35 R-R four-form

Table 2.1: The world-volume fields corresponding to the bosonic massless modes of the Type
IIB superstring. The first three fields are from the NS-NS sector, while the latter
three are part of the Ramond-Ramond sector of the superstring.

Due to the constraints of time and space, we do not attempt to review the foundations
of string theory. Fortunately, there exists a number of excellent books on string theory,
such as [20-25], for example, and we refer the interested reader to these. Since F-theory is
still very much under investigation, there is considerably less introductory material than on
string theory in general, in particular with respect to anything beyond non-Abelian gauge
groups in F-theory or any of the other more recent topics of research. Nevertheless, two good
introductions to F-theory have been written [17, 26]. In particular, both these lecture notes
and the further reviews [27, 28] contain considerably more detail with regard to model building
in F-theory than we cover here. Last, but not least, let us also mention the dissertation [29],
which has an outstanding introduction to the duality between M-theory and F-theory.

2.1 Type IIB Superstring Theory and its Low-Energy Limit

Let us now turn to Type IIB superstring theory and its low energy limit. The massless modes
of the Type IIB superstring have 256 degrees of freedom. Due to supersymmetry, precisely
half of these are bosonic and the other half is fermionic. In table 2.1 we summarize the ten-
dimensional world-volume fields that they give rise to. The fermionic field content consists of
two spin-1/2-fields of the same chirality called dilatini and two spin-3/2-fields, the gravitini,
that also have the same chirality. As a consequence, Type IIB superstring theory is, unlike
Type IIA, a chiral theory.

In the next step, we are interested in the low-energy limit of the Type IIB superstring,
i.e. the theory governing the dynamics of these massless modes in a ten-dimensional spacetime.
We limit ourselves to the action of the bosonic sector. After defining the field strengths

1 1
Fi=dCy, F3 =dCy — CydBs Fy =dCy — §CQAdBQ+§BQ/\dOQ, (2.1.1)

we introduce the complex fields

T=Co+ie?, Gy = Fy —ie ®Hy = dCy — 7dBs . (2.1.2)
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The low-energy limit of the Type IIB superstring is given by N = (2,0) supergravity in ten
dimensions. In terms of the fields that we have just defined and the ten-dimensional Ricci
scalar R, the bosonic part of the supergravity action reads

27
SuB = ZS/
s J Mo

where Mg is the ten-dimensional spacetime manifold, I, is the fundamental string length and

_ldT/\*dT 1G3/\*G3—1F5/\*F5— i

Rx1 -
* 2 (ImT)Q 2 Imrt 4 4Im T

C4/\G3/\Gg ,

(2.1.3)

we have chosen to work in the Einstein frame. To be precise, Equation 2.1.3 defines only a
pseudo-action. The equations of motion for the fields derived by varying the action must be
supplemented by the self-duality condition for the five-form field strength given by

F5 :*F5. (214)

A crucial feature of this action (and the reason for performing the field redefinitions of
Equation 2.1.2) is that it exhibits an SL(2,R) symmetry. Under the action

at +b Cy ab Co
_ h —bc=1 2.1.
— o d’ <B2> — (c d) (Bg) , where ad — be , (2.1.5)

and trivial transformations for the remaining fields, one easily checks that Im 7 and G3 trans-
form according to
ImT

I —_— G3 —
mr ler +d|?’ 37 er+d

Gs. (2.1.6)

Using these transformations, one immediately sees that the Type IIB action of Equation 2.1.3
has an SL(2,R) symmetry. After quantizing the theory, not all of SL(2,R) survives — in
fact, only the subgroup SL(2,7Z) leaves the path-integral measure invariant. This subgroup,
however, is believed to be a symmetry group of the full superstring and not only its low-energy
limit. To grasp the importance of this symmetry, consider the element

01
S = (1 0) € SL(2,7). (2.1.7)

Under this transformation the azio-dilaton field T is mapped to —%. If we assume for sim-
plicity that our background satisfies Cyp = 0 and recall that the vacuum expectation value

of the dilaton field ¢ is related to the string coupling via gs = e{?), we find that the above
transformation acts on g5 as

1
gs = —. (2.1.8)
S

The above symmetry therefore maps strong string coupling to weak string coupling and vice
versa.
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Field Electric Source Magnetic Source
By  Fundamental String NS5 brane
Co D(-1) brane D7 brane
Cy D1 brane D5 brane
Cy D3 brane D3 brane

Table 2.2: The form fields of Type IIB supergravity and their sources.

2.1.1 Branes in Type 1IB

Next, we turn to studying the form fields By and Cj, i = 0,2,4, which are generalizations
of the usual gauge field (a one-form) that one is familiar with from field theory. Just as
ordinary gauge fields have electric and magnetic sources, their generalizations do as well. To
obtain an intuitive understanding of the nature of these sources, we recall Maxwell’s equations
generalized to d dimensions and to include magnetic charges:

dwg Fy = j0Y dxq Fly_y =58, F_, = %P (2.1.9)

For point charges, the currents take the form

jéij—l) ~ 51 i3) 56 (2.1.10)

Jmag ~

and we thus see that the electric charges of a one-form field are point-like particles regardless
of the spacetime dimension. On the other hand, the dimension of the magnetic charges
depends on the spacetime, as it is their codimension that is always three.

In the Abelian case, Equations (2.1.9) and (2.1.10) are easily generalized to form fields
of degree p. Assuming again a d-dimensional spacetime, they read

d*q FP+1 = jéldip) ) d*q Fc/i—p—l = jr(ril)a+g2) > F(;—p—l = *de-‘rl ’ (2111)
jéld_p) ~ (d-P) jfﬁfa?) ~ §Pt2) (2.1.12)

From these equations we learn that the electric sources of a p-form field (which has a (p+ 1)-
form field strength) are (p — 1)-branes, while the magnetic sources are objects of codimension
p+ 2, ie. (d —p— 3)-branes. In summary, we find that form fields are sourced by objects
whose dimension depends on the degree of the form and we list in table 2.2 the electric and
magnetic sources of the fields of Type IIB supergravity.

To get a better understanding of the properties of these different branes and their cor-
responding supergravity solutions, let us look at the equations of motion more closely. For
simplicity, let us disregard the directions along which the branes are extended and focus on the
d — p — 1 dimensions transversal to a p-brane. In this transversal space, that we furthermore
take to be flat, the field must fulfill the Laplace equation. Since the branes are point-particles
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in the transversal dimensions, the solution is the Green’s function of the Laplace operator
acting solely on the transversal space. In R%>2, this Green’s function is simply given by

G(r) ~ g (2.1.13)
where r is a radial coordinate, while in two dimensions it reads
G(r) ~ log(r). (2.1.14)

From the above equation, we see that codimension-two branes are special. For their lower-
dimensional counterparts one can always find a region in spacetime where their contribution
becomes negligible. In codimension two, that is for seven-branes in ten spacetime dimensions,
this no longer holds: No matter how far one moves away from their location, their impact
can still be felt and thus their backreaction on the geometry cannot be neglected.

Seven-Branes in Type IIB

Since seven-branes play such a special role in Type IIB, we are thus led to take a more careful
look at them. Let us take the transversal space of a D7 brane to be C, parametrized by a
single complex coordinate z. In the vicinity of the brane, the solution for the axio-dilaton
behaves as

z

7(z)=‘?LJog(X), (2.1.15)

where A is a complex parameter. Since 7(z) has a monodromy

T T+1 (2.1.16)

11
T= (2.1.17)
01
as one circles the origin, we find that

/dT:j{ T=1, (2.1.18)
D oD

where D is a disk containing the origin and therefore there is indeed a D7 brane located at
z=0.

represented by the SL(2,7Z) matrix

Globally, we do not expect 7(z) to be a good solution. Certainly, specifying 7(z) explicitly
as we have just done is not necessarily the most convenient description — after all, 7(z)
transforms under the SL(2,Z) symmetry of Type IIB, whereas one would expect the right-
hand side of Equation 2.1.15 to remain invariant. To obtain an SL(2,Z)-invariant equation
determining 7, one needs to reformulate Equation 2.1.15 in terms of a function of 7 that is
invariant under the transformation (2.1.5). Such a function is called a modular function of
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weight zero and it turns out that every function of this kind can be written as a rational
function of Klein’s j-invariant. Klein’s j-invariant has the asymptotic expansion

. 1
Jlq) = p + 744 + O(q) (2.1.19)
in terms of ¢ = €*™7. Matching this expansion with Equation 2.1.15, one arrives at

jlr(z) = 2. (2.1.20)

Crucially, the inverse map j(7) — 7 has further monodromies apart from the one at j(r =
i00) = 00, namely

1

T at j(r=1i) = 1728, (2.1.21)
T
]. T

T ——+1 at j(r=e3)=0. (2.1.22)
T

The first monodromy is just the strong-weak coupling transformation S introduced earlier,
while the second transformation can be written as T'S. Together, S and T' generate all of
SL(2,7Z). Since ico, i and e’ are the only fixed points of the fundamental domain of SL(2,7Z),
these are all monodromies for this solution for 7.

Given such an explicit solution for 7, let us now examine the behavior of the imaginary
part of 7, i.e. the dilaton, near the monodromies. At z = 0, the location of the D7 brane, we
find that

1 z
— =™ —(Im7) ~ ——log (5 2.1.23
=e =(ImT7) ~ o 1.
(m7) ~ —-—log ( ( )
and gs — 0 as one approaches the D7 brane. For |z| < || one can hence expect string
perturbation theory to be reliable. Crucially, this is no longer true near the other two fixed
points of 7, where g; ~ O(1). In fact, this should be rather unsurprising — after all, the
monodromy around ¢ maps weak coupling to strong coupling.

Indeed, even in this simple set-up, more than one brane is present. More importantly,
while the brane at z = 0 is a D7 brane, the brane at z = oo is not: It is a (0, 1)-brane. More
generally, one can have (p, ¢)-branes, around which there is the SL(2,7Z) monodromy

(1+§q P’ > (2.1.24)

—q~ 1—pq

While one can always employ the global SL(2,Z) symmetry of Type IIB to rotate a single
(p, q)-brane into a D7 brane, this does not generally work for arrays of different types of
seven-branes. In these cases, one can choose a certain brane to be a D7 brane (and thus the
string coupling to be small in its vicinity), but there is no transformation to a frame in which
all branes are of that type. Such set-ups are said to include mutually non-local strings and
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Field Degrees of Freedom Name

G 44 Graviton

Cs 84 M-theory three-form
Yy 128 Gravitino

Table 2.3: The field content of eleven-dimensional supergravity.

while they provide for rich physics, they cannot reliably treated using perturbative methods
in Type I1IB.

One could go into further detail and analyze such brane set-ups more closely in Type 1B
or try to describe them using the language of string junctions [30-32], but we shall not attempt
to do so here. Instead, the intention behind this section was to demonstrate that the inclusion
of seven-branes in Type IIB superstring theory will generally lead to backgrounds with varying
string coupling that can no longer be treated perturbatively, as it is impossible to neglect
the backreaction of the branes. Further difficulties arise as soon as one considers compact
transversal spaces, where all seven-brane charge must cancel, or if one analyses the deficit
angle induced by the seven-brane geometry [33-35]. Many of these already subtle questions
become largely inaccessible as soon as one studies compactifications to lower dimensions. At
this point F-theory comes to the rescue by providing a convenient framework that translates
these complicated issues into much more tractable geometrical problems.

2.2 Type IIB and F-theory from M-Theory

Unlike in the case of string theory, no microscopic description of the fundamental degrees
of M-theory has been discovered so far. The closest attempt to achieving a microscopic
formulation of M-theory has possibly been the BFSS matrix model, formulated in terms of
DO branes in the infinite momentum frame [36]. Nevertheless, if M-theory exists, then we
know what its low-energy limit must be, since there is a unique supergravity theory in eleven

dimensions.!

In table 2.3 we display the field content of eleven-dimensional supergravity. Apart from
the graviton and its superpartner, there is only a single additional field, the M-theory three-
form. Its field strength G4 = dC5 has M2 branes as electric sources and M5 branes as their
magnetic counterparts. The bosonic part of the eleven-dimensional action is given by

21
M J M

with [j; the fundamental M-theory length and, as in the Type IIB case, the fermionic part

. 1o o 1a A
R*1—§G4/\*G4—603/\G4/\G4 , (2.2.1)

follows in principle from demanding that the action be supersymmetric.

n fact, if one requires only a single time direction and no fields with spin larger than two, then this theory
is the mazximal-dimensional supergravity.
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To connect M-theory to Type IIB superstring theory, one must employ two duality trans-
formations. First, one compactifies M-theory on a circle. In the limit of small circle radius,
M-theory becomes Type ITA superstring theory, where the Type ITA spacetime is made up
by the remaining ten M-theory dimensions. The second step consists of compactifying the
Type ITA theory on yet another circle, which is T-dual to Type IIB on a circle of inverse
radius. As the radius of the Type ITA circle is shrunk to zero, the circle direction of Type I1B
decompactifies. Since the product of the two circles is topologically a two-torus T2 = S* x S1,
we thus arrive at the conclusion that M-theory on a torus becomes Type IIB string theory in
the limit in which the torus volume approaches zero.

Let us now carry out the duality for the supergravity fields explicitly. We must therefore
assume that our eleven-dimensional metric can be decomposed as M1 = Mg x T? and denote
by = and y the two cycle coordinates of the T2. For the remainder of this section, we denote by
sub- and superscripts whether we are dealing with M-theory quantities or Type IIB quantities
whenever there might be ambiguities. Calling the complex structure of the torus 7 and its
volume v?\/[ measured in units of /3, the eleven-dimensional line element splits up according

t
’ Vil M g 12
ImTM‘dx — 7 dy| (2.2.2)

2

ds?y = (ds})? +

and we can decompose the M-theory three-form as
Cs = CY + B N lypda + C AN lygdy + ASy A lyrda A Lyrdy (2.2.3)

Similarly, we decompose the Type IIB spacetime as Mg = My x S' and denote the circle
coordinate by u. The radius of the S! is denoted by r'™. Then the Type IIB fields decompose
as

ds?y = (dsi®)? + (r"B)2(du + 171 AYp)?, By = BB 4+ BB A L du, (2.2.4)
Cy = CYB + OB Alydu, Cy = CPB + OB Alydu. (2.2.5)

Now one can identify the z-circle with the one reducing M-theory to Type IIA and use the
Buscher rules (reviewed for instance in [37-39]) to map the Type IIA fields to their Type IIB
counterparts. Performing the calculations, one finds the following expressions for the Type
IIB field content in terms of M-theory data:

Co=Rer™ | e ® =ImrM, (2.2.6a)
I;?BYB =1,2B) 1208 =120, (2.2.6b)
17705 = 1,0y I A = Ly Al (2.2.6¢)

0
v
2™ = Yo sy, L = ()

B

[

(2.2.6d)

2Here we denote the one-form in the expansion by AY;, since it is mapped to the Kaluza-Klein vector of
the circle compactification of the Type IIB theory.



2.2. TYPE IIB AND F-THEORY FROM M-THEORY 29

M-theory brane Torus cycle wrapped Type IIB brane
M2 brane none D3 brane
M2 brane (p,q) (p, q)-string
- M5brane none Kaluza-Klein monopole
M5 brane (p,q) (p, q)-five-brane
M5 brane T2 D3 brane
‘ Kaluza-Klein monopole g (p, q)-seven-brane
Kaluza-Klein mode (0,1) D(-1) brane

Table 2.4: The M-theoretic origin of the different seven-branes of Type IIB depending on
whether they wrap no cycle, a (p, ¢)-cycle or all of the torus.

Finally, we are allowed to choose the dimensionless proportionality constant between the
string length and the fundamental F-theory length. Setting

l
[ (2.2.7)

such that (ds§B)? = (ds)?)? implies that the distances measured in M-theory and in our
Type IIB frame are the same. From now on, we will omit lengths, knowing that they can
always be restored by dimensional analysis. One key insight from this duality is that the
complex structure modulus 7 of the M-theory torus is mapped to the Type IIB axio-dilaton
7. Regarded from this point of view, the SL(2,7Z) symmetry of Type IIB is self-evident, as it
nothing but the modular group acting on the M-theory two-torus.

Under this duality between M-theory and Type IIB superstring theory, the M2 brane and
the M5 brane are mapped to different branes in Type IIB depending on the torus cycles that
they wrap. A summary of how the different branes in Type IIB are obtained from M-theory
objects is given in table 2.4

2.2.1 Fiberwise Duality and F-Theory

Until now, we have solely considered the duality between M-theory and Type IIB, which
by itself is of little use to our aim of understanding D7 brane set-ups. However, it takes
surprisingly little effort to generalize the duality such that it becomes F-theory. Instead of
assuming that the eleven-dimensional spacetime is a direct product M;; = Mg x T?, one can
take it to be a non-trivial torus fibration

T2 — M11 1) Mg. (228)

As long as the fibration is an elliptic fibration, i.e. it has a global section®, one can still split
up the eleven-dimensional metric according to Equation 2.2.2. The only modification is that

3That is, there exists a map s : Mg — M1 such that 7 o s is the identity on My
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the complex structure 7 will now depend on the base My. In fact, even in the absence of such
a global section, one can make sense of the duality between M-theory and Type IIB, as we
discuss in detail in chapter 8.

Typically, one considers eleven-dimensional spacetimes of the form R072% x Y, where
Y, is a torus fibration (or genus-one fibration in more formal terms). Requiring that Y, is
Kahler and has a vanishing first Chern-class ¢;(Y;,) = 0 guarantees the existence of a Ricci-
flat metric, such that compactifying on Y;, and applying the duality between M-theory and
Type 1IB superstring theory leads to a (12 — 2n)-dimensional Type IIB background with
minimal supersymmetry. The principal benefit of this construction is that for a non-trivial
fibration, the complex structure 7 of the fiber and thus the axio-dilaton of the resulting string
theory vacuum varies over the base manifold. In particular, a non-trivial fibration will have
a codimension-one locus in the base manifold over which 7 diverges, signaling the presence
of seven-branes. Geometrically, the location of these branes has a clear interpretation as the
base locus over which a torus-cycle degenerates. If a (p, g)-cycle of the fiber shrinks to zero
volume along a base cycle X, then there exists a (p, ¢)-brane wrapping 3 and extending along
the non-compact dimensions of the resulting Type IIB vacuum.

To detect singularities of the elliptic fiber, one can compute the discriminant A of the
genus-one fiber curve. The condition that Y,, is a Calabi-Yau manifold implies that A must
be a section of a certain line bundle on the base, namely

A eT(B,Kz"), (2.2.9)

where K g is the canonical bundle of the complex base manifold B. Given A, one can simply
find all loci along which at least one of the torus cycles shrinks by solving

A=0. (2.2.10)

Remarkably, by starting with a genus-one fibered Calabi-Yau manifold we have thus
obtained a description of a Type IIB vacuum with seven-branes and varying string coupling.
In particular, as we will suggest in the following section, one can apply this framework to
construct vacua with mutually non-local seven-branes that give rise to exceptional gauge
symmetries. This approach to constructing Type IIB vacua is called F-theory. In the original
paper [40] it was speculated that the torus that we used to compactify M-theory on was to be
understood as a torus on which a twelve-dimensional theory, F-theory, had been compactified
on. Although there is some evidence in favor of this hypothesis, there also exist convincing
arguments against it, such as the absence of the Kahler modulus determining the fiber volume
or the fact that there exists no supergravity theory with only a single timelike direction in
twelve dimensions. As a consequence, we define F-theory as M-theory on a torus-fibered
Calabi-Yau manifold in the limit of taking the fiber volume to zero and disregard the notion
of a twelve-dimensional origin. From now on, when we talk about F-theory, we refer to
studying strongly-coupled Type IIB vacua via the M-/F-theory limit.



2.3. NON-ABELIAN GAUGE THEORIES 31

Last, but not least, let us point out that taking the M-/F-theory limit can be vastly more
subtle than one might at first think. As we will see in the next section, the fiber geometry
becomes more complicated if non-Abelian gauge groups are present in the low-energy effective
theory and there are in fact competing limits to be performed. For a more detailed discussion
of such matters, we refer to [41].

2.3 Non-Abelian Gauge Theories

As hinted at above, one of the motivations to study F-theory is the elegance with which it
allows the construction of exceptional gauge groups in Type IIB. Unlike weakly-coupled Type
IIB brane set-ups, which permit only the construction of the classical A, B, C and D gauge
algebras, F-theory vacua feature mutually non-local seven-branes, thus allowing exceptional
gauge algebras as well. In this section, we give a brief summary of how non-Abelian gauge
symmetries can be detected in the M-theory geometry.

In the previous section, we mentioned that seven-branes wrap cycles in the base manifold
defined by the vanishing locus of the discriminant, i.e. A = 0. To differentiate between a single
seven-brane and the stacks of seven-branes that give rise to a non-Abelian gauge theory on
the brane world-volume, we expand A along a normal coordinate w to the vanishing locus:

A=) AWy (2.3.1)
=0

A necessary criterion for a non-Abelian gauge theory to exist is that A© = A = 0, that
is, A must vanish at least quadratically with respect to w. Compared to the case where A
vanishes only linearly, there is an important difference. In the case that A = O(w) near a
singularity, the fiber of Y,, degenerates, but the total space of the fibration remains smooth.
However, if A vanishes at least quadratically and induces a non-Abelian gauge theory, then
Y,, itself becomes singular.

In this case, it is helpful to resolve* the singularity. Performing the resolution leads
to a set of exceptional divisors consisting of a two-sphere fibered over the base locus of
the former singularity. In this fashion, the torus fiber is replaced by a set of two-spheres
intersecting each other in a certain pattern. It is a beautiful property of F-theory that these
two-spheres intersect as the nodes of the affine Dynkin diagram of the gauge algebra they give
rise to. Fortunately for physicists, singularities of elliptic surfaces were classified by Kodaira

4 Alternatively, one can deform the singularity [42, 43]. Physically, the difference between a resolution and
a deformation is that the former corresponds to moving to the Coulomb branch of the resulting low-energy
effective theory, while the latter corresponds to Higgsing the gauge group. Note that here we are talking about
the odd-dimensional supergravity theory before applying T-duality and sending the radius of the T-duality
circle to zero.
A different approach to singular spaces was taken in [44, 45], where the authors attempt to understand the
singular geometry directly.
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Figure 2.1: A schematic representation of the generic fiber and the reducible fiber after
resolving an A4 ~ su(5) singularity. If the fibration has a global section, then
one section must be chosen as the zero section determining the “origin” on the
elliptic fiber. One can take the node intersected by the zero section as the affine
node of the Dynkin diagram.

[46] and one can use his classification to precisely identify the type of singularity that the
compactification manifold has. We will recall the full classification in chapter 3 and explain
in detail how to read off the singularity type.

Importantly, it takes precisely rank g exceptional divisors to resolve a singularity whose
low-energy effective gauge algebra is g. As we will see in detail in Part IIT of this thesis, the
two-forms dual to these exceptional divisors are those whose expansion coefficients become the
generators of the Cartan subalgebra, i.e. those gauge fields that commute with all generators
of the gauge algebra. For this reason, we will occasionally refer to the exceptional divisors
as Cartan divisors and to singularities that give rise to non-Abelian gauge symmetries as
non-Abelian singularities.

2.3.1 Matter and Yukawa Couplings

Just as one can relate the (non-Abelian) gauge fields of the resulting low-energy effective
theory to singularities of the compactification manifold that occur at codimension one in the
base, it is also possible to find a geometric description for matter fields and their Yukawa
couplings.

From intersecting brane scenarios, reviewed for instance in [47, 48], we expect matter
fields to be located at the intersection of two branes and similarly, the Yukawa couplings at a
triple brane intersection. In the compactification geometry, such brane intersections manifest
themselves in singularity enhancements. At certain codimension-two loci in the base, the
rank of the non-Abelian singularity will generically increase by one. Such enhancements will
generically lead to matter states and their representations can be obtained from the branching
rule of the adjoint representation of the enhanced gauge algebra genn. to g. Two examples that
we will repeatedly encounter in this thesis are two rank-one enhancements of su(5), namely
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50(12): 5x 5 x 10

su(b)

Figure 2.2: A pictorial description of how matter fields and Yukawa couplings arise at the
intersection of multiple branes that occur in higher codimensions in the base
manifold. The big gray blob symbolizes an SU(5) GUT divisor.

those to $0(10) and su(6). One finds that

su(6) : 35 -24+5+5+1

_ (2.3.2)
50(10): 45 —244+10+10+1,

and thus the fundamental and the antisymmetric representations of su(5) can be associated
with singularity enhancements to su(6) and so0(10).

Similarly, one can create a dictionary between the enhanced gauge algebra and the re-
sulting Yukawa coupling. In the case of SU(5) one finds the following map:

su(7):5x5x1 50(12) : 5 x 5 x 10 ¢6:10x 10 x 5 (2.3.3)

For GUT model building, it is essential to point out that the last coupling is associated with
an enhancement to an exceptional gauge algebra that cannot occur in weakly-coupled models.
In F-theory, on the other hand, areas of strong coupling with mutually non-local seven-branes

can lead to exceptional symmetries.

2.4 Abelian Gauge Theories

Compared to non-Abelian gauge symmetries, Abelian gauge groups are encoded in a slightly
more subtle geometric quantity: The Mordell-Weil group of the elliptic fibration. In chapter 3
we explain this group in far more detail, but roughly speaking, it is generated by the homology
classes of global sections of the fibration modulo the homology in the base manifold.
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Regardless of the details, it is easy to compute the Abelian rank of an F-theory model of
an elliptically fibered Calabi-Yau manifold Y:

rankg () = R (YY) - rY(B) -1 - Zrankgi (2.4.1)

i
Here B is the base manifold of B and g; are the gauge algebras of the non-Abelian singularities.
As we will see in detail, the Abelian gauge fields are obtained by expanding the M-theory

three-form in these (1, 1)-forms.

It is remarkable that even though the Mordell-Weil group was related to the Abelian
gauge symmetry already in the early papers [49, 50], it took fifteen years until a systematic
study of Abelian gauge symmetries was begun [51, 52]. Since their systematic study and
construction is the main topic of this dissertation, we postpone a more detailed treatment of
their geometry to Part II and their physics to Part III of this thesis.

2.5 F-Theory Effective Actions

While F-theory allows one to read off many of the properties of the resulting low-energy theory
directly from the M-theory geometry, studying the supergravity theories involved in the M-
/F-theory limit and performing the duality carefully is essential. In this section we therefore
give a concise summary of how to obtain an effective action for F-theory by elaborating on
the discussion of section 2.2. Let us also note that such computations were first performed in
[53, 54] and that they form an essential part of Part III of this thesis.

The first part of determining the effective action of F-theory on a possibly singular Calabi-
Yau n-fold Y, is to resolve the singularities, yielding a smooth Calabi-Yau manifold Y.
Next, one compactifies M-theory on Y to obtain a supergravity theory in 11 — 2n dimensions.
Instead of trying of perform the limit of sending the fiber volume to zero explicitly, one now
approaches the duality from the Type IIB side. After reading off the gauge group from the
geometry of Y, one takes a general (12 — 2n)-dimensional supergravity theory with arbitrary
matter and reduces it on a circle. In the third and final step, the two (11 — 2n)-dimensional
theories that one has thus obtained have to be matched. While this is immediately possible
for a subsector of the (11 — 2n)-dimensional supergravity theory (called the classical sector),
it cannot be done in general. Key to understanding the underlying reason for this apparent
mismatch is to recognize that the M-theory reduction is a theory of only the massless nodes
— all contributions from massive fields have “automatically” been integrated out in the
reduction. In particular, this includes the W-bosons of the gauge theory and all particles
with non-zero charge under any of the gauge fields, as resolving the non-Abelian singularities
implies giving a non-zero vacuum expectation value to the scalars in the vector multiplets of
the theory. Only after also integrating out the massive modes of the circle reduced theory,
one can therefore expect the two theories to be the same. This approach is summarized and
illustrated in figure 2.3.
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M-theory (12 — 2n)d-SUGRA

11d supergravity low-energy limit General supergravity theory
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Figure 2.3: Summary of how to compute the low-energy effective action of F-theory in a
given dimension.

2.6 Model Building and GUTs

Since its conception [40] almost twenty years ago, F-theory has attracted considerable atten-
tion. However, work on F-theory can largely be divided into two phases: After a burst of
activity in the first years after its formulation, interest abated until the field was revived by
the two independent but strongly related works of [55] and [56, 57] which suggested using
F-theory for GUT model building. Here we give a short overview of the properties of F-theory
that make it attractive for studying GUT models. For more details we refer the reader to
[28, 48].

As mentioned already in the first chapter, there are arguments favoring a unification of
the electroweak force with the strong force and the running of gauge couplings indicates that
this may occur at AquT ~ 10'6 GeV. The simple gauge group of lowest rank that contains
the Standard Model gauge group SU(3) x SU(2) x U(1) is SU(5), leading to the proposal of
Georgi and Glashow [58] of an SU(5) GUT model. There the hypercharge generator of the
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Standard Model U (1) is identified with the Cartan element

T = 2 (2.6.1)

of SU(5). Furthermore, the Standard Model matter representations can be nicely packaged
into representations of SU(5) according to

10 = (Qr,uf, e%) 1= () (2.6.2)
SM = (dc7 L) ) 5H = (TU7Hu) 5 SH = (Td, Hd) s (263)

where the superscript C' denotes charge conjugation and there is a set of 10, 5y and 1
representations for every family of the Standard Model. The only additional fields not present
in the Standard Model are the Higgs triplets T, and 7Ty and the twelve extra gauge boson
degrees of freedom from the breaking SU(5) — SU(3) x SU(2) x U(1). Furthermore, the
Yukawa couplings can be rewritten into Yukawa couplings of the SU(5) gauge theory as in

10 x 10 x 5y :  Qru%H, (2.6.4)
10 x SM X 51—1 : Le%Hd + QLdng .

The fact that the Standard Model representations can so easily be accommodated into SU(5)
representations was initially considered as theoretical evidence for the existence of such an
SU(5) GUT.

However, subsequent experiments showed that at least the most naive version of such an
SU(5) GUT is not a correct description of nature. Arguably the most pressing problem of
simple SU(5) GUTs is the prediction of proton decay. Couplings of the type

10 x 5y X By QrdSL + u%Gd%dS + LLeS, (2.6.6)

and similarly for 10 x 55 x 5y lead to proton decay, a tightly constrained experimental
quantity, and in the absence of a further symmetry that could impose additional selection
rules, there is no good reason for why they should be absent.

If one were to realize GUT scenarios in string theory, one option would thus be to study
SU(5) GUT theories with additional symmetries, either in the form of Abelian gauge groups
or discrete symmetry groups. To construct such an SU(5) GUT, one may be tempted to use
a weakly-coupled brane set-up in Type II superstring theory.” Unfortunately, there is one

5There is a vast number of factors one must pay attention to when trying to construct halfway realistic
string compactifications, which we largely neglect here. We refer to [47] for a comprehensive review of model
buildings with branes and fluxes.
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major problem with that: In such intersecting brane scenarios Yukawa couplings originate
from local enhancements of the gauge group and can be read off by branching the adjoint
representation of the enhanced gauge group down to SU(5). One finds that

48 27O oy (54541 4ce) +2x1 (2.6.7a)
66 202 70) 54 L (104 5+ 5+ ce)+2x1 (2.6.7b)
78 eg—>su(5) 24+(104+10+5+c.c.)+4x1, (2.6.7¢)

which connects the 10 x 10 x 5 Yukawa coupling to a local enhancement to Eg, as we already
stated in Equation 2.3.3. Exceptional gauge groups, however, can not be obtained using
weakly coupled methods. Nevertheless, this Yukawa coupling is responsible for the top mass
as can be seen from Equation 2.6.4 and generating it purely from non-perturbative instanton
corrections requires a large amount of fine-tuning.

2.6.1 GUT Breaking Mechanisms

In order to solve this problem, it is necessary to consider string theory vacua with exceptional
gauge groups. The most obvious candidate is the Heterotic String with gauge group Eg x Fg,
but as discussed previously, they can also be obtained from F-theory. Regardless of their
origin, any GUT group must eventually be broken to the gauge group of the Standard Model
and there exist various mechanisms to do this.

Possibly the most straightforward mechanism to achieve GUT breaking is to include a
Higgs field in the adjoint representation of the GUT group. Geometrically, such a Higgs field
would correspond to a deformation modulus of the brane on which the GUT is defined and
would be counted by the sections of the canonical bundle of the GUT divisor S, that is they
are elements of HY(S, Kg).

Furthermore, there are two more stringy GUT breaking mechanisms, that one would not
ordinarily consider in field theory. The first such mechanism uses Wilson lines to break the
GUT group. These also correspond to fields transforming in the adjoint representation of the
GUT group and are obtained from elements of H*(.S). Wilson lines are usually used to break
the gauge group of the Heterotic String. The second stringy mechanism uses hypercharge
flux, i.e. flux in the direction of the Cartan generator 1" defined in Equation 2.6.1, depends
on no strong-coupling effects and can equally well be used in perturbative set-ups.

Recently, hypercharge has been investigated in the context of the Heterotic String. How-
ever, under a certain set of assumptions, the authors of [59] proof a no-go theorem, showing
one can not obtain Standard Model physics from Heterotic String Theory using hypercharge
flux. In F-theory, on the other hand, no such constraint is believed to exist and realizing
viable models with hypercharge breaking remains an active area of research [60-63].
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2.6.2 Further Issues and an F-Theory Wish List

The combination of exceptional gauge symmetries, hypercharge flux and the connection to
well-controlled IIB mechanisms make F-theory an attractive candidate for GUT building. For
this reason, let us now identify a few key F-theory model configurations that could potentially
be of interest for serious GUT phenomenology. The most obvious quantity one needs to control
is the non-Abelian gauge group, which is most often assumed to be either SU(5) or SO(10).
As mentioned above, it is important to ensure that the gauge symmetry is enhanced to Fjg
at certain points in the base.

Next, to address proton decay, one would like to construct F-theory models with dis-
tinguishable 5-representations to accommodate 55 and 53;. For two representations to be
distinguishable, i.e. to obey different rules in field theory, they must carry different charges
under an additional symmetry. This symmetry can either be continuous (in the simplest case
a U(1)) or discrete. Geometrically, such a symmetry would force the 5-curve to split into
different irreducible components. Naively, one might think that the presence of two 5-curves
and a 10-curve will be enough in order to forbid couplings to the type given in Equation 2.6.6,
but this is not true. If one also attempts to generate the correct number of generations, use
hypercharge flux to break the GUT group and satisfy four-dimensional anomaly cancelation,
one needs either two additional 5-curves or further 10-curves, as was elegantly shown in [64].
In summary, the most straightforward models one could hope for have an SU(5) x U(1)* x Z,,
gauge groups, where either £ > 0 or n > 0. Furthermore, they should have a total of at least
five different 5 and 10 representations, and enhance to Fg at the intersection of some of the
5 and 10 curves.

Clearly, these are not the only conditions that a contender for at least a semi-realistic
F-theory GUT model would need to satisfy. In fact, there exists a host of issues that we
have not addressed here. To begin with, for the hypercharge U(1) not to become massive by
the flux needed to break the GUT group, the GUT divisor must have a suitable topology:
It must possess (1,1)-forms that become trivial if lifted to the entire base manifold [62]. In
addition, there are many other “constraints” from the Standard Model, such as the correct
form of the CKM matrix [65-70], an appropriate hierarchy between the strength of the grav-
itational interaction and the gauge couplings [71-73|, neutrino physics or possible constraints
from inflation [74, 75]. Another significant topic that we have fully omitted here is moduli
stabilization. Generically, F-theory compactifications have a number of additional neutral
fields that correspond to deformations and rescalings of the compactification geometry. The
general hope is that Type IIB moduli stabilization mechanisms are applicable to more gen-
eral F-theory models as well, but actually stabilizing all moduli for a given model is highly
challenging.

It is for these reasons that we strongly emphasize that even though the constructions
carried out in this thesis may partially be motivated by their potential application to GUT
building and an improved understanding of the string landscape, we do not in the least suggest
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to provide realistic F-theory models. Instead, we undertake a general study of Abelian gauge
groups in F-theory and discover that they are closely related to discrete symmetries.

2.7 Further Aspects of F-Theory

In this final section of the introductory part of this dissertation, we would like to point out
several areas of research in F-theory that we have not been able to mention, but that are
interesting in their own right.

From the beginning on, F-theory has been recognized to be dual to the heterotic string
[40, 49, 50]. One of the central pieces of the duality is the spectral cover construction developed
in [76], which was later adapted to compute spectra in local F-theory models [66, 77] and
extended to include Abelian factors in semi-local models to study and classify possible local
SU(5) xU(1)" GUT model spectra [60, 78-81]. Despite the early efforts, the duality with the
heterotic string continues to be studied [82-84] and further work may be needed in order to
fully understand the heterotic duals of F-theory models with Abelian gauge groups [85].

A topic that we completely omitted in our short introduction to F-theory are weak-
coupling limits of F-theory. The essential idea behind such limits is to deform the complex
structure of the fibration such that 7 approaches ico over all of the base. The first person
to systematically study this problem was Sen [86, 87]. Despite this early and important
work, taking the weak-coupling limit of a general F-theory model is far from understood —
in fact, one would not expect to even be able to find an area in the complex moduli space
in which a theory with exceptional gauge groups becomes weakly coupled. Recently, new
orientifold limits have been explored [88-90] and in [91, 92] a new stable version of the limit
was developed. Based on this stable Sen limit, the authors of [93] managed to study (a
limited set of) massless and massive U(1)s and confirmed the proposal to use an expansion
in non-Ké&hler forms made in [62] for the latter.

Another area of F-theory is concerned with using F-theory to study gauge theories in
various dimensions. Already in [94] it was recognized that the gauge theories obtained by
compactifying M-theory on Calabi-Yau threefolds related to each other by flop transitions are
connected to each other by different choices of Weyl chambers. This idea was later extended
to four dimensions in [95] and has recently been described systematically in [96-100]. It
turns out that there is a nice relation to the singularity enhancements of elliptic fibrations
in higher codimensions as studied in [101-104]. Equally interesting are the efforts to use F-
theory in order to construct and classify SCFTs in six dimensions [105-111] or to study their
anomaly polynomials [112]. Automatic anomaly cancelation for F-theory vacua was studied
in [113-115].

In a somewhat similar spirit to the classification of six-dimensional SCF'Ts, there has been
a program to partially classify F-theory models by concentrating on so-called non-Higgsable
clusters [116-121]. There are various further efforts to explore the F-theory landscape by
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finding suitable buildings blocks and by deriving constraints valid on the range of allowed
supergravity models. In addition to those developed in this thesis, there have for instance
been the works of [84, 122-127].

Finally, let us mention that o'-corrections to F-theory effective actions have recently
started to receive attention [128-131] and it will be interesting to study their potential impact
on model building scenarios. There are various other recent developments in F-theory, ranging
over topics as diverse as period computations [132], to matrix factorizations [44, 45], orbifolds
in F-theory [133] and hypercharge flux [63]. Many of these topics overlap and it is exciting
to contemplate their further development in the coming years.
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Much of the appeal of F-theory and certainly a considerable part of its computational
power stems from the fact that F-theory encodes the configuration of fully backreacted Type
IIB seven-brane systems geometrically. Using F-theory, intricate physical questions can be
translated into their geometrical counterparts, which may turn out to be far more accessible
due to the advances of Modern Mathematics. Having as much control as possible over the
manifolds on which we compactify F-theory is therefore absolutely essential. It is the objec-
tive of this chapter to provide the necessary mathematical background and an appropriate
framework for constructing and analyzing suitable Calabi-Yau manifolds.

We begin by presenting a “wish list” of sorts and specify the properties that we require
our compactification manifolds to have. In order to study the F-theory scenarios of interest
to us, we require a complex Calabi-Yau manifold Y subject to the following demands:

e Y is smooth.

e Y has a fibration with projection map 7 : Y — B, such that the fiber 77!(p) is a curve
of genus one over generic points p in the complex base manifold B.

e The fibration Y has a specified number of independent global sections.

e There exists a blow-down map taking Y to Y, where Yy, is a singular manifold with
singularities of a specific kind over a given set of base loci.

Ideally, one would like to find an algorithm that takes as input the number of independent
sections, the set of pairs of base loci and singularities and possibly the base manifold itself, and
produces from that a list of all such Calabi-Yau manifolds. By further refining the physical
input of this algorithm, the ultimate hope would then be to be able to exhaustively survey
the landscape of string vacua. Needless to say, this goal remains far in the distance. However,
if one accepts not to be given a list of all such manifolds, but instead only of some manifolds
satisfying the given criteria, then much progress has been made in the past years. In the
following, we outline our approach to this problem, explain how to break it down to a set of
three sub-tasks and focus on answering them separately in the different chapters of this part
of the thesis.

The first step (and possibly a simplification) is to restrict to Calabi-Yau manifolds Y,
of complex dimension n that can be constructed as complete intersections of codimension ¢
inside toric varieties X,1.. By ensuring that X, . are sufficiently smooth spaces, one can
achieve that Y, itself is smooth, too. Next, one translates the other physical requirements on
Y,, into requirements on X, ;. and demands that there is a blow-down map taking X, ;. to
Xn+te, sing- Under this map Y, is mapped from a generic and smooth complete intersection
inside X,,4. to a non-generic and singular complete intersection Y, sing inside X, i¢ sing,
where our notion of genericity is with respect to the position inside the complex structure
moduli space of Y,,. We illustrate this approach in figure 2.4.
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Xnte Xn+te, sing
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J Yn+c, sing

Yn+te Singular complete intersection of
Smooth complete intersection of codimension ¢ that is defined by
codimension c missing all the sin- blow-down non-generic sections of appropri-
gularities of Xy Yjic is de- " ate line bundles, i.e. the coeffi-
fined by generic sections of ap- cients of the monomials defining
propriate line bundles. the complete intersection equa-

tions satisfy non-trivial relations.

Figure 2.4: Under the blow-down map, the ambient space X, 4. is mapped to a different
ambient space X4, sing With hl’l(XnJ’_Q sing) < h'!'(X,4c). Under this map the
set of all complete intersections Y, inside X, . is mapped to a set of Calabi-Yau
manifolds inside X, ., sing Whose complex structure coefficients lie on a locus
of positive codimension within the complex structure moduli space of complete

intersections of the same homology class.

The second step is to split up the construction of X,.. into appropriate sub-tasks in
order to determine the relevant quantities that can be treated independently. We suggest the
following separation of tasks:

1. By studying the global sections of the fibration that are generated by a subset of divisors
of X,+¢, one can examine a subgroup of the Abelian gauge group called the toric
Mordell-Weil group MW solely by studying the ambient space of the generic fiber of
the fibration.

2. Focusing on the singularities of Y, sng that lead to non-Abelian gauge groups in the
compactified effective theory which originate from the fibration of X, ., one can harness
the full power of toric geometry and translate the singularities into combinatorial objects
called tops. These can then be studied (and in some cases even classified) on their own.

3. Finally, one can enumerate all fibrations with a given set of generic fibers and tops and
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study the remaining properties that depend on the whole fibration.

In figure 2.5 we depict this procedure.

Generic Fiber

Choose the ambient space F' of the generic fiber to determine the toric

I subgroup MW of the Abelian gauge group. If the choice of F' implies

. leads to a multisection of the fibration, F' instead determines the toric
discrete symmetry group.

— =

Toric Singularities

II Choose a set of tops 7; compatible with F' over toric base divisors to
«  determine the toric subgroup of the non-Abelian gauge group.

— =

Base and Fibration

Choose a base manifold B and the completion into a Ricci-flat genus-one

III fibration Y to compute the non-toric gauge group and the full matter
content of the resulting F-theory compactification and to confirm flatness
of the fibration.

Figure 2.5: Engineering a genus-one fibered Calabi-Yau manifold Y;, can be split into three
sub-tasks: Choosing an ambient space for the embedding of the generic fiber,
selecting tops that determine the fibration of the ambient space X,.i., and
finally completing the ingredients with a base manifold into the full fibration.

The contents of this part of the thesis strictly follow this subdivision of tasks. In chapter 3
we provide a framework to study genus-one curves inside arbitrary toric ambient spaces.
Chapter 4 is devoted to the engineering of singularities of the fibration and contains an in-
depth explanation of what tops are. Finally, chapter 5 provides an algorithm for combining
these building blocks into full-fledged genus-one fibered Calabi-Yau manifolds.






Chapter 3

Fiber Curves of Genus One

Given a fibration whose generic fiber is a curve C of genus one and possibly a set of global
sections defining points on the curve, the two main quantities one is interested in are:

e The discriminant A — it vanishes if and only if the genus-one curve is singular and
contains information about the type of singularity.

e The discrete group MW7 generated by the global sections with respect to the group

law on the curve.

Providing the means to compute these quantities for a large class of genus-one curves is the
goal of this chapter and we approach the problem as illustrated in figure 3.1: If the curve
is defined as a hypersurface inside the weighted projective space Pa3; then it has long been
known how to determine A and MW . Furthermore, every genus-one curve with at least one
special point (i.e. an elliptic curve) can be embedded in Pa3;. If the genus-one curve has no
special point (that is, the fibration has no global section), then there exists an intermediate
map taking C' to its Jacobian Jac(C'), which is an elliptic curve. The discriminant of the
Jacobian is the same as the discriminant of C' and it therefore suffices to embed Jac(C') inside
Py31. Given the distinguished role that Pa3; plays, it is natural to wonder why one should ever
want to consider other ambient spaces. The underlying reason is that it is much simpler to
treat smooth spaces. If the elliptic curve (or more generally, the Calabi-Yau manifold) is not a
smooth complete intersection inside the toric ambient space, then it is much harder to deduct
properties of the complete intersection geometry from the toric ambient space geometry that
we have under firm control. However, the embedding into Po3; does not necessarily have to
map the curve onto a smooth curve and therefore it simplifies many calculations to start with
the curve embedded into a different space in which the singularities are resolved.

These concepts will be explained in more detail later on, but put in a nutshell, the
problem of computing A and MW of an arbitrary genus-one fibration can be reduced to
finding an embedding of the fiber into P93;. In section 3.1 we therefore review the geometry

47
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Genus-One Curve C Elliptic Curve E = (C, O)

Compute Jac(C) e Tuple of genus-one curve C

e Complex curve of genus one,

and point O on C.
i.e. with topology of a T2. P

e Has a group law.

poquio

Weierstrass Model in P33 Elliptic Curve in Pag

e Read off Weierstrass coeffi-
: Complete square = ® Defined by long Weierstrass
cients f, g.

and cube equation.
e Compute Discriminant A =
Af3 4 9742, e Compute MWrp.
Figure 3.1: For every elliptic curve, there is guaranteed to exist an embedding into Pa3;
and we can compute A and MW for the embedded curve. If the genus-one
fibration has no section, then MWr is trivial, anyway. To compute A of a genus-
one curve (', one can equally well compute the discriminant of the Jacobian of

C, Jac(C), which is an elliptic curve.

of elliptic curves inside P37 and explain how to compute their discriminant, read off the
singularity types, and compute MW. To substantiate the claim that every elliptic curve can
be embedded into P31, we recall the embeddings of general genus-one curves in section 3.2
using the line bundles on the curves. This leads us straight to section 3.3, where we review
line bundles on genus-one curves embedded inside toric varieties. Section 3.4 contains the
explicit algorithm that the previous sections have worked towards and section 3.5 showcases
its usefulness by applying it to all the 3134 genus-one curves that can be obtained as complete
intersections of codimension two inside a toric variety. Given this set of discriminants, we
perform in section 3.6 a quick survey of the singularities that the genus-one curves in different
ambient spaces generically develop in the blow-down limit.

The next sections deal with computing MW7. In section 3.7 we study global sections
of genus-one fibrations and, among other things, define what is meant precisely by the toric
sections that generate MWp. This is followed by a classification of the toric Mordell-Weil
groups for elliptic curves up to codimension two in section 3.8. Last but not least, we comment
on a few properties of genus-one fibrations without section and their relation to fibers with
multiple sections in section 3.9.
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3.1 Weierstrass Models

The most general genus-one curve inside the weighted projective space Pa3; is defined by the
long Weierstrass equation

C: y2 +a1xyz + a3y23 =23+ a2x222 + a4mz4 + a626 , (3.1.1)
where the a; determine the complex structure of C. We first explain how to compute the
discriminant A of C, before proceeding with an explanation of the group law on the curve.
To find A, one must complete the square with respect to y and the cube with respect to z.!

One obtains the short Weierstrass equation

E: y? =2+ faoz* + g2 (3.1.2)
with Weierstrass coefficients
1 4 2 2
f= 8 (—aj — 8ajaz — 16a3 + 24a1a3 + 48a4) (3.1.3)

1
g= <864> - (a$ 4 12a}as + 48a3a3 — 36aa3 + 64a3 — 144a;aza3

— 72a%ay + 21643 — 288asa4 + 864a) .

Note that the point O : [1:1: 0] is always a solution to the above equations, making the pair
E = (C,0) an elliptic curve. Somewhat imprecisely, we often say that C is an elliptic curve,
but we always mean the pair (C,0). Since the two equations (3.1.1) and (3.1.2) are called
Weierstrass equations, one often calls F-theory models with such elliptic fibers Weierstrass
models.

Next, consider Equation 3.1.1 in the affine patch U, , defined by z = 1. Only O is not
contained in this patch. Restricted to U, 4, C is the double cover of the complex plane together
with two branch cuts: One branch cut connects two of the roots of the cubic polynomial in
x given by the right-hand side of Equation 3.1.2 and the second branch cut reaches from the
remaining root to O, the point at infinity. C' becomes singular if and only if (at least) one of
its cycles shrinks. From figure 3.2 it is obvious that this happens when at least two of the
roots of the cubic polynomial in x collide, i.e. if and only if the discriminant

A = 4f3 4274 (3.1.4)

of said polynomial vanishes. Given an elliptic curve in short Weierstrass form, we can thus
always compute its discriminant. As a side remark, we note that f, g, and A are not invariant
under rescalings of the homogeneous coordinates according to [z : y : 2] & [Nz : A3y : \z]
with A € C*. Applying such a rescaling to Equation 3.1.1 and dividing by A®, one has that

Fe Xt g= A0, A aTRAL (3.1.5)

LFor this to be possible, the characteristic of the field the a; belong to must neither be two nor three.
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Figure 3.2: A visualization of Equation 3.1.2 restricted to the affine patch U, , parametrized
by z and y. Since Equation 3.1.2 is quadratic in y and cubic in x, y undergoes
a monodromy y — —y along small circles around the zeroes in x and along a
circle around oo. Demanding that y be single-valued, E is thus described by a
double cover of C with one branch cut connecting two of the zeroes in x and
a second cut connecting the third zero and infinity. Here we have drawn the
branch cuts in zigzag lines and illustrated a valid choice of one-cycles generating
the homology group H;(F,Z).

However, the j-invariant

43

] =1728——F——
i(r) =17 S15 4 2742

(3.1.6)

does remain unmodified.

In general, one can consider elliptic curves over more exotic fields, such as function fields.
Of special relevance to us are Calabi-Yau manifolds that have an elliptic fibration. Then the
elliptic curve is defined by an equation of the form of Equation 3.1.1 in which the coefficients
a; are rational functions in the complex variables parametrizing the base manifold B and the
elliptic curve is defined over the function field consisting of such rational functions. In this
case, A is a rational function and its vanishing locus defines a divisor in the base manifold.
Over this divisor the elliptic fiber is singular. In fact, the triple (f, g, A) contains more
information than only the location of the singularities: It also encodes the type of singularity.
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Denote by ug a normal coordinate to an irreducible component ¥ of the divisor A = 0. Then
the vanishing orders of f, g and A with respect to ug determine the singularity type along
3. For example, consider a base locus along which f and g remain non-zero, but A vanishes
quadratically:

F=0(1), ¢g=01), A=0(s3). (3.1.7)
Along this locus the whole fibration becomes singular and in the resulting low-energy effec-

tive theory there is a D7 brane with an SU(2) gauge group. In the seminal work of [46],

’ ‘ ords(f) ‘ ords(g) ‘ ords (A) ‘ eqn. of monodromy cover ‘ g(X) ‘

Io >0 >0 0 - -

I 0 0 1 - -

Iz 0 0 2 - su(2)

I, m >3 0 0 m »? 4+ (99/2f)|2=0 sp([2]) or su(m)

I7 >1 1 2 - -

117 1 >2 3 - su(2)

v >2 2 4 »? — (9/2%)|.=0 sp(1) or su(3)

Is >2 >3 6 U7+ (f/2°)|s=0 - ¥ + (9/2°)[z=0 | g2 or 50(7) or s0(8)
I3, 5,n>3 2 3 2n+1 | °+ 2(A/27"T)(22£/99)%|.—0 | s0(4n—3) or so(4n—2)
I 4,m>3 2 3 2n + 2 P2+ (A2 ) (22£/99)%| =0 s0(4n—1) or so(4n)

v* >3 4 8 2 — (g/2%)|2=0 fa or eg
Ir- 3 >5 9 — er

Ir >4 5 10 - es

non-min. >4 >6 >12 — -

Table 3.1: Kodaira—Tate classification of singular fibers, monodromy covers, and gauge alge-
bras, taken from [134]. The column with the gauge algebras is to be understood
as follows: Assume that the defining equation of the monodromy cover splits into
n irreducible pieces. Then the resulting gauge algebra is the n'® algebra listed in
the last column.

Kodaira analyzed and classified all possible singularities of elliptic fibrations. His findings are
summarized in table 3.1. Let us point out that strictly speaking, Kodaira’s classification only
holds for elliptically fibered K3 manifolds. However, it is believed to also apply to higher-
dimensional elliptic fibrations as long as one considers base loci of codimension one. In higher
codimensions, more exotic singularities may occur [89, 102].

3.1.1 The Group Law inside P23,

Let us begin with a general discussion of the group law on elliptic curves and assume that C
is a genus-one curve inside Pa3; as in Equation 3.1.1 and O is the point at infinity. O will be
the neutral element of the group action that we are about to define. We call the pair (C,O)
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10

-10F

1 1 1 1 1 1 1
-1 0 1 2 3 4 5

Figure 3.3: Example of the group law on the cubic y?> = 2% + 22 + 3 with the point at
infinity as the neutral element. The point P = (3 : 6 : 1) is, up to a sign, the
single generator of the Mordell-Weil group E(Q) ~ Z. The graphics shows how
to compute P + P.

E. Furthermore, we restrict the a; in the long Weierstrass equation to be elements of a field
K, which we keep general for the time being.

Next, assume that P and @) are solutions to the equation defining C' with coeflicients in
K. Then one can define an Abelian group action + : FE(K) x E(K) — FE(K) as follows: If
P # @Q, let L be the line connecting P and @, otherwise take it to be the line tangent to
P = . According to Bézout’s theorem, L intersects C precisely once more, at a point we
call R = P o Q. Next, we repeat the same procedure for R and the neutral element O and
define

P+Q=00R=00(PoQ). (3.1.8)

It is straightforward to check that this +-map obeys all group axioms, even though the ¢-map
does not. In particular, P + @ is an element of E(K). Figure 3.3 depicts the group law for
an example curve. Let us remark that given a curve in Weierstrass form and a set of points
P;, one can equally well choose another point than O as the neutral element by adjusting the
definition of Equation 3.1.8 accordingly.

To apply this to the case relevant to us, let K again be the field of homogeneous rational
functions in the complex variables parametrizing the base manifold B. Instead of points, one
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now has global sections that cut out points over generic points in the base. Since the group
of global sections is finitely generated, so is the group (called the Mordell-Weil group) that
it generates in the generic fiber, which thus takes the form

MW = Z" & MWiorsion » (3.1.9)

where the torsion part MWigsion is a finite Abelian group.

As long as the a; in Equation 3.1.1 are completely generic, the resulting elliptic fibration
will have only a single section defined by the divisor z = 0 that cuts out the point O : [1:1: 0]
and therefore its Mordell-Weil group will be trivial. More interesting are non-generic and
in particular singular curves inside Po3; that one obtains by embedding curves inside other
toric varieties into Pa31, as they may have more sections. Such cases will be studied in much
greater detail in section 3.7 and section 3.8.

3.2 Embedding Genus-One Curves

In the introduction of this section, we stated without proof that every genus-one curve together
with a choice of point on it can be embedded into Ps3;. In this section we study more general
embeddings of genus-one curves with line bundles of differing degree using an old argument
by Deligne [135]. The embedding into P31 then follows as a special case.

Let us begin by stating the Riemann-Roch theorem specialized to a curve C' of genus
one. Given a line bundle £ on C, the following holds:

R(C, L) =deg L —g+1 (3.2.1)

In particular, the number of sections of L is equal to its degree if C is a genus-one curve.

Next, let C' be a genus-one curve and £ a line bundle of degree one. Denote the single
section of £ by z. £? has degree two and must thus have two sections. We know that one
of them is z? and denote the other one by z. £3 is a degree-three line bundle, but we can
only build two sections from the ones we know so far, namely zz and 23, so there must be a
third one that we call y. Continuing this game, we find that £* has four sections, but since

2 222, yz, z%), there is no

we can construct all of them from the ones we already know (z
need to introduce a new variable. Similarly, the five sections of £° must be zy, z2z, x23, y22,
and z°. Things change with £°. As a degree-six line bundle, we know that it must have six

independent sections, but we can construct seven:
3 wyz, a222, w2t P, y2d, 28 (3.2.2)

Consequently, these seven sections must satisfy a linear relation among them. Redefining x,
y, and z such as to absorb coefficients in front of 22 and y?, one finds that such a relation
is precisely the long Weierstrass form of Equation 3.1.1 and that the sections x, y, and z
parametrize a Pas;.
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The same procedure can be repeated starting with a line bundle of degree d > 1. As
long as d < 4, one finds an embedding as a complete intersection into a (weighted) projective
space and we list the four cases in table 3.2. For d > 4, the embedding is no longer a complete
intersection, which can lead to technical complications.

Degree of line bundle £ Line bundle £* used for equation Embedding space

1 L6 P231
2 L P12
3 £3 IP)Q
4 LQ ]P)S

Table 3.2: Given a genus-one curve C' and a degree-d line bundle £ on it, one can use the
sections of £ and its tensor powers as coordinates parametrizing an embedding
space. For some k one will find that not all sections of £* built from sections of
L™ with m < k are independent anymore and we give the smallest such k here.
Then the relations between these sections define a hypersurface (or in the case

of P? a complete intersection) inside the embedding space.

To make a connection between line bundles and points on genus-one curves, note that a
point P on a curve is a divisor and there exists a dual line bundle O(P) of degree one. Given
a genus-one curve and a point on it, one can thus always use the line bundle O(P) to find an
embedding into Pe3;. Put differently, every elliptic curve can be written in the Weierstrass
form of (3.1.1).

For a genus-one curve and n > 1 points Pi,..., P,, there exist multiple embeddings
obtained by using any of the line bundles O(Py), O(P1 + P»), ..., O(3_, P;). Note however,
that in a certain sense, embeddings using line bundles of degree d > 1 are different from
embeddings into Po31. As we saw above, every fibration with fiber in Po3; has a global section
defined by z = 0. In the case of higher-degree embeddings, there is no such coordinate that
would define a section. Since the homogeneous coordinates of the spaces Pi1o, P2, and P3
correspond to sections of line bundles of degree d = 2, 3,4, setting them to zero cuts out d
points in the generic fiber. In general, these points will undergo monodromies as one moves
along the base manifold and it is therefore impossible to split the divisor intersecting the
fiber in d points into d divisors cutting out only single points (i.e. sections). Only for special
choices of the complex structure does the divisor split into reducible parts. In particular, the
genus-one curves are singular at these loci in complex structure moduli space.

In summary, the degree-d with d > 1 embeddings of fibrations with at least d global
sections map the fibers to singular curves inside Pq19, P2, and P3. Only after resolving d — 1
times do the curves become smooth. Put differently, a generic fibration with fiber inside Py12,
P2, or P? does not have a section, but instead their homogeneous coordinates define two-
sections, three-sections and four-sections, respectively. The relations between curves inside
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these different spaces are illustrated in figure 3.4. In section 3.9 we discuss genus-one curves
inside P12, P2, and P? in detail. There we also show explicitly the conditions on the complex
structure moduli for a curve to have multiple sections and explain how to resolve the resulting
singularities.

3.2.1 The Jacobian

Having understood how to embed elliptic curves into Po3;, what remains to be seen is how
to treat a general genus-one curves without the additional choice of a point on them. As
fibrations with these fibers do not possess global sections, there is no point in computing
their Mordell-Weil groups, but one would still like to find their discriminants. To this end,
we introduce the concept of the Jacobian variety Jac(C') of a genus-one curve C. Jac(C) is
isomorphic to C, has the same discriminant and has an Abelian group structure. If C' has a
distinguished point O and is thus an elliptic curve, then the group structure of Jac(C') is the
same as the group structure of (C,O).

Consider an elliptic curve (C,0). The group of degree-zero divisors modulo principal
divisors on C' is called Pic?(C'). One can show that the map

C - Pic®(C), P [P—0] (3.2.3)

is both a group homomorphism (with respect to the elliptic curve group law on C and the
addition in Pic’(C)) and a bijection. In particular, Pic’(C) is defined for any genus-one curve
C and is therefore the more general concept. The Jacobian variety Jac(C) is a one-dimensional
variety that has the group structure of Pic®(C).

To gain a bit more intuition, we now assume that C is defined over the complex numbers
so that we can define coordinates on Jac(C'). Let A and B be two one-cycles generating
Hy(C,Z) and let A be the unique holomorphic one-form on C. Then the two periods of A,
J4 X and [5 A generate a lattice A = Z2. Since C is defined over the complex numbers, there
exist solutions and we can pick a base point pg € C'. The Abel-Jacobi map defined via

C — Jac(C) = C/A, p </p A) mod A (3.2.4)

is a map from the genus-one curve to its Jacobian variety. Note that one can naturally
extend the map to degree-zero divisors of C' and that there exist theorems (by Abel and
Jacobi) showing that the extended map is a bijection between Pic’(C) and Jac(C).

Crucially, the Jacobian variety of a genus-one curve is an elliptic curve, as becomes clear
from the representation as a quotient C/A: Here, the group law is just the addition of complex
numbers modulo A and the neutral element (and thus the distinguished point) is zero. As a
consequence, one can embed Jac(C) in Pa3;. Evidently, Jac(C') is singular whenever A does
not generate a lattice, which in turn is precisely when one of the cycles of C shrink. Hence,
C and Jac(C) share the same discriminant.
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Pag1 P12 P2 P3, nef (0,0)
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Figure 3.4: The spaces that a genus-one curve with line bundle of degree up to four can be
embedded into using the (generalized) argument of Deligne. If the line bundle is
the tensor product of smaller-degree line bundles, then the natural embeddings
are not into Pagq, Pi1o, P?, and P3, but into spaces obtained from these by
blowing up. The i*" blow-down map of the space into which a genus-one curve
with j marked points can be embedded is 778)) The maps ¢(;) are 42 :1 and (up
to isogeny) map the genus-one curve to its Jacobian inside Pa3;.
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Finally, we remark that there exist methods in the literature that compute the short
Weierstrass form of the Jacobian of general genus-one curves inside P112, P2, and P3 [136, 137].
These methods are based on classical invariant theory [138] and have been implemented in
Sage [139]. As we will see later, it is important to point out that these maps are generally
not injective, but rather 4 : 1, 9 : 1, and 16 : 1. That is, the map from the Jacobian of the
embedding of a genus-one curve with degree-d line bundle to Weierstrass form inside Po3; is
d?: 1.

3.3 Line Bundles on Curves Inside Toric Varieties

Computing a genus-one curve’s embedding into Weierstrass form depends crucially on deter-
mining and controlling the sections of line bundles on the curve, as we learned in section 3.2.
So far, our discussion has been independent of the embedding of these genus-one curves, since
all the relevant quantities were intrinsic to the curves themselves. Now, however, it is time
to consider the specific set-ups we are interested in, namely genus-one curves embedded as
complete intersections inside Gorenstein Fano toric varieties. As often in such constructions,
we hope to obtain the relevant line bundles on the genus-one curves from restrictions of line
bundles of the ambient space. If that is the case, then we can exploit theorems from toric
geometry in order to study the line bundles on the complete intersection curve. It is the
intention of this section to discuss the relations between line bundles (and their sections) on
a complete intersection and the line bundles on the toric ambient space.

3.3.1 Sections of Line Bundles on Hypersurfaces

Line bundles on toric hypersurfaces are considerably easier to treat than complete intersec-
tions. In order to compute the line bundle cohomology on the anticanonical hypersurface
inside a toric variety X, one can simply use the short exact sequence of sheaves

0—>Ox(Kx)—>Ox—>Oy—>0, (331)

where — K x is the anticanonical divisor of X and Y is the genus-one curve that it cuts out.
The short exact sequence induces a long exact sequence

0— H°(X,0x(Kx)) — H°(X,0x) — H(Y,0y) — H'(X,0x(Kx)) — ...
(3.3.2)

in cohomology. By tensoring Equation 3.3.1 with a line bundle £, one can compute the line
bundle cohomology of L]y on Y

0— HY(X,L® Ox(Kx)) — H°(X,L£) — H*(Y,L|y) — H' (X, L2 Ox(Kx)) — ...
(3.3.3)
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and one finds that there are two sources of sections of L]y
H' (X, L2 O(Kx)) ® H* (X, L) (3.3.4)

This is in fact a general problem when studying algebraic varieties as embedded subvarieties.
The sections of a line bundle £|y may or may not extend to sections of £ over the whole
ambient space X D Y. If they do not, then the choice of ambient space was an inconvenient
one. One should either look for a different ambient space to embed into, or for a different line
bundle on the ambient space whose sections behave more favorably.

3.3.2 Sections of Line Bundles on Complete Intersections

The generalization of the previous subsection to complete intersections of codimension greater
than one requires additional mathematical formalism, which we briefly review next.

Koszul and Residues

The one indispensable tool for studying complete intersections is the Koszul complex and the
associated hypercohomology spectral sequence. In the interest of a self-contained presentation
let us quickly review these and refer to [140] for more details.

The simplest way to think of line bundle valued cohomology groups HF* (Pd, O(n)) is
as holomorphic degree-k differential forms that transform like degree-n homogeneous poly-
nomials under rescalings of the homogeneous coordinates. More generally, we can consider
multiple homogeneous rescalings which just amounts to a toric variety X and line bundle £.
Then H*(X, L) are holomorphic degree-k differential forms, transforming like homogeneous
polynomials whose degree of homogeneity is determined by the line bundle £. Ultimately, we
are interested in a Calabi-Yau submanifold Y C X cut out by two? transverse polynomials
p1 = p2 = 0. There are three ways to obtain a degree-k differential form on Y:

1. Restriction of a degree-k form on X,

2. Residue integration of a degree-(k + 1) form around a small circle around either p; = 0
or ps = 0, and

3. Two-fold residue integration around p; = pa = 0 of a degree-(k + 2) form.

1 r (pjw)

i d and split the potential

It is convenient to define the residue operators Res;(w) =
contributions EY? to HPT4(Y, L|y) into (—p)-fold residues of g-forms. Note the minus sign
in the definition of p, as the residue operator has differential degree —1. We also have
to be careful with the degree under homogeneous rescalings, as the residue operator Res;

2The whole discussion of this section generalizes to arbitrary codimension, but for simplicity we restrict
ourselves to codimension two.
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has us multiply by the homogeneous polynomial p;. The polynomial p; defines a divisor
D; = V(p;) = {p; = 0}, and the cohomology groups of the line bundle O(D;) precisely
involve differential forms of the same degree of homogeneity as p;. Hence, the residue operator
actually maps

Res; : H"'(X,L® O(-D;)) — H*(Y,L|y). (3.3.5)

Putting everything together, the potential contributions to the cohomology for a three-
dimensional toric variety X fill out the tableau

BP(L) =

H3(X,L®O(-D1)) & H?*(X,L®O(—Dy

H?(X,L®0O(-D1)) @ H*(X,L ® O(—Dy

HO

(=
(=
(=
(=

( ) | H(
( ) | H(

¢=1| H (X, L® O(—Dy — Dy)) |H'(X,£L® O
( ) | H(

X, L®0O(-D;)) @ H° D,

) ( (—D»)) (
) ( (—=D2)) (
D)) @ H'(X,L ® O(~Dy)) | HY(
)) & HO(X, (=D2)) | H(
p=— p=—1 P

= HPTI(Y, Lly). (3.3.6)

with the map to HP™4 being either Res; Resa, Res; @ Resa, or restriction for the three respec-
tive columns. That way, the entries along the diagonal can contribute to HP™4 (Y, L|y), but
we have no reason to believe that these are all independent.

In particular, the restrictions of two different k-forms «q, ag may very well be cohomol-
ogous on Y, even if they are not on X. Clearly, this is the case when ay — s = d Res(w) for
some k-form w. Similarly, two forms on Y that came from different residues might be related
by a double residue. This is implemented by a nilpotent?® differential dy : E}? — Ef“’q.
Only the cohomology with respect to di has a chance of contributing to HP*4 (Y, £\y). We
arrange the dj-cohomology groups in the Fs-tableau

ker (dy : ED? — EVTH)

Ep7q — .
2 img (i : EPM 5 EPY)

(3.3.7)

Unfortunately, this is not the end of it and even a dj-cohomology class need not survive
to a non-zero element of HPT4(Y,L|y). This is the case when two different k-forms aq, as
on X are related via a double residue of a (k + 1)-form, a; — a2 = dResj Resg(w). This
is implemented by yet another nilpotent differential dy : E5? — E§+2’q_1. Its cohomology
forms the entries of the E3-tableau.

In general, a spectral sequence is an infinite sequence of tableaux E? and differentials
di - EP? — EY a1l ) the case of a two-fold complete intersection, this process stabilizes
at B3 = Fo because all higher differentials are starting or ending outside of the 3 x 4 region

3That d? = 0 requires a suitable sign choice; schematically dﬁ’:fz = (p1,p2) and d’fzfl = (_p’iz )
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with the non-zero entries. The diagonals of the E, tableau are a filtration of the cohomology
groups HPT4(Y, L|y). In particular, this implies that

dim H*(Y, L]y) = dim ER¢ (3.3.8)
p+q=k

and therefore one can reconstruct the dimension of the line bundle cohomology groups on the
complete intersection from the knowledge of the dimensions of the F, tableau entries.

Sections of Line Bundles on Complete Intersections

For a complete intersection Y C X of two equations, that is, sections of O(D;) and O(D3), the
analogous Koszul resolution of the structure sheaf to the hypersurface case of Equation 3.3.1

is

00— Ox(—Dl — Dg) — Ox(—Dl) D Ox(—Dg) — Ox — Oy — 0. (3.3.9)
—_———— ~—~
R—2 R-1 RO

A long exact sequence is just a spectral sequence whose Fp tableau has only two non-zero
adjacent columns. Now, we have three columns ¢ = —2,—1,0 in the spectral sequence

EPY = H1 (X, L& yp) —  grta (X’L ® OY) — P4 (Y,L]Y). (3.3.10)

The first differential d; is just the induced map of Equation 3.3.9 on the sheaf cohomology
groups as familiar from the hypersurface case. However, we now have two new effects to
consider:

e There are three sources for sections of the line bundle Ly restricted to the complete
intersection, namely

EBEP’ =H*(X,LoR ) o H (X, LR ) @ H(X,L). (3.3.11)

e There is a higher differential dy : H* (X ) L®R‘2) — HO (X , L) that will identify sections
of £ beyond the obvious identifications (coming from dy).

The first point point is the same one that we encountered for hypersurfaces and again, it may
well be that a section of L]y cannot be obtained by restricting sections of £. More interesting
is the second point, which we will now discuss in detail.

The Second Differential

Consider a nef partition —K = Dy 4+ Dy of the anticanonical divisor of the three-dimensional
ambient toric variety into two numerically effective divisors D1 and Ds. The complete inter-
section elliptic curve Y is defined by two polynomials p1, po as

Y =V(p)NV(p2), p1€H(X,0x(D1)), p2€ H(X,0x(D2)), (3.3.12)
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Homogeneous coordinate z ‘ X0 1 Yo Y1 Y2
1 -1 0 0 0

Point n, € V 0 0 1 0 -1

0 0 0 1 -1

Table 3.3: The toric variety P* x P2

where V (p) denotes the divisor defined by p = 0. A section s of a line bundle £ always defines
a section sy of L]y by restriction, but different sections on X might yield the same section
on Y. Clearly, we can add any section vanishing on Y to s without changing the restriction.
The obvious candidates of sections of £ vanishing on Y are the image

di : H(X,L ®O(—=Dy)) + HY(X,L ® O(—D»)) (£_;)> H°(X, L) (3.3.13)

Hence, the easy identifications just boil down to working with the quotient by the image of
dy.

What this section is concerned about is another identification that we have to perform
on the sections on the ambient space, coming from the dy differential. To clarify this, we will
look at an explicit example. In fact, the example is very simple. Consider P' x P? with the
non-product nef partition D; = O(1,1), D2 = O(1,2). We let xg, 21 be the two homogeneous
coordinates on P! and g, y1, y2 be the three homogeneous coordinates on P2. The toric data
is also summarized in table 3.3. A particularly simple choice of equations that nevertheless
defines a smooth complete intersection is

L= xo(yo + yl) +x1Yy2 € HY (]Pl X ]P’Q, Oplxﬂﬂ (Dl)) (3 3 14)

P2 = l‘oy% + Z1YoY1 € HO (Pl X PQ, OIPl P2 (Dg))
We now need to pick a line bundle £ on the ambient P! x P2. The lowest degree choice would
be O(1,0), which has degree two and would provide an embedding into P112. However, it
has not enough sections on the ambient space. For example, we would need all four sections
of 0(1,0)%]y = O(2,0)|y to define the homogeneous coordinate of P12 with weight two, but
dim HO(P! xP?,9(1,0)) = 3. Hence, we are led to look at the next-smallest degree line bundle

£=0(0,1), H°(P'xP?L)=span{yo, y1, y2} (3.3.15)

It is easy to see that the three sections of £ restrict to a basis of three independent sections of
H(Y, L|y) on the complete intersection. We also remind the reader that the embedding in the
degree-three case arises as the one relation between the ten cubic monomials Sym® HO(Y, £]y)
inside the nine-dimensional H°(Y, £3|y) and thus embeds the genus-one curve inside P2. The
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first tableau of the spectral sequence of Equation 3.3.10 is

=3 0 0 0
=2| 0 0 0
EP(LY = HU(X, o) = _ [ & 0 o |= HPY, L), (3.3.16)
q=0 0 0 (o
p=—2 p=—1 p=0

Clearly, the relation among the ten sections of H3(P! x P2, £3) is not coming from d; because
the domain vanishes, see Equation 3.3.13. Instead, we have to quotient by the image of do,
which is clearly equivalent to knowing the embedding in P2. But of course we do not know
the embedding yet! Hence we have to go back to the geometry and use a different approach
to find the relations between the sections.

3.4 Weierstrass Forms for Complete Intersections: The Algorithm

In order to find the relations between the sections that are imposed by the second differential,
we propose to directly compute the relations between the sections on the ambient space by
restricting to all affine coordinate patches. Clearly, two sections are equal if they are equal in
every affine patch. In any given patch we can use a local trivialization to write the sections as
polynomials, and polynomials are equal if and only if their difference is in the ideal generated
by the inhomogenized defining equations. For example, consider the patch 1 = yo = 1 in
the example of section 3.3.2. As it turns out, we only have to consider this single patch in
this particular example. The inhomogenized defining equations define the ideal

I = {(Zo(Go+91) + 1, Zo+ Join) = (Z00? — 8 + 91, Zodo + Zod1 + 1, God1 + o), (3.4.1)

where the second set of generators forms a degrevlex? Grébner basis and we have denoted
the inhomogeneous coordinates by hats. The ten cubics generating Sym?® H? (Y, L|y) are, in

inhomogeneous coordinates,
{96, 95in, dodt, 97> 98, dovns 91 do, 1, 1}, (3.4.2)
and their normal form modulo [ is
{96, 2oin +1, —20in, 41, 95, —%o, U1, do, . 1} (3.4.3)

Hence, the single relation between the ten sections, after restricting them to the complete

intersection and restoring the homogeneous coordinates, is

Your +yoyi — 3 =0. (3.4.4)

4That is, a degree reverse lexicographic Grébner basis.
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This is now the well-known case of a cubic in three homogeneous variables parametrizing a
P2, Its short Weierstrass form is

V2= X%+ 1, (3.4.5)

which has discriminant A = % and j-invariant 0.

3.4.1 Kodaira Map

Given a complete intersection inside a Gorenstein Fano toric ambient space X, one will
generally still have considerable freedom in choosing the line bundle £ which realizes the
embedding as the relation between (powers of) restrictions of its sections to the genus-one
curve. This is nothing but the Kodaira map. For example, in the degree-three case the three
sections of £ just realize the Kodaira embedding of the elliptic curve Y in P?. For the purpose
of finding the embedding, we want the degree to be as small as possible, and in particular
< 4. However, as we essentially study the elliptic curve through its Kodaira map, we can
only consider line bundles of positive degree. Otherwise the Kodaira map would shrink Y to
a point, which obviously would not retain any information. Therefore, a good starting point
for looking for line bundles £ on the ambient toric variety is the cone in H?(X,Z) of line
bundles with at least one section. This cone is generated by the first Chern classes of divisors
V(z;) cut out by a single homogeneous coordinate. The degree on Y is a linear form

deg(L|y) = / wp; NWpy A Cl(L), (3.4.6)
X

and so finding all candidates for appropriate line bundles is just a question of enumerating
weighted integer vectors to up to a certain degree bound.

3.5 Weierstrass Forms for Complete Intersections: Results

Having formulated the algorithm as concretely as possible, we now wish to apply it to a
sample set of toric elliptic curves. The Weierstrass forms of genus-one curves realized as
toric hypersurfaces were already studied in [137], albeit using a somewhat different approach.
Here we treat the considerably richer set of genus-one curves defined as complete intersections
inside three-dimensional Gorenstein Fano toric varieties.

As reviewed in section A.6, such a complete intersection elliptic curve is defined by a
nef partition of a three-dimensional reflexive polytope. In three dimensions, there exist 4319
reflexive polytopes and these have 3134 distinct nef partitions. In figure 3.5 and figure 3.6
we provide a statistical overview of the distribution of nef partitions among the different
reflexive polytopes. One important observation is that 16 of the 3134 nef partitions are direct
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Figure 3.5: Histogram of the number of nef partitions of the 4319 reflexive polytopes in
three dimensions.

products. Up to lattice isomorphisms, they are obtained as

1 1
0
Vi= < 01, 0 >C0nV7 Vi = <<’U> where v; € Fj)conva (351)

0 0 ’

where Fj is one of the 16 reflexive polygons. Their PALP ids are contained in table 3.4.
The total ambient space corresponding to the face fan of A° is P! x F; and the complete
intersection factors into a quadratic equation inside P! and the anticanonical hypersurface
in Fj. Therefore these nef partitions consist of two disjoint elliptic curves, each of which
is described by a hypersurface inside a two-dimensional toric variety. Both of them have
the same complex structure. Clearly, set-ups of this kind do not occur for genus-one curves
defined as hypersurfaces.

We applied the algorithm to all of the 3118 remaining nef partitions and were able
to compute the Weierstrass form for all but the two examples treated in subsection 3.5.1.
Whenever there were multiple line bundles that could be used to find an embedding of the
genus-one curves, we determined all embeddings and confirmed that the j-invariant was indeed
the same. Since the full list of results is too long to be included in the text of this thesis, we
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Figure 3.6: Histogram of the number of polytopes that have a given number of nef partitions.
There are 3090 reflexive three-dimensional polytopes that do not admit a nef
partition. The reflexive polytope with PALP id 214 has the most nef partitions,
namely 21.

Plx | R P Fy Fy Fy Fy Fy Fy
PALPid | (4,2) (30,1) (29,3) (17,1) (84,8) (61,2) (218,0) (149,3)

Plx | F Fig Fi Fig Fi3 Fy Fis Fig
PALP id | (194,5) (113,0) (283,0) (356,3) (453,0) (505,0) (509,0) (768,1)

Table 3.4: The PALP ids for the 16 nef partitions that are direct products inside the spaces
P! x Fj;, where the Fj are the reflexive polygons defined in figure 3.7.

have created a website at

http://wwwth.mpp.mpg.de/members/jkeitel/Weierstrass/ (3.5.2)

containing a database of Weierstrass forms. In subsection 3.8.2 we explain in detail how to
extract the Weierstrass forms and other relevant information from the database.
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3.5.1 Exceptions in Codimension Two

It turns out that there are only two three-dimensional nef partitions (out of 3134) for which
the algorithm of section 3.4 fails, that is, there is no line bundle on the ambient toric variety
such that

e The degree deg(L|y) < 4, and

e All required® sections for finding the Weierstrass form are restrictions of sections from
the ambient space.

The first exception is just P! x P? with the nef partition D; = O(2,1) and Dy = 0(0,2).
Again using [zg : 1] € P! and [yo : 41 : 2] € P? as homogeneous coordinates, the two
defining polynomials are

2

p1= Z(aooz'l“(z) + agiioz1 + a11:w])yi
i=0

2 boo b1o D20\ (o (3.5.3)

p2 = Z bijyiy; = (yo Y1 y2) bor b11 ba1 | | 11

4,7=0 bo2 b12 bao Yo

Projection onto the P! factor defines a map ¥ = V({p1,p2)) — P!. Its pre-image consists of
two points: For fixed [z : x1] € P!, the first equation p; is a line and the second equation ps
is a conic in P?, which necessarily intersect in two points. These two points can degenerate
to a single point with multiplicity two, and they must do so at precisely four pre-images
because a torus is the double cover of P! branched at four branch points. In other words,
the discriminant dp: of the double cover ¥ — P! is a quartic in the variables zg, 1 with
coefficients involving a’s and b’s but no y’s.

The form of the discriminant is constrained by symmetry; SL(2,C) x SL(3,C) acts
naturally on the ambient space. The complete intersection Y is not invariant under this
symmetry, but its Weierstrass form must be. More formally, we can combine the action on
the homogeneous coordinates with an action on the coefficients such that the combined action
does not change the equations py, po. For example, the M3 € SL(3,C)-part of the action is

Yo Yo ;50 a;50
Y1 | — M; Y1 |, Qi1 | — Mgl izl | » (bU) — (Mgl)T(ij)Mgl (3.5.4)
Y2 Y2 ;52 ;52

A covariant is a polynomial that does not transform under the combined group action, obvious
examples are p; and po. An invariant is a covariant that, furthermore, does not depend on

SFor degree-one, we require the sections of £, £2, £3, and £°. For degree-two, we require £, £2, and £*.
For degree-three, we require £ and £3. For degree-four, we require £ and £Z2.
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the homogeneous coordinates, for example det(b;;). The discriminant §; that we are looking
for must be a covariant of bi-degree (4,0) in [zg : 1] and [yo : y1 : y2|.

The tersest way to characterize d; completely is as the ©’-invariant [138, 141] of the
system of two conics (p?,p2). That is, ignore the action on the P! factor for the moment and
consider p? and py as two quadratics in [yo : y1 : y2]. The determinant A of the coefficient
matrix of a quadratic is clearly an invariant of the action on P2, hence so is every e-coefficient

in the formal expansion®

A(p} + ep2) = AP}) + €O(pF, p2) + €20’ (03, p2) + EA(p2) (3.5.5)

We note that 01 (zo, z1) = ©(p?, p2) is quartic in 2o and z1, quadratic in the coefficients a;jy
and quadratic in the coefficients b;;. Finally, the equation of a double cover branched at the
zeroes of 01 is

Y2 = 61 (w0, 1), (3.5.6)

for which we already know how to write the Weierstrass form [139, 142], as it is simply a

genus-one curve inside Pys.

It remains to consider the second exceptional case. Geometrically, it is the product
P! x dPy, that is, a simple blowup” of the first case along a curve P* x {pt.}. Moreover,
the two divisors defining the nef partition are just the pull-backs of the two divisors of the
first case. In terms of toric geometry, this means that the dual polytope V contains the dual
polytope of P! xP2. Dually, the polytope A is contained in the polytope of P* xP2. Hence the
formula for bringing the complete intersection into Weierstrass form is simply a specialization
of the formula from the first case where some coefficients are set to zero.

3.6 Non-Toric Non-Abelian Gauge Groups

While studying the embedding genus-one curves with two points in section 3.2, we noted that
these are mapped to singular curves in Pj12. The singularity could be resolved by blowing
up P112 and the exceptional divisor introduced in the blow-up provided one of the homology
classes of the sections.

In our approach, we generally take the reverse route: Starting with a smooth genus-one
curve embedded inside a toric ambient space X with a given h%!(X), we map the curve into
its Weierstrass form inside Py3;. The ambient spaces we use tend to have a richer homology
than Po3; and this process is generally a blow-down eliminating h!(X) — 1 variables and
producing a singular Weierstrass model. Generally, the blow-up divisors are of two different
types on the resolved side:

5The invariants A(p?) and ©(p?,p2) vanish because p? is a degenerate conic.
"We use the notation where P? = dP,.
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e They can resolve singularities occurring at the collision of two or more sections and

provide the homology class of a multisection.

e They can resolve non-Abelian singularities, i.e. those along which the discriminant van-

ishes at least quadratically. We call these non-toric non-Abelian singularities.

This section is dedicated to the study of the latter type and we proceed by examining the
example given in Equation 3.5.3 further.

In order to study the non-Abelian singularities of a Weierstrass model defined by the triple
(f,9,A), one must attempt to factor f, g, and A. If they contain non-trivial factors along
which A vanishes at least to second order, then the fibration has a non-Abelian singularity
along the base divisor defined by the vanishing of this factor. In the case of Equation 3.5.3,
f, g and A are unfortunately too long to be displayed here and we refer to the database for
the full expressions. While f and g do not have any non-trivial factors, the discriminant A
can be decomposed into A = o - A/, where

o= (b(12)b(02)b(01) — bOOb?m) — bllb%og) - bggb%m) + 4b22b11b00)2 (361)

baij) = bij + bji, and A’ the remaining linear factor. Correspondingly, there is an su(2) singu-
larity along the locus ¥ : o = 0. Note furthermore that h%! (P! x P?) = 2 and therefore there
exists one more independent divisor on the resolved side than in the blown-down Weierstrass
model. This additional divisor serves as the Cartan divisor of SU(2) and is a P! fibration
over the base locus X. In the set-ups relevant to us, the b;; are sections of line bundles on
the base manifold. Depending on the details of the full fibration, it is possible that o = 0
does not have any solutions, as would for instance be the case when the polynomial o is just
a constant. Obviously, if that happens, then the singularity is not realized. Furthermore, in
these cases the additional divisor class provided by the blow-up divisor will become trivial
upon restriction to the complete intersection defining the genus-one curve inside X. Tori-
cally, the ray corresponding to the blow-up divisor will then lie inside a facet of the reflexive
polytope specifying the ambient space of the Calabi-Yau manifold. Whether or not this hap-
pens depends of course on the full reflexive polytope and not only the reflexive subpolytope
corresponding to the ambient fiber space.

In order to find all possible singularities that a completely generic® fibration with fiber
inside a given ambient space has, we fully resolve the fan of the toric ambient space. That is,
we use every non-zero interior point of the reflexive polytope as a ray. The irreducible factors
of A occurring at least quadratically then constitute the set of generic non-toric non-Abelian
singularities. We call these singularities non-toric, because they cause the genus-one fiber
to split into multiple P's while the toric ambient fiber space remains irreducible. This is in

8Here our notion of genericity equivalent to demanding that all factors of A define divisors that are realized
in the base manifold. The analogous requirement on the reflexive polytope defining the full Calabi-Yau manifold
is that none of its non-zero integral points are interior points of a facet.
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contrast to the non-Abelian singularities that one usually tries to engineer and that we study
in chapter 4.

For hypersurface fiber curves, the existence of such non-toric non-Abelian singularities
was noted in [143] and investigated in detail in [144]. In Appendix B we provide the full list
of non-toric non-Abelian singularities for the genus-one fibers embedded in three-dimensional
Gorenstein Fano toric varieties.

We remark that since the maximum number of integral points of a reflexive polytope
of given dimension is bounded from above, the maximum number of exceptional divisors
obtained from the ambient space of the fiber and therefore the total rank of the non-toric gauge
group is, too. To illustrate this, consider the 16 reflexive polygons. The reflexive polygon with
the most integral points is the one corresponding to the toric variety P2/Z3. Its nine non-
zero points give rise to seven independent homology classes. One of them corresponds to the
neutral element of the elliptic curve, so the maximum allowed gauge rank is six. In fact, one
can show that the maximal non-toric gauge group is SU(3)3/Z3 [144]. Since three-dimensional
reflexive polytopes can contain more integral points than their two-dimensional analogues (the
largest one has 39 integral points), the non-toric gauge group content is considerably more
diverse. Not only can one find non-toric GUT candidates, but there are also fibers that
generically exhibit Fg, E7, and Eg singularities.

3.7 Sections of Elliptic Fibrations

In the previous sections points on genus-one curves and the associated global sections obtained
by fibering these curves over a base manifold have played a central role: They are the key
objects distinguishing an elliptic fibration from a general genus-one fibration and the line
bundles dual to the divisors they define can be used to embed an elliptic fiber into Pog;.
Besides their mathematical relevance, they are also important physical observables, since
the rank of the Mordell-Weil group that they generate is the rank of the Abelian sector of
the resulting low-energy effective theory. In this section we examine them more closely and
introduce the notion of holomorphic (versus non-holomorphic) and toric (versus non-toric)
sections. Every global section is either holomorphic or non-holomorphic and either toric or
non-toric. As we will see, assigning one of the four possible combinations of these attributes
to a section is a convenient way of characterizing some of the key properties of the section
and we include in subsection 3.7.3 two tables summarizing the most relevant properties.

3.7.1 Toric Sections

We call a section of a genus-one fibration a toric section if it is defined by the vanishing of
a single homogeneous coordinate of the toric ambient space. In this sense a toric section is
a section that descends from a torus-invariant divisor of the ambient space. One can easily
check whether a torus-invariant divisor V'(z;) of the ambient space gives rise to a action by



70 CHAPTER 3. FIBER CURVES OF GENUS ONE

integrating the (1,1)-form dual to V(z;):

d= / Wy (z) = cn V(ZZ) (3.7.1)
C

If d = 1, then V(z;) cuts out a single point in the generic fiber C' and thus z; = 0 defines a
section of the fibration. Importantly, the calculation of Equation 3.7.1 is independent of the
full fibration — it depends only on the ambient space of the fiber.” Consequently, the set
of toric sections is independent of the choice of fibration. Given a toric section, it is easy to
find its expression in homogeneous coordinates. Using the Stanley-Reisner ideal, one can set
most coordinates to one until one is left with a linear equation that can be solved.

We can furthermore make another distinction between two different kinds of sections,
both of which will feature prominently in this thesis. The first and simpler case is that of
a holomorphic section, meaning that there is a holomorphic embedding s : B < Y of the
base in the elliptic fibration such that the composition m o s = idg with the projection map
m Y — B is the identity map on B. The second and more complicated case is that of a
rational section, that is, we require only a birational morphism s’ : B --+ B’ C Y such that
mos' =idpg. This means that s’ : B — B’ is generically one-to-one, but not defined over some
points. In particular, the topologies of B and B’ may differ. The points where s’ cannot be
defined is where the divisor B’ C Y wraps a whole fiber component. Clearly, a holomorphic
section is a special case of a rational section, but we stress that rational sections are perfectly
fine for F-theory compactifications. For physics applications, the rational sections give us
important additional freedom: A holomorphic section must intersect any fiber in a single
point, that is, it intersects a single irreducible fiber component with intersection number one.
Rational sections, on the other hand, can wrap components of codimension-two fibers and
therefore have more freedom in the intersection numbers. This translates into less constraints
for the U(1) matter charges, as we will see in later parts of this thesis. For clarity, we refer

9For hypersurfaces, the condition d = 1 can be translated into a condition on the ray corresponding to the
divisor V(z;). We can always assume that the ambient fiber space is smooth and that homogeneous coordinates
are ordered with respect to the angle between their corresponding ray and a coordinate axis. Put differently,
z; and z;+1 have rays that share a 2-face. Then we have [V(z;)] N [V(z;)] = &i,j—1 + 0ij41 for ¢ # j and,
therefore the requirement that d = 1 implies that a toric section V' (z;) must satisfy

VE)IN[V(z)] = -1 (3.7.2)

To translate this into the geometry of the fan, let us denote the ray corresponding to the toric coordinate z;
by v;. Then (3.7.2) is satisfied if the lattice spanned by the edges connecting v; with its neighboring rays,

N; = span (v; — Vi—1, Vi — Vig1) (3.7.3)
is the same as the fan lattice IV, i.e.
V(zi) is a section <= N; = N. (3.7.4)

In particular, only vertices of a fiber polygon can give rise to toric sections. Given this simple geometric
prescription, one can easily read off the toric sections of a given fiber polygon.
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to rational sections that are not holomorphic as non-holomorphic sections and refrain from
using the name rational section.

One example that we have already encountered is the section of an elliptic fibration with
fiber inside Pa3;. One has that C N V(z) = 1 and hence z = 0 defines a toric section. In
section 3.1 we found that its coordinate expression is [1 : 1 : 0]. Note that the section is
equally well-defined over every point of the base of the fibration, since the homogeneous fiber
coordinates do not depend on the base coordinates. It is thus a holomorphic section.

Homogeneous coordinate z ‘ 20 21 29 fo

e[ o) () (3) )

Table 3.5: The toric variety dP; obtained by blowing up P? at [0: 0 : 1].

A slightly more interesting example is given by the fiber embedded inside dP;, whose
toric data we list in table 3.5. One can confirm that the divisor V(fy) gives rise to a global
section and that the Stanley-Reisner ideal of dP; is generated by

(2021, 22 fo) - (3.7.5)
The most general anticanonical hypersurface inside dP; is given by

3 02 2. 42 2 02 3 02 2
D = apzp fo + a12521 fo + agzoz1 fo + aszi f§ + aszg22 fo

+ asz02122 fo + 622 2o fo + arz025 4 agz1 25 = 0 (3.7.6)

and we can find the coordinate expression of the section by plugging fo into Equation 3.7.6.
Since zo fjy is contained in the Stanley-Reisner ideal, one can scale z5 to one and is left with

arzg +agz1 =0. (377)
We thus find

[20:21:1:0] =P ifay =ag=0

V(fo)NC: { (3.7.8)

[—ag:a7:1:0] otherwise,

where we have denoted the fiber by C. The crucial difference between this section and the one
of the previous example is that over the codimension-two base locus defined by a7 = ag = 0
the section does not cut out a single point in the fiber, but a whole P! instead! Therefore
V(fo) defines a non-holomorphic section.
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3.7.2 Non-toric Sections

Conversely, a section is called non-toric if it is not defined by the vanishing of a homogeneous
coordinate. As a result, it is generally much harder and often impossible to find an explicit

coordinate expression.!'®

Fortunately, most of the relevant computations depend only on the homology class of the
section and in many cases, this can be guessed. Here we present a set of conditions a putative
homology class [s] of a section must satisfy:

e [s] must intersect the generic fiber C' once, i.e.
/ we=CNs|=1. (3.7.9)
C

e The line bundle dual to [s] must have a section, i.e. we require that h° (Y, Oy(s)) > 0.
In order to compute the number of sections, we can use the same techniques as in
section 3.3. If Y is a hypersurface in X, then one can tensor Equation 3.3.1 with the
line bundle dual to s and obtains the following long exact sequence

o — HY(X,0x(s)) — H°(Y, 0y (s)) —
— H'(X,0x(s+ Kx)) — H'(X,0x(s)) — -+ (3.7.10)

in cohomology. Alternatively, if Y is a complete intersection of the two'! divisors D
and Do, one can either use the machinery of spectral sequences or one can also split up
the long exact sequence of the Koszul resolution

0— Ox(—Dl — Dz) — Ox(—Dl) D Ox(—Dg) — Ox — 0y — 0. (3.7.11)
R—2 R-1 RO

into two short exact sequences. After twisting them with the line bundle of the putative
section they read

0 —R2®0x(s) — R '®0x(s) — N — 0

. (3.7.12)
00— N —>R"®0x(s) — Oy ® Oy (s) — 0.

Each of them induces a long exact sequence in cohomology, i.e.

0— HY(X,0x(=D1 — Dy +s)) — H(X,0x(—D1 +5) ® Ox(—Ds +5)) —
— HY(X,N) — H'(X,0x(~=Dy — Dy +5)) — --+ (3.7.13)

90One notable example in the literature is the case of dPi. In [145] the homology class of the non-toric
section was found and in [144] the authors managed to write down an explicit coordinate expression.
11 As before, this straightforwardly generalized to higher complete intersections of higher codimension.
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and

0— H°(X,N) — H°(X,0x(s)) —
— H(Y,0y(s)) — H'(X,N) — -+ (3.7.14)

In both cases, the line bundle cohomology on the ambient space X can be calculated
using toric methods implemented in Sage [139] and from these one infers the cohomology
dimensions of the line bundles on Y. For more details on line bundle cohomology
computations, we refer to [146].

e The homology class of the section should not contain exceptional divisors of the ambient
space. If it does, then the exceptional divisors need to be subtracted from [s].

Non-toric sections can be both holomorphic and non-holomorphic. However, in the absence
of a coordinate description, it may be more challenging to find the base loci over which they
wrap entire fiber components.

As a final disclaimer, we remark that while these conditions are necessary for the homol-
ogy class [s] to represent a section of the genus-one fibration, they may not be sufficient and
one should treat non-toric sections with care. In subsection 5.3.1 we will study an example in
which a non-toric section is present and will show that it appears to be physically consistent.

3.7.3 Overview

As a recapitulation of the contents of this section, we display in table 3.6 and table 3.7 the
most important properties of the four types of sections that we distinguish.

3.8 Classifying Toric Mordell-Weil Groups

Having laid out the groundwork in the previous section, we are finally in a position to define
the toric Mordell-Weil group MWp. MW is the second main quantity determined solely by
the fiber that we are interested in computing, as we stated already in the introduction of this
chapter.

Given an elliptically fibered Calabi-Yau manifold Y, we denote by s;, ¢ = 0,...,n the
toric sections. Choosing without loss of generality so as the zero section, i.e. the neutral
element with respect to the group law of a generic fiber of Y, we define

0; =8i41— 80, 1=0,...,n—1. (3.8.1)

The group generated by the o; is the toric Mordell-Weil group of Y. Of course, a general
Y may also have non-toric sections and in this case the toric Mordell-Weil group is only a
subgroup of the full Mordell-Weil group:

MW7 (Y) € MW(Y) (3.8.2)
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Toric Sections

Non-Toric Sections

Specified by the vanishing of a
single toric coordinate.

Easily determined by imposing
Equation 3.7.1 with d = 1.

e Not specified by the vanishing

of a single toric coordinate.

While coordinate expressions
can be determined in special

) ) ) cases, finding them is techni-
e Existence and properties with

respect to the Mordell-Weil
group law depend only on the

cally involved. Nevertheless,
their homology classes can of-

: ten be guessed.
ambient space of the fiber, not

on the entire fibration. e Existence may depend on de-
_ ) tails of the entire genus-one fi-
e Coordinate expression can al- .

) bration.
ways be found by solving the
equations defining the genus-

one fiber.

Table 3.6: Summary of the differences between holomorphic and non-holomorphic sections
of an elliptic fibration.

The reason for nevertheless studying MW (Y") is that unlike MW (Y'), the toric Mordell-Weil
group depends only on the ambient space of the generic fiber of the fibration Y. We can
hence write

MWp(Y) = MWp(F), (3.8.3)

where F' is the Gorenstein Fano toric variety in which the generic fiber of Y is embedded.
While details of the fibration of ¥ may induce additional non-toric sections, the set of toric
sections depends only on the properties of F'. In terms of toric geometry, this is easy to
understand. As noted in subsection 3.7.1, toric sections always correspond to vertices of the
reflexive polytope defining the toric ambient space. As such, they must always be included
in the fan of the toric variety. On the other hand, a non-toric section may consist of linear
combinations of divisors involving integral points of the polytope that are not vertices. Since
they depend on details of the polytope of the full fibration X, it is thus possible that their
restriction to the Calabi-Yau manifold Y is trivial and that hence the non-toric section is not
realized.

By computing the toric Mordell-Weil groups of elliptic curves inside Gorenstein Fano toric
varieties of different dimensions, one can thus classify the toric Mordell-Weil groups and in the
remainder of this section, this is precisely what we will strive to do. Subsection 3.8.1 contains
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Holomorphic Sections Non-holomorphic Sections
e Defines a single point in the e Defines a single point in the
fiber over every point in the fiber over dense subsets in
base and thus intersects fiber the base, but may cut out
components only with intersec- entire fiber components over
tion number zero or one. codimension-two loci in the

) base manifold. Consequently,
e Embeds the base holomorphi- .

i ] the section may have nega-
cally into the space of the entire
fibration and thus the divisor it

defines has the same topology

tive intersection numbers with
a fiber component or intersect

multiple fiber components.
as the base.

e Embeds only dense subsets of

o If the section is also toric, the base holomorphically into

then all intersection theoretical the space of the entire fibration.

properties are independent of The divisor it defines is bira-

the base manifold. tional to the base manifold and
thus does not necessarily have

the same topology.

Table 3.7: Summary of the differences between toric and non-toric sections of an elliptic
fibration.

the explicit results for the 16 two-dimensional Gorenstein Fano varieties. In codimension
two, there exist already 3134 different nef partitions and therefore we do not list them here
explicitly. However, subsection 3.8.2 contains a summary of the results and explains how to
access a database containing the full information about all 3134 group laws. Here we can
already give a concise summary of the different toric Mordell-Weil groups that elliptic curves
up to codimension two can have, which is given in table 3.8.

Codimension | Zy Zs Zs 7 L&Zy 7° T 0Ly 7 Z3eZ, 7'
1 vV x v’ v’ X v’ X X
2 A A

Table 3.8: The full list of toric Mordell-Weil groups of elliptic curves embedded in Gorenstein
Fano toric varieties in codimensions one and two.

Before proceeding with the classification results, let us remark on how to compute the
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Mordell-Weil group laws for a given fiber ambient space in practice. While we computed the
Weierstrass forms of the genus-one curves (or their Jacobians if they do not have an elliptic
curve structure) by keeping the coefficients in the complete intersection equations general,
this approach makes little sense for determining the Mordell-Weil group laws. Instead, we
generated a considerable number!? of curves with random complex structure coefficients in
Z. We then computed the explicit coefficients of the points cut out by toric sections, mapped
these to the elliptic curve in Weierstrass form and determined the relations between them.
Special care has to be taken when mapping the points from the original elliptic curve to the
curve in Weierstrass form. As discussed in section 3.3 our map works through an intermediate
embedding inside Pa31, Pi12, P2, or P3, and the maps from the last three spaces to Weierstrass
form are not injective: They in fact map the elliptic curves 4 : 1,9 : 1 and 16 : 1, respectively.
As a consequence, distinct points on the original curve may be mapped to the same point of
the curve in Weierstrass form and therefore torsion factors of the Mordell-Weil group may
get lost. To make sure that we find the correct torsion groups, it is therefore crucial to use
different embeddings of the same curve in case that the points on the curve in Weierstrass
satisfy non-trivial relations with respect to the Mordell-Weil group law. While the map from
P? to Weierstrass form may eliminate a Zs torsion factor, the map from P;15 will not, and one
can therefore determine the correct toric Mordell-Weil groups even in the presence of torsion.

The computations were performed using PALP [147], Sage [139] and in particular the
Sage modules for polytopes [148] and toric geometry [149]. Furthermore, we made heavy use
of the Sage interface to Singular [150].

3.8.1 Toric Mordell-Weil Groups for Hypersurfaces

As there only exist 16 different reflexive polygons, we take the liberty to recall their form in
figure 3.7. Among these are of course also the examples studied in section 3.2 and section 3.7
and we have taken care to color the vertices giving rise to toric sections red. Let us point
out that three of the reflexive polygons do not have any toric sections, namely F; = P2,
Fy =P! x P!, and Fy = Py12. In the first case, all toric divisors have degree three, while the
divisors of lowest degree of the latter two cases are of degree two.

For the remaining ambient spaces, we have computed the toric Mordell-Weil group that
a generic curve inside them has. Depending on the ambient space, the o; of Equation 3.8.1
may satisfy non-trivial relations among each other and we summarize our results for all the
toric Mordell-Weil groups of hypersurface fibers in table 3.9.

3.8.2 Toric Mordell-Weil Groups for Complete Intersections of Codimension
Two

Since the total number of reflexive polytopes of a certain dimension grows very fast, it would
be futile to list the toric data of all three-dimensional nef partitions. Instead, we again refer

12By considerable, we mean O(100) in order to make sure that we indeed obtain a generic example.
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Figure 3.7: The 16 reflexive polygons. F; and Fi7_; are dual for ¢ =0, ...,6, and self-dual

for i = 7,...,10. The corresponding toric surfaces are also known as F} = P?,
Fy =P x P!, Iy = dP,, Fy = P?[1,1,2], F5 = dP,, F; = dPs, Fyo = P?[1,2, 3],
where dP, are the del Pezzo surfaces obtained by blowing up P? at n points.

Vertices defining toric sections are colored red. This was first derived in Figure 1

of [151].
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Table 3.9: The toric sections corresponding to the reflexive polygons, the relations they are

subject to and MW, the toric subgroup of the Mordell-Weil group generated by
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to the website
http://wwwth.mpp.mpg.de/members/jkeitel/Weierstrass/ (3.8.4)

containing a database of the 3134 nef partitions of three-dimensional reflexive polyhedra. For
each such nef partition, there exists a file of the form RP_NEF.txt and in the following, we
explain what we computed and how it is encoded in the database records.

For every nef partition of a three-dimensional reflexive polytope, we computed the fol-
lowing data:

e The two defining equations of the complete intersection with general coefficients a;.
e The Weierstrass coefficients f and g of equation (3.1.2) in terms of a;.

e The integral points v; of A° that are promoted to toric sections s; = V(z;) after fibering
the elliptic curve over a base manifold.

e The relations between the Mordell-Weil group elements o; = s;4+1 — sg that we have
already used in the hypersurface case.

e The resulting toric Mordell-Weil group, including its torsion part.

e The Kodaira types of the non-toric singularities that occur if all a; are generic.
Let us illustrate the file format of the data base using the nef partition (2355, 0):
Summary for nef partition with id (2355, 0).

Defining data of the nef partition:

rays = [z0: (1, O, 0), zl: (O, 1, 0), z2: (O, O, 1), z3: (-1, 1, 1),
z4: (2, -1, -1), z5: (1, 0, -1), =z6: (1, -1, 0), z7: (-1, 1, 0),

z8: (-1, 0, 1), =z9: (-2, 1, 1), =z10: (1, -1, -1), =z11: (0, O, -1),
z12: (0, -1, 0), z13: (-1, 0, 0)]

nabla_1 (0, 1, 2, 3, 4, 5, 6)

nabla_2 (r, 8, 9, 10, 11, 12, 13)

Toric Mordell-Weil group:

zero = (0, 1, 0)

generators = [s0: (0, 0, 1), s1: (2, -1, -1), s2: (-2, 1, 1),
s3: (0, 0, -1), s4: (0, -1, 0)]

relations = [s0-s3 = (1), s1-s2 = (1), s4 = (1)]

group = Z°2 x Z_2
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Complete intersection equations:

pl = a3*z0*xzl1*xz2*z3*%z4*xzb%z6 + a2%zl1*z3*zbxz7*z9*z11%z13

+ al*z2%z3*%z6*z8*z9*z12*%z13 + a0*z4*xzb*xz6*xz10*z11xz12*xz13
p2 = a7*z0*z1*z2%z3*z7*z8%z9 + ab*z0*xz1*z4*z5*zT7+z10%z11

+ abxz0*z2*z4*xz6%z8*z10%z12 + ad*xz7*z8*z9*z10*z11*z12*z13

Weierstrass coefficients:
f=1...]
g=1[...]

Generic non-Abelian singularities:

a7: (0, 0, 2), I_2
a6: (0, 0, 2), I_2
ab: (0, 0, 2), I_2
a4: (0, 0, 2), I_2
a3: (0, 0, 2), I_2
a2: (0, 0, 2), I_2
al: (0, 0, 2), I_2
a0: (0, 0, 2), I_2

The first block summarizes the toric data defining the nef partition. The first line defines
the variable names z; assigned to the homogeneous variables associated with each ray of the
ambient fan and the second line specifies the nef partition by listing the indices of the rays
spanning Vi and Va. In this example

V1 = (vov1v20304V5V6 ) conv Vo = (v7v809010011012013) cony - (3.8.5)

The second paragraph contains information about the toric Mordell-Weil group. This partic-
ular example has six divisors that become (not necessarily independent) sections after fibering
the elliptic curve over a base manifold and the toric Mordell-Weil group generated by these
divisors is Z? @ Zo. Note that there is a slight clash in notation between the database and
conventions of this thesis: Here s_i denotes the section s;11. Choosing the divisor corre-
sponding to the ray (0,1,0)7 as the divisor sq that cuts out the neutral element on the curve,
the remaining five divisors o; = s;41 — S0, ¢ = 0, ..., 4 satisfy three relations. To specify these
relations we denote by (i) the generator of the torsion part times i. Here, this means that the
section o4 generates the Zsy factor and, up to this torsion part, the pairs of sections oy and
03, and o1 and o9, are identified under the Mordell-Weil group law. Next, the record contains
the two complete intersection equations in order to define the coefficients a; determining the
complex structure of the elliptic curve. The Weierstrass coefficients (omitted here due to their
length) are then given in terms of the a;. Finally, we list the non-Abelian singularities that a
such an elliptic curve with generically chosen a; will have. In this case, there is an additional
SU(2)® gauge group with branes located along the eight base loci a; = 0 for i = 0,...7.
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Manifolds | Toric sections

00k 294 0
600 315 1
500 696 2
a00f 575 3
300 614 4
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Figure 3.8: Histogram of the number of toric sections for the 3118 nef partitions of three-
dimensional reflexive polytopes that are not direct products.

moor Manifolds | Mordell-Weil rank

8oor 453 0
600 1038 1
a0oF 987 2
310 3
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36 4

1 2 3 4 5

Figure 3.9: Histogram of the toric Mordell-Weil rank for the nef partitions of three-
dimensional reflexive polytopes. The 326 complete intersections that are either
a direct product or do not have a toric section are excluded.

Finally, let us give an overview of the results in codimension two. We list in figure 3.8
the distribution of the number of toric divisors corresponding to sections among the complete
intersection curves. Note that not all of these divisors will be independent in homology. In
figure 3.9 we give the distribution of the toric Mordell-Weil ranks. The highest toric rank that
we find is four. Naturally, not all groups of the same rank are equal, as some have additional

Trivial group Zo Zs Z4a Z 7D 7o 72 7:e7, 73 Z*®Z, 74
315 113 24 1 931 107 985 2 309 1 36

Table 3.10: The full toric Mordell-Weil groups for the elliptic fibers of codimension two.
Note that we have omitted direct products and the genus-one curves that do
not have a single toric point.

torsion factors. In table 3.10 we give a complete survey of the toric Mordell-Weil groups for
the models that possess at least one toric section. As was shown already in table 3.8, there
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are also additional toric Mordell-Weil groups when compared with the elliptic curves that are
embedded in toric surfaces.

3.9 Fibers without Section

Throughout this chapter, we have repeatedly stressed that not every genus-one fibration is
an elliptic fibration — only the existence of a global section endows the generic fiber with
the structure of an elliptic curve. Until recently, the F-theory literature had focused solely
on elliptic fibrations. By now, genus-one fibrations without section are understood to provide
perfectly well-defined F-theory backgrounds. In fact, they have recently even been shown
[144, 152-155] to generate discrete symmetries in the low-energy effective theory. For this
reason, we dedicate this section to studying the geometry of genus-one fibrations without
section.

We begin by recalling the classification results of section 3.8. There we found that there
exist three genus-one hypersurfaces without section and from figure 3.8 we see that there are a
further 294 three-dimensional nef partitions without a toric section. Nevertheless, these toric
fiber ambient spaces of course have h'! > 0. Some of these divisors will wrap entire fiber
components over codimension-one loci in the base. These are the P!-fibrations corresponding
to exceptional divisors resolving a non-Abelian singularity. However, not all fiber divisors are
of this type: Instead, there are also divisors that intersect the generic fiber d times and wrap
fiber components only over base loci that are at least codimension-two in the base manifold,
namely those divisors satisfying Equation 3.7.1. We call such divisors d-sections of the genus-
one fibration. It is worthwhile to remark that genus-one fibrations with, for instance, only
two-sections and three-sections may still have a section as long as that section is non-toric
and given by the difference of two such divisors. To show that a given fiber does indeed not
have a section, one must therefore show that none of the possible linear combinations of fiber
divisors is a section.

In the remainder of this section, we give examples of the three different kinds of multi-
sections that are realized in genus-one curves embedded either as hypersurfaces or complete
intersection of codimension two. To study multisections of degree two, three and four, we
can recall our findings of section 3.2, where we showed that every genus-one curve with a
degree-two (or degree-three and degree-four) line-bundle can be embedded into Py15 (or P2
and P3, respectively). If one further assumes that the line bundle can be written as a tensor
product of smaller-degree line bundles, then the proper embedding is into a blow-up of one of
these spaces. In the following, we will put particular focus on understanding the blow-down

(%)

maps (or, equivalently, the corresponding blow-ups) T in figure 3.4.

We remark that much of the material of the following subsections was first studied in
[52], [156, 157], and [158], respectively.
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3.9.1 Genus-One Fibrations with Two-Section

We begin with a detailed study of genus-one curves inside P119, the space that we identified
as the embedding space for genus-one curves with degree-two line bundles. The most general
anticanonical hypersurface inside P112 is given by

C: w?+ b0u2w + bruvw + bov?w = cou4 + c1udv + cou®v® + 63uv3 + cqv? , (3.9.1)

where we have chosen [u : v : w] to be the homogeneous coordinates of P115. Since u
corresponds to a section of a degree-two line bundle, the equation u = 0 is quadratic:

w? + byv*w = cqv? (3.9.2)

Going to the affine patch defined by v = 1, we see that the divisor v = 0 does indeed
intersect the generic fiber twice and thus defines a two-section. Similarly, one can confirm
that the divisor v = 0 is another two-section and w = 0 defines a four-section. Of course,
this can also be confirmed by computing intersection numbers of the form C' N {u =0} = 2.
Therefore, a genus-one fibration with fiber embedded in P12 does clearly not have a toric
section. Furthermore, one cannot build a non-toric section from linear combinations of torus-
invariant divisors with integral coefficients.

In later chapters, we will study the low-energy physics of such F-theory compactifications,
but here we restrict to studying further geometric properties to the two-section © = 0. Locally,
the divisor {u = 0} cuts out two separate points in the fiber and one might be tempted to
try and split {u = 0} into two components, each given by a section. However, this cannot be
achieved globally, since the points are interchanged under monodromies as one moves along
the base manifold. Only after setting ¢4 = 0 does Equation 3.9.2 factor into two irreducible
components that give rise to the two sections

sp: [0:1:0], sy [0:1:—bo]. (3.9.3)

There is still no divisor corresponding to a single section. However, due to tuning ¢4 — 0,
C' has become singular. This singularity can be resolved by a blow-up at [0 : 1 : 0], which
introduces a new coordinate e via the substitutions

u—u-e, ww-e (3.9.4)
and the proper transform of the equation defining the elliptic curve is
ew? + bpe?ulw + bievvw + bov*w = coeut + cre*uPv + coen®v? + cyuv . (3.9.5)

Equation 3.9.5 defines a smooth curve inside Bljg.1.gP112 with homogeneous coordinates [u :
v : w : e] and now the two points of Equation 3.9.3 can be obtained by setting one of the
homogeneous coordinates to zero

u=0: [0:1:1:—bg] =50
{[u:l:w:O]%]P’l if by =c5=0 (3.9.6)
6120:

[b2:1:c3:0] =s; otherwise.
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This means in particular that an elliptic fibration with fiber embedded in Bljg.;.qjP112 has (at
least) two global sections given by the divisors v = 0 and e = 0. Let us note that instead
of setting ¢4 to zero, one could similarly have tuned ¢y — 0 and thus split the two-section
corresponding to {v = 0} into two parts. However, the outcome would have been the same,
since u and v are exchanged under the Zy lattice automorphism of the P12 polygon (Fy in
figure 3.7).

3.9.2 Genus-One Fibrations with Three-Section

Next, consider the most general cubic in P? defined by
a0u3 + a1u2v + a2u2w + CL3’LL’U2 + aquvw + a5uw2 + a61)3 + a7U2w + ang2 + a9w3 =0. (3.9.7)

P2 has only a single divisor class, called the hyperplane class H, and all three divisors {u = 0},
{v = 0}, and {w = 0} lie in this class. Of course, this is also imposed by the S5 lattice
automorphism group under which the P? polygon (= F}) is invariant and which permutes
the three vertices corresponding to the homogeneous coordinates of P?. Since C N H = 3,
the three torus-invariant divisors all define three-sections and again one cannot find linear
combinations with integral coefficients that would give a non-toric section.

Mimicking what we did in the two-section case, we look for transitions to fiber spaces in
which a three-section splits into different irreducible components. Without loss of generality
we can try make the divisor v = 0 reducible. Inserting u = 0 into Equation 3.9.7 leads to

agv® + arv?w + agvw? 4+ agw® = 0 (3.9.8)
and we can set ag = 0. Then Equation 3.9.8 splits into a section
sp: [0:0:1] (3.9.9)

and a two-section defined by

agv® + arvw + agw? = 0. (3.9.10)

To resolve the singularities induced by the tuning, one blows up the point [0 : 0 : 1] by
introducing the new coordinate e; and the substitutions

U u-er, V= vU-er (3.9.11)

leading to the proper transform

aoe%uz)’ + ale%u% + ageluzw + age%uv2 + ageiuvw + a5uw2 + (166%’03 + a7elv2w + ang2 =0.

(3.9.12)
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The resulting space is dP; and {e; = 0} corresponds to the section sg, while the divisor
{u = 0} has become the two-section that is mapped to Equation 3.9.10:3

0 [20:21:1:0] P! ifas=ag=0
€1 = U
[ag : —as :1:0] =sp otherwise (3.9.13)

u=20: a6e% —|—a761w—|—agw2 =0

Unlike in the two-section case, one can perform another transition by tuning coefficients such
that the two-section defined by u = 0 splits into two sections. Setting ag = 0 splits the two-
section into e; = 0 and w = 0 and the resulting singularity is resolved by another blow-up
introducing the coordinate es and the substitutions

U U- e, W W - ey (3.9.14)

leading to the proper transform
aoe%e%u?’ + ale%egu% + a26163u2w + CL36%UU2 “+ agereuvw + a5e§uw2 + a761v2w + agengQ =0
(3.9.15)

inside dP,. Now all three sections are defined by torus-invariant divisors

{[u:v:l:O:l]%Pl ifas=ag =0
e1=0:

[ag: —a5:1:0:1] =sg otherwise

1:w:0:1] =P if a3 =a7 =0
A nas = (3.9.16)
[a7:1:—a3:0:1]=s; otherwise
0:1:1:e1:e) P! ifar=as=0
u=20:
[0:1:1:ag:—a7] =s2 otherwise
and in the blow-down limit e; = eo = 1 they map to
so=1[0:0:1] s1=100:1:0] so=1[0:ag: —a7] (3.9.17)

inside Py. Plugging these into Equation 3.9.7 one can confirm that they are the three solutions
to u = 0 if one sets ag and ag to zero.

3.9.3 Genus-One Fibrations with Four-Section

Finally, let us treat the last case, namely the complete intersection of two quadrics in P3.
Denoting by z, i = 1,...,4 the homogeneous coordinates of P2, the most general such

13Tn [145] it was first noted that such an ambient fiber space and give rise to a non-toric section as defined
in subsection 3.7.2 whose homology class is given by [u] — [e1] + .... Roughly speaking, one can subtract the
section from the two-section and obtain another proper section. Recently, it the explicit coordinate expression
of this non-toric section was found in [144].
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Homogeneous coordinate z ‘ 20 21 29 23
1 0 0 -1

Vertex n, € A° 0 1 0 -1

0 0 1 -1

Table 3.11: The toric variety P3.

Homogeneous coordinate z 20 21 29 23 el ) es
1 0 0 -1 1 0 0

Vertex n, € A° 0 1 0 -1 1 0 -1

0 0 1 -1 1 -1 0

Table 3.12: The toric variety BI’P3.

complete intersection can be written as

p1 = agzg + agzoz1 + arzpzo + agzozs + a5zf + aq2122 + azz1z3 + agzg

2
+ a12223 + apz3

) ) 9 (3.9.18)
D2 = @192y + a182021 + @172022 + A162023 + a152] + Q142122 + 4132123 + @1225
+ a112923 + alozg .
Torically, this is the nef partition
Vi = <UOU1>c0nv. s Vg = <U2U3>conv.7 (3919)

of the reflexive polytope of table 3.11 and it has the PALP id (0,0). Just as P2, P3 has a
single divisor class H, and any linear polynomial in the z; defines a divisor of this class. H
intersects the genus-one curve defined by Equation 3.9.18 four times and therefore the four
torus-invariant divisors z; = 0 all define four-sections.

As for the other two spaces, one can split up the four-section into four independent
sections by restricting the complex structure coefficients a; and resolving the resulting sin-
gularities. To completely split up the four-section of P3, it takes three blow-ups. Since they
proceed in completely the same fashion as for P? and Pjj2 we do not follow them step by
step, but only present the final result.

The toric data of the ambient space obtained from blowing up P? three times is displayed
in table 3.12 and the nef partition is given by

(3.9.20)
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Its PALP id is (67,0)'* and it is related to P? via the coordinate maps
Zo —> €1€2€e320, <21 +F» €121, Z29tr» e1€32y, 23+ €2€323. (3.9.21)
The complete intersection equations are given by
pP1 = agelegegzg + age1€e9zp21 + are1€e3zpzy + ag€o€32023
+ aqe12122 + azezz123 + a1eszez3 (3.9.22)
9 .9.
D2 = ajgerezezzy + ajgere2zp21 + ajre1e3zpz2 + a16€2€32023

+ aijge12122 + a13€22123 + a11€32223

and one sees that the blow-down limit e; = e3 = e5 = 1 maps a generic curve inside BI’P3 to
a non-generic curve inside P3, since its complex structure coefficients always obey

apg — a2 = a5 = ajp = a12 = a5 = 0. (3923)

The torus-invariant divisors of the ambient space BI*P3 supply four sections, namely

€1 = 0: [a1a13 — aiias : agdll — A1eal : a3zl — A130¢ - 1:0:1: 1} = S0
eo =0:[ajais —anaq : arayn —ajra; 2 1:aga17 —agay :1:0: 1] =5

(3.9.24)
€3 — 0: [a3a14 — aizayq : 1: agalsz — aigas : aqai1g — A140a8 - 1:1: 0} = S2
20=0:[0:1:1:1:aga11 —ai3a1 : a1a14 — a11G4 : Q4413 — G1403] = S3,

where we have only written down the expressions for generic values of the non-zero a;s —
over codimension two and codimension three loci in the base, the sections wrap entire fiber
components.

3.9.4 Mirror-Duality and Mordell-Weil Torsion

Before concluding this section we would like to draw the reader’s attention to a remarkable
observation first made in [144] for P12 and P? and noted again for P3 in [159]. To this end,
consider the mirror duals of the generic genus-one curves inside these three ambient spaces:
The mirror dual of a genus-one curve inside P115 is an elliptic curve inside the toric variety
defined by the reflexive polygon Fjy of figure 3.7 and the mirror dual of a cubic inside P? is
a curve inside P2 /Z3. Lastly, the mirror dual of the curve defined by the nef partition (0,0)
is given by the nef partition with PALP id (3415, 0).

The results of section 3.8 show that the torsion part of the toric Mordell-Weil groups of
these three spaces are Zso, Z3, and Z4. We hence note that the mirror dual of a genus-one

curve with an n-section appears to be an elliptic curve whose Mordell-Weil group has a Z,

4We note that the PALP ids of the ambient space after one and two blow-ups are (5,1) and (21, 3),
respectively. Note that these are the unique ways in which one can blow-up P? torically, as one can relate
blow-ups along other loci to these spaces via an SL(3,Z) rotation.
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torsion part. This strange “coincidence” becomes even more intriguing once one considers the
implications for the low-energy effective theory. As will be shown in Part III, the low-energy
effective theory associated with an n-sections appears to have a Z, discrete symmetry. On
the other hand, the Mordell-Weil torsion Z, acts in a very different manner: It quotients
out (a subgroup of) the center of a non-toric non-Abelian gauge group SU(n - k) [160]. That
mirror duality (performed solely on the elliptic fiber) should exchange these two quantities is
a non-trivial conjecture and it would be fascinating to find a physical process explaining this

behavior.



Chapter 4

Non-Abelian Singularities from
Tops

The presence of non-Abelian gauge symmetries in the low-energy effective physics of an F-
theory compactification is invariably connected to singularities of the compactification mani-
fold and their resolution. After resolving, the formerly singular genus-one fiber is replaced by
a set of two-spheres intersecting each other in patterns that determine the associated gauge
theory algebra. We are thus led to construct genus-one fibrations whose fiber becomes re-
ducible over a specified set of base loci. Generally, there are two ways in which the genus-one
fiber can be forced to split into different irreducible components. To understand their differ-
ence, we recall in figure 4.1 how our Calabi-Yau manifolds Y are constructed. The key point
in the construction of genus-one fibrations is that one considers ambient spaces X D Y that
possess a fibration themselves. In such a setup, the two scenarios in which the fiber of ¥ can
become reducible are:

e I, the fiber of Y, becomes reducible, but the fiber of the ambient space fibration, F,
does not.

e [ becomes reducible and forces the genus-one fiber F to become reducible as well.

The first scenario corresponds to the non-toric gauge groups that we examined in section 3.6.
However, the second option is the much more appealing one and its study will be the focus
of this chapter. Since it is the toric fibration of the ambient space that becomes reducible
over certain base loci in this scenario, its behavior is determined by the combinatorial data
contained in the fan of the ambient space X. Instead of dealing with complicated algebro-
geometric objects, one can instead manipulate discrete data. Exploiting computational con-
trol inherited from the ambient space was one of the dominant themes of the previous chapter

and it remains our guiding principle here as well.

89
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Figure 4.1: In order to construct Calabi-Yau manifolds Y,, with a genus-one fibration 7’ and
fiber E, we construct toric ambient spaces X, . that are fibered themselves.
Here F' is the ambient space of the fiber and 7 is the projection of the ambient
space fibration from which 7’ is obtained by restriction.

We begin in section 4.1 by introducing the concept of a certain polytope called a top,
the combinatorial object encoding the degeneration of the toric fibration over a certain base
divisor. In section 4.2 we explain that tops can be understood both as a polytope and as a
prism. While the former description may be more intuitive, the latter turns out to be more
convenient for the classification of [161], whose application to SU(5) gauge groups we work
out explicitly in section 4.3. Next, we explain in section 4.4 how tops also impose constraints
on the charges of the non-Abelian matter representations under additional toric U(1) gauge
groups. It is of phenomenological importance that the matter fields in the antisymmetric
SU(5) representation of elliptic fibrations with fibers embedded as hypersurfaces all share the
same Abelian charges, a statement proved in section 4.5. To circumvent this restriction on
the matter content while still considering generic Calabi-Yau manifolds inside toric ambient
spaces necessarily leads to the study of complete intersection fibers. Section 4.6 comments
briefly on how to generalize tops to fibers of higher codimension.

Finally, we would wish to point out again that Appendix A contains a concise introduction
to the concepts of toric geometry needed in this thesis. Of particular importance to the
understanding of this chapter is section A.8, in which the concepts of toric fibrations are
recalled.

4.1 Toric Fibrations and Tops

As we have just mentioned, we intend to engineer genus-one fibered Calabi-Yau manifolds
whose fibers split into sets of P's as dictated by discrete toric data. To achieve this, we embed
them into toric ambient spaces that are fibrations whose fibers become reducible themselves.
Keeping our original goal in mind, we first recall some of the key properties of toric morphisms

mentioned in section A.8:

e A fan morphism ¢ : ¥’ — ¥ induces a toric morphism ¢ : Xy — Xy

e The fiber of ¢ over a point p € Xy, depends only on the torus orbit that p is an element
of.

e Every fiber of ¢ is a (possibly reducible) toric variety and the generic fiber is irreducible.
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A toric morphism is called a fibration if the dimension of all its fibers is the same and a
bundle if all the fibers are isomorphic. We are hence interested in toric fibrations that are
not bundles and in particular, we wish to read off how the fan morphism ¢ determines the
properties of ¢. Referring to section A.8 for the general theory behind this, we define here
only the quantity most relevant to us: The top, which was first introduced by Candelas et
al. in [162].

Let 3 be a fan with a fan morphism ¢ : % — Yp that gives rise to a fibration with
two-dimensional fibers. Given a base ray b € X g, we call the polytope

T(b) = <UZEZZOSO_1(2 . b)>conv. (411)

the top over b. Note that 7(b) is three-dimensional and its elements are graded by z. The
elements corresponding to z = 0 are just the kernel of ¢ and therefore they are the rays
spanning the fan of the generic fiber. We call the convex hull of the integral points of 7(b)
that are not in the kernel of ¢ the cap of 7. If the cap consists of just a single point, then
7 is said to be trivial. The key observation of Candelas was that the geometry of the cap
already determines the intersection properties of the blow-up divisors and allows to read off
the low-energy effective gauge theory group of an F-theory compactification.

For simplicity, let us restrict to two-dimensional caps made up only of elements with
z = 1, i.e. polygons with k£ boundary points. The graph consisting of the boundary points
and the edges between them is a circle and it corresponds to the affine Dynkin diagram of
the gauge algebra it induces, namely the affine Dynkin diagram of A;_;. In order to see how
this works in practice, we study an explicit example with an SU(5) top placed over one of
the base divisors.

4.1.1 SU(5) x U(1)? with Toric Sections

While we will eventually wish to study full-fledged Calabi-Yau manifolds, we focus here only
on the fiber and the top over a single base divisor and postpone discussing the entire fibration
to chapter 5. Consider a genus-one curve embedded as a hypersurface inside the toric variety
corresponding to the reflexive polygon Fis of figure 3.7. From subsection 3.8.1 we know that
this choice of ambient space implies that there are five toric sections — every single fiber
ambient space divisor descends to a toric section of the fibration. However, not all of the
generators are independent with respect to the Mordell-Weil group law and therefore the
toric Mordell-Weil group is only Z2. As a consequence, we expect there to be a toric U(1)?
gauge group factor in the low-energy effective theory.

To engineer an SU(5) singularity along a base divisor we consider a toric variety with
the toric data given in table 4.1. For our purposes, we can keep the base manifold and the
choice of fibration general and parametrize them by the u; vectors and their corresponding
homogeneous variables. The only requirement that we put is that the u; vectors with ¢ > 0
only appear once on the right hand side, which is the same as demanding that the tops 7(u;)
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Homogeneous coordinate z | Point n, € V
fo -1 -1 0

fi -1 0

f2 0 0

3 10

fa -1 1 0

() —2 0 wug

€1 —1 0 UuQ

€2 0 0 UuQ

€3 -1 1 uo

€4 —2 1 (27}

Ui, © >0 nt nzg U;

Table 4.1: The toric data of the fiber Fjo and its corresponding SU(5) top placed over a
base ray ug. In order to specify the full fibration, the remaining base rays u; and
the line bundles on the base that the fiber coordinates are sections of must be
chosen. This is symbolized by the entry with w; in the table. Note that the w;
are dimc B-dimensional vectors.

RN

Figure 4.2: The unique SU(5) top for the Fjs fiber. The exceptional divisors intersected

by one of the five toric sections are colored red. For more information on the
intersection patterns we refer to section 4.4 and figure 4.3.

with ¢ > 0 are trivial. On the other hand, the top over wug is non-trivial and its cap is the
polygon with four vertices and five boundary points shown in figure 4.2. From the discussion
above we expect an SU (5) gauge theory to be located on the base divisor defined by the base
ray ug. 1o see that this is indeed the case, we write down the hypersurface inside the fiber
ambient space that is defined by this class of F-theory models. It reads

p = ageseafofifi + areresesfi f3 fs + aafofifafafa + asederesel f f3fi (4.1.2)

2 r2 2
+ ageperea fa fifa + asedereafd fifa,

where the a; are sections of line bundles over the base manifold, i.e. homogeneous polynomials
in u;. Using the methods of chapter 3, we find that the corresponding Weierstrass model (see
Equation 3.1.2) has the Weierstrass coefficients

1
f= <_48> : (ag — 8apa3ay - ug + (—8aya3as + 16a3as + 24agarasas) - u (4.1.3)

— 16a0a1a3a4u3 + 16a%a§ . ué)
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Base Locus | Vanishing degrees of f, g and A ‘ Gauge Algebra

ap =0 0 0 2 su(2)
a1 =0 o 0 2 su(2)
ug =0 0 0 5 su(5)

Table 4.2: The three singular loci of the Calabi-Yau manifold of table 4.1 in codimension
one in the base.

Base Locus | Vanishing degrees of f, g and A | Gauge Algebra | SU(5) representation
ay =0 0 0 6 s5u(6) 5
as =0 0 0 6 s5u(6) 5
apas = —agas3 0 0 6 5u(6) 5
az =0 2 3 7 50(10) 10

Table 4.3: The four enhanced singularity loci of the Calabi-Yau manifold of table 4.1 in
codimension two in the base and the associated matter representations of SU(5).

1
g= ( > : ( — a$ + 12apa3ay - ug + (12a1a3a3 — 48a2a3a3 — 36aparasas) - us  (4.1.4)

+ (—24a0a1a%a3a4 + 64@%@2 + 144a(2)a1a2a4a5) . ug

+ (—48a3a3a? — 96a3arazal + 144apaiasazas — 216a3ata?) - ug

— 96a0a%a§a4 : ug + 64a:{’a§u8> ,

implying that the discriminant has the expansion

A = (—) . ag . a% . ug . (CL4 - as - (_a2a3 + a0a5) . (I% (415)

— a3 - (—a3a3a3 — Sapazazaias — ajaiaza? + S8afaia? + apajasal) - uo) + O(uf)
with respect to ug = egeieseseq, which serves as a normal coordinate to the base divisor over
which the fibration has the singularity enforced by the top.

From these explicit expressions one can read off the vanishing degrees of f, g, and A
along different base loci of codimension one. Table 4.2 contains the three loci and we note
that there is in fact an SU(5) gauge symmetry along the base divisor over which we placed
a non-trivial top. Since we expanded f, g and A in the direction normal to the SU(5)
singularity, we can even read off its enhancement loci, which are not directly visible from the
toric data. Table 4.3 shows that we expect to find up to three curves which all contain matter
in the fundamental representation of SU(5), but are distinguished by the additional Abelian
symmetries. We cannot directly read off their charges from the ambient space geometry, but
we will infer constraints in section 4.4 before explicitly calculating the charges later on.
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Furthermore, there are two non-toric non-Abelian SU(2) factors and we note that if they
are realized in the full-fledged fibration (i.e. the polynomials ay and a; are non-constant),
then one must include the additional rays (—1 0 0) and (0 —1 0) in the toric data of table 4.1
to resolve the singularities. Since the SU(2) loci are not defined by the vanishing of a single
homogeneous coordinate, finding their matter states is slightly more involved and we refer to
[144, 163] for an introduction to the necessary techniques.

In summary, we see that the chosen top does indeed induce an SU(5) gauge group in the
low-energy effective theory obtained by considering F-theory on this Calabi-Yau manifold.
More examples and an explicit relation between the top geometry and the ensuing singularity
can be found in the original papers [161, 162].

4.2 Tops as Prisms

In addition to the description of the top given in the previous section, there exists another
equivalent one introduced in [161] which can sometimes be more useful. Before formulating
it, we need to make a general remark regarding the uniqueness of a top. As mentioned above,
the fiber of a top 7 is a reflexive polygon and it is given by the facet of 7 at z = 0. First,
note that we can always rescale z such that there are points in 7 with z = 1. Second, the
GL(3,Z)-subgroup generated by (z,y, z) — (x+az,y+ Bz, ) still acts on the top after fixing
the fiber polygon and therefore the x, y coordinates of the points with z = 1 can be shifted
arbitrarily.

Assuming without loss of generality that 7 has this form, we can consider its dual (see
Equation A.5.3 for a definition). Since 7 is not reflexive!, its dual polyhedron 7° is not a
lattice polytope. Instead, it is an infinite polyhedron. This can be understood better by
taking a closer look at the inequalities defining 7°. The vertices (x;,y;,0) corresponding to
vertices of the fiber F' of 7 lead to inequalities of the type

orry+yty; > -1, (4.2.1)

where (z*,y*, z*) are the coordinates of the dual polyhedron and the remaining vertices give
inequalities
2z > =1 —a%x; — y 'y (4.2.2)

with z; > 0. Hence 7° is a prism over the dual of F'. Since F' is a reflexive polygon, so is F*°
and thus every vertex of 7° is of the form (x*,y*, z*(x,y)) with («*,y*) € F°. Furthermore,
the vertex dual to the facet of 7 at z = 1 is the point (0,0, —1) of 7°. Therefore the data
defining 7° (and hence of course 7) consists of F° and the function z*(z*, y*) evaluated at the

! As one can see from its definition, 7 is only a part of a reflexive polytope. In fact, its name stems from
the original constructions of [162], where K3 surfaces over a P! base were considered. Since the polytope of a
K3 is three-dimensional and the base polytope consists only of two points, the top is half of a K3 polytope -
the other part is the “bottom.”
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Fiber |F F, Fy Fy Fs Fr Fy Fip Fi3 Fu Fi; Fg
|Autiice| | 6 8 2 2 2 12 2 2 2 2 8 6

Table 4.4: The twelve reflexive polygons with non-trivial lattice automorphism groups and
their respective orders. Observe that the lattice automorphism groups of a poly-
gon and its dual are the same.

non-zero integral points (i.e. the boundary points) of F°. Again, there is a residual GL(3,Z)
symmetry action on the coordinate choices, since two functions z* that differ only by a linear
function define the same top. Shifting by a linear function, one can always bring z* in a form
where z*(p) > —1 for all boundary points.

Bouchard and Skarke used this dual presentation of the top in [161] to classify all possible
tops that have the 16 reflexive polygons as fibers and in the appendix of their paper one finds
a list of all allowed z* values together with the singularity types they result in. In the case
that we are most interested in, namely that of A-type singularities, one must still identify
tops that are related by automorphisms of the fiber polygon. Computing these automorphism
groups and applying the results to SU(5) tops is the goal of the next section.

4.3 All SU(5)-Tops for Hypersurfaces

In order to extract all possible SU(5) tops with reflexive fiber polygons from [161], one must
first compute the lattice automorphism groups of the 16 reflexive polygons. The lattice
automorphism group Autiattice(P) of a d-dimensional polytope P is the integral subgroup of
the automorphism group

Aut(P) C E(d) = GL(d,R) x R? (4.3.1)

which in turn is defined as the subgroup of the Euclidean group preserving P. In table 4.4 we
list the twelve polygons with non-trivial lattice automorphism groups. Evidently, these lattice
automorphisms act as permutations on the tuple obtained by evaluating z* on the boundary
points of the dual fiber polytope F*. One must therefore identify those tops in [161] whose
z* tuples are related by such permutations. After accounting for these identifications, one
is left with the 37 distinct SU(5) tops that we list in figure 4.3. In this figure, we draw the
SU(5) tops without reference to a the origin of a coordinate system, since they can be shifted
arbitrarily. The tuple of integers next to each top gives the dual description in terms of z*.

Finally, we remark that there exist three fiber polygons that do not possess SU(5) tops,
namely Fi3, Fi5, and Fig. A comparison with table 3.9 shows that these are precisely the
fibers whose toric Mordell-Weil group has Zs and Zs torsion factors. Mordell-Weil torsion Z,
has the effect of quotienting out (a subgroup of) the center of the non-Abelian gauge group
[160] and it can therefore only act on gauge groups whose center contains Z,,. This restricts
SU(N) groups to SU(n - k) with k£ € N and, in this case, forbids SU(5).
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Figure 4.3: The SU(5) tops based on the 16 reflexive polygons. Numbers next to boundary
points of the facet in the z = 1 plane indicate which toric sections intersect the
associated exceptional divisor.
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Figure 4.3: (continued) The SU(5) tops 7;; based on the 16 reflexive polygons. For each
reflexive polygon (the fiber polygon at z = 0), the admissible facets at z = 1
are listed. Below each the values of z* on the vertices of the dual polygon (in
clockwise order, starting at the “y”-axis) are given, which provide an equivalent
way of specifying the top. See discussion at the beginning of section 4.2.
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4.4 Constraints on Matter Representations from Tops

After developing the formalism to compute the toric Mordell-Weil group purely from the
toric data of the ambient fiber space in chapter 3 and devising a method to engineer tops
inducing non-Abelian gauge symmetries in the preceding sections, it is natural to ask whether
the toric ambient space also determines the matter representations present in the F-theory
compactification.

Since matter arises in codimension two in the base manifold, the influence of the toric
ambient space geometry is weaker and it is not possible to read off the full set of matter fields.
The best one can achieve is to find the maximum set of matter representations — whether
these are actually present in a given compactification then depends on the choice of base
manifold and fibration, similarly to the non-toric non-Abelian gauge groups of section 3.6. In
fact, this is what we did in for the example of subsection 4.1.1, where we found three distinct
5 curves and a 10 curve. Similarly, one can also determine the singlet curves or matter
belonging to non-toric non-Abelian gauge groups by looking for the most general singularity
enhancements in codimension two as for example in [144, 156158, 163, 164]. By analyzing
the intersection patterns between the P's of the degenerated fiber and the sections, one can
then also compute the U(1) charges of the matter.

Here we take a complimentary route and focus on the constraints of the matter charges
that are directly visible in the toric data of a top, namely the U(1) split. To explain what
we mean by that, we have to illustrate schematically to which divisors the U(1) fields of the
low-energy effective theory correspond. Let sg be the zero section, i.e. the section generating
the neutral element of the elliptic fiber and let 0 = s — sy generate a factor Z of the toric
Mordell-Weil group. If we assume that there is only a single non-Abelian singularity, then
the associated U(1) divisor is (up to an overall rescaling to ensure integral charges) obtained
by applying the Shioda map [165, 166] and reads

Dyqy =0 = (Dp) = (0N Ca;)(C ) Dy . (4.4.1)

~
determines split

Here 7*(Dy) is the pullback of a base divisor specified later, the C,, are the P! fiber curves
over the non-Abelian singularity that do generically not intersect sg and the Dy are the Cq,
fibered over the base locus of the singularity. Finally, C;; is simply a constant matrix related
to the Cartan matrix of the non-Abelian Lie algebra. The important point is that the third
term depends on the intersection number o N C,, which is computed purely in the fiber. It
is this term that is determined already by the top and we will now study its impact on the
U(1) charges.

For simplicity, we restrict to SU(5) groups, but the same arguments can be applied to
other gauge groups, since the Shioda map of Equation 4.4.1 depends on the type of gauge
algebra only through the constant matrix Cr;. (C™')!/ has fractional entries and in the case
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of SU(5) we multiply Dy 1y by five to ensure that all contributions in Equation 4.4.1 have
integral coefficients.

4.4.1 U(1)-Splits and Matter Representations

F-theory compactifications with gauge groups SU(5) usually have three different SU(5) rep-
resentations: The fundamental representation 5 and the antisymmetric representation 10
obtained from local singularity enhancements to SU(6) and SO(10), respectively, and the
singlet representation originating from loci away from the non-Abelian singularity.

Due to the rescaling, the U(1) charges of the matter fields in the singlet representation
of SU(5) are divisible by five,

Qu(1)(1) € 5Z, (4.4.2)

since the third term of Equation 4.4.1 (the only one whose coefficients are not multiples of
five) does not contribute. This is because the singlets are located away from the non-Abelian
singularity along which the divisors Dy are localized.

Non-trivial SU(5) representations come from loci along the non-Abelian singularity and
now the third term of Equation 4.4.1 does contribute. However, its contribution depends
only on the intersection numbers Dr NCy, ,, where the Cy, , are the fiber components after the
additional singularity enhancement. Since this intersection pattern is determined by group
theory (i.e. whether the enhancement is to SU(6) or to SO(10)), the contribution of the third
term is the same for two matter fields if they are in the same representation under SU(5),
independently of whether they are charged differently under additional U(1) symmetries. In
a nutshell, one has that

QU(I)(5) €57+ k

, (4.4.3)
QU(l)(lO) SIY/E N

where k € {0,1,2,3,4} and since 10 is the antisymmetric representation one furthermore
finds that k¥’ = 2k. Again, n is determined by the first two terms and will generally take
different? values for a given non-Abelian representation. k, on the other hand, will not and
is called the split of a given U (1) with respect to this SU(5) gauge factor.

4.4.2 U(1)-Splits and the Top

Next, we relate the integer k determining the split to the geometry of the top. To do so,
recall the discussion of section 2.3 and remember that the choice of fiber curves C,, as they
were introduced earlier in this section depends on which section one chooses as the zero

20f course, n only takes finitely many different values. In fact, since it is an intersection number, there are
strong constraints on the allowed values, since the intersection number between a rational section and a fiber
component can only take very special values [52].
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section sg: The generic fiber over an SU(5) singularity has five fiber components with a
circular intersection pattern. Generically®, so intersects only one of them. This component
is identified as the affine node of the affine Dynkin diagram of su(5) and the remaining P*
become the fiber curves C,, and correspond to the simple roots of su(5).

Since one expects the low-energy effective theory of an F-theory background to be in-
dependent of the choice of zero section?, it is clear that k can only depend on the relative
position between the intersection of s and sg with the fiber. In figure 4.4 we show the only
five options, corresponding to k = 0, 1,2, 3, 4, respectively. Note that identifying the P! com-

Figure 4.4: The different splits for the case in which sg denotes the zero section and o =
s — s is one of possibly more independent Mordell-Weil generators. In the case
of a single U(1), the i-(5 — ¢)-split and the (5 — 4)-i-split are equivalent under
to the Zg outer automorphism of su(5).

ponents with simple roots of su(5) is unique only up to a Zs ambiguity corresponding to the
outer automorphism C,, < Co, ;. After eliminating said ambiguity, one is left with only
three possible intersections patterns in the case of a single U(1) generator, namely the first
three of figure 4.4. If there are multiple U(1) generators o,,, then there exists a split k,, with
respect to each of them and the Zy automorphism of su(5) acts on all of them simultaneously.

As argued above, the intersection structure between toric sections and the irreducible
fiber components is already fixed by the top alone. In fact, one can easily read off the
intersection numbers from the geometry of the top. SU(N) tops have a two-dimensional cap

3If s is a non-holomorphic section, then there can be loci of codimension two in the base manifold over
which it intersects two components.

4Further implications of the independence of the F-theory compactification of the choice of a zero section
was recently explored in [115].
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whose boundary points correspond to the P! fiber components. If we let v be a vertex of the
fiber polygon corresponding to a toric section s and denote the lattice points corresponding
to the ¢-th fiber component by w;, then s intersects the i-th fiber component if and only if v
and w; share an edge. Using this prescription, we have determined the intersection numbers
for all SU(5) tops in figure 4.3 by listing the sections intersecting a certain exceptional divisor
next to the corresponding lattice point of the z = 1 facet of the top.

Figure 4.5: Two different three-dimensional visualizations of the entire top 75 3. Fiber ver-
tices corresponding to sections and lattice points associated to exceptional di-
visors intersecting them are colored red, as are the edges connecting them.

To give an example, consider the top 753. From table 3.9, we see that the toric sections
generate a subgroup MW =2 Z ®Z of the entire Mordell-Weil group. Now, pick sg as the zero
section and assign simple roots «a; in clockwise order to the boundary points of 75 3. Taking
oo = s1 — Sp and 01 = sg — s as generators of U(1); and U(1)2, we find that the charges of
the 5 representations must satisfy

QU(1)1(5) =1mod5 and QU(1)2 (5) =3 mod 5. (4.4.4)

In figure 4.5 we present a three-dimensional visualization of the intersection structure for 75 3.

Finally, let us point out that the above notion of splits agrees with the cases that have
been analyzed with the split spectral cover constructions [60, 78-80] only in the case of a
single U(1). As soon as there are multiple Abelian gauge symmetries, our notation describes
the “split” between the section generating the particular U(1) symmetry and the zero section,
whereas the split spectral cover constructions denote by split the factorization pattern of the
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spectral cover. Hence, when there are multiple U(1)s we determine a split with respect to
each one of them.

4.5 A No-Go-Theorem for Antisymmetric Representations

We now turn to the 10 matter fields of the SU(5) gauge theory. Somewhat surprisingly,
their geometric origin is different from the 5 matter fields. The 5 matter fields come from an
individual P! in the I5 Kodaira fiber degenerating into two irreducible components, but this
kind of degeneration will never yield a codimension-two I} Kodaira fiber where the 10 matter
field is localized: Splitting nodes of the I5 Kodaira fiber will never eliminate the fundamental
group m1(I5) = Z of the Kodaira fiber, but m1(I;) = 0. The only way to obtain a simply
connected fiber is to have the hypersurface equation vanish identically on a toric curve of
the top. That is, along the intersection of the irreducible components of the toric surfaces
in the fiber of the ambient toric variety. Note that the irreducible components of the two-
dimensional ambient space fiber correspond to the vertices of the top that are not interior to
a facet and not part of the fiber polygon. They intersect in a toric curve ~ P! whenever the
triangulation induced by the fan joins two vertices.

As we will see in chapter 5, if an SU(5)-top contains a point interior to a facet then the
fibration is not flat, i.e. there are base loci over which the fiber dimension jumps. Non-flat
fibrations leads to low-energy theories that are not ordinary gauge theories and therefore we
only have to focus on tops without facet interior points. For an SU(5) top this means that
the facet at height z = 1 is a degenerate lattice pentagon with one of the lattice points at
a midpoint of an edge. Up to isomorphism, there is only a single such lattice pentagon, see
figure 4.3. There are two fine triangulations 77 and 73 of this boundary facet and they are
shown on the left hand side of figure 4.6. Regardless of the triangulation, the degenerate toric
ambient space fiber consists of five irreducible surfaces V'(ep), ..., V(es). These always inter-
sect cyclically in toric curves, that is, V(e;) NV (e;41) ~ PL. Depending on the triangulation,
they additionally intersect as the internal one-simplices in the triangulation, that is,

e Triangulation Ti: V(eg) NV (e3) ~ P! and V(ep) NV (eg) ~ P!,

e Triangulation Th: V(eg) NV (e3) ~ P! and V(e;) NV (e3) ~ PL.

The Calabi-Yau hypersurface generically intersects the toric P's corresponding to the bound-
ary one-simplices in a point, and is a non-zero constant on the toric P! corresponding to the
internal one-simplices. As argued in the beginning of this section, the 10 matter is localized
when the whole toric P! is contained in the hypersurface, that is, where the above constant
happens to be zero.® Since the internal one-simplices are internal to the same facet of the
top, the hypersurface always vanishes simultaneously on both toric curves. These two toric

5This is at a codimension-one curve of the discriminant, that is, it is of codimension two in the base.
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P's intersect in a toric point, the containing two-simplex. Hence they form two nodes joined
by an edge in the dual fiber diagram, which will turn out to be the middle two nodes of the
D5 extended Dynkin diagram.

Intersecting the hypersurface Y with the ambient space irreducible surface components of
a fiber yields additional curve components for the degenerate elliptic fiber. These necessarily
contain the toric curves of the adjacent internal one-simplices as irreducible components.
For example, in triangulation 7) the intersection Y N V(ep) contains both toric surfaces
V(ep) N V(es) and V(eg) N V(ez) as irreducible components. Likewise, Y N V(e4) contains
none of the toric P! since the vertex e4 is not adjacent to an interior one-simplex. This fixes
the degeneration of the I Kodaira fiber, that is the five curves Y N V(e;) away from the
matter curve, to be the one shown on the right hand side of figure 4.6.

This is the key observation: The triangulation of the top fixes the degeneration of the
codimension-one Kodaira fiber at the codimension-two 10 matter curves of a toric hyper-
surface. Since the triangulation is fixed for a given manifold, the degeneration is the same
for all 10. Importantly, this behavior is different from that of the 5 matter curves, where
different degenerations occur over different codimension-two fibers. As a corollary, the U(1)
charges of all 10 matter representations are equal. In other words, if one wants to construct
F-theory GUTs such that the 10 fields carry different U (1) charges then one needs to consider
complete intersections such that the fiber is at least codimension-two in the ambient space
fiber [89, 158, 159].

€3
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€p €1
TI:N ”
€4 = €2

€o €1
/V\ N
€4 & €2

€4 €2

Figure 4.6: Left: The two possible fine triangulations of the lattice polygon at height z = 1
in the SU(5)-top. Right: The corresponding degeneration of the Iy — I
Kodaira fiber.
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4.6 Tops for Complete Intersections

As a direct conclusion from the preceding section we are led to complete intersection elliptic
curves. In fact, constructing F-theory models with multiple antisymmetric SU(5) represen-
tations was part of the motivation to provide the framework of section 3.4 and to classify the
toric Mordell-Weil groups for three-dimensional Gorenstein Fano varieties.

In principle the toric machinery applies equally to Calabi-Yau manifolds with fibers em-
bedded in higher-dimensional ambient spaces and one can extend the definition of a top to
higher dimensions: A genus-one fibration with codimension-d fibers has (d + 1)-dimensional
tops, which can then be combined to form a reflexive polytope. Unfortunately, however, there
does not yet exist an analogous classification to that of [161] and therefore the exhaustive list
of SU(5) tops is not yet known for higher-dimensional tops. Nevertheless, it is possible to
construct some SU(5) tops simply by making an ansatz and confirming that it leads to an
SU(5) singularity in the blow-down limit, as we will show in subsection 5.3.2.



Chapter 5

Fibered Calabi-Yau Manifolds

With the building blocks studied in the previous chapter at hand, the last remaining step and
the goal of this chapter is to combine them with a base manifold into a full-fledged Calabi-
Yau manifold. Once that is achieved, one can then attempt to answer so far unresolved
questions that depend not only on details of the fiber geometry, but also on properties of the
full fibration.

As elaborated on in the introduction to Part II, the ultimate goal in studying string
compactifications is not only to construct a single manifold satisfying a set of criteria, but
rather to identify all such spaces. Achieving the latter objective remains far out of reach, but
at least some progress can be noted: Given a top and a toric base, we explain in section 5.1
how to obtain all varieties corresponding to the reflexive polytopes made up of these building
blocks. In possession of an algorithm to construct explicit fibrations, we proceed with the
study of global properties of the compactification. As we will show, Calabi-Yau manifolds
constructed inside toric ambient spaces may have fibrations that are non-flat, i.e. their fiber
dimension increases over certain base loci. Crucially, this happens generically already for
Calabi-Yau fourfolds with a resolved SU(5)-singularity. Since flat fibrations appear to be
essential for phenomenologically viable F-theory models, section 5.2 is dedicated to studying
the conditions under which fibrations are flat. Using different examples, we show that for cer-
tain combinations of top and base one cannot construct flat fibrations. Finally, we construct
a range of different example manifolds in section 5.3 to illustrate as concretely as possible how
to handle non-toric U(1)s and manipulate complete intersection fibers giving rise to SU(5)
models with multiple antisymmetric representations and additional discrete symmetries.

5.1 The Auxiliary Polytope of All Fibrations
By definition, the top describes the degeneration of the ambient space fibration and thus that

of the genus-one fibration over a toric divisor in the base. This base divisor is defined by one
of the rays in the base fan. The obvious question is how this data can be completed into

105
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that of a compact Calabi-Yau manifold, that is, how to combine the top and the choice of
base fan to a reflexive polytope. In fact, this has a nice answer: The remaining choices for
a lattice polytope after fixing the tops and the base again are parametrized by the integral

1

points of a further auxiliary polytope.” This just follows from convexity, and one needs to

verify reflexivity and flatness of the fibration by hand.

In particular, we will be interested in the case of a single top together with trivial tops
over the remaining rays of the base fan. For the purposes of this section, we will only consider
the case where the base fan equals P", whose rays are generated by the unit vectors e, ...,
en together with — > e;. Then

e The fixed top can be chosen to project to [0, e1].

e The single point generating the trivial top over each of eq, ..., e, can be chosen to have
fiber coordinates (0,0) by a GL(n,Z) rotation fixing all previous tops.

e The final point, generating the trivial top over — Y ¢e;, has coordinates (py,ps) € Z2
with no remaining freedom of coordinate redefinition.

This parametrizes the choices of completion to a polytope by a pair of integers (p1,p2). These
are constrained by convexity: Having fixed the height-one points of the other tops, there is
only a finite range of (p1,p2) such that the fiber (preimage of the origin in the base) of the
convex hull does not exceed the chosen fiber polygon. These are linear constraints, turning
the allowed region for (pi,p2) into a polygon (with not necessarily integral vertices). Note
that the py correspond to choosing the line bundles that the homogeneous coordinates (and
therefore their coefficients) are sections of. In fact, one can derive the same linear constraints
by demanding that all the line bundle that the complex structure coefficients are sections of
do indeed admit a section [167].

It turns out that all lattice polytopes for a single SU(5) top over P" that one constructs
just by demanding convexity, as above, are automatically reflexive. Their total number for
small values of n is listed in table 5.1. We included also the cases P* and P® that, when
used as base of an F-theory compactification, would not lead to a gauge theory in four or
six dimensions. However, the construction can be supplemented by additional polynomials
specifying the actual base as hypersurface in P4 or complete intersection in P?. For example,
the Fano threefold obtained by a quartic constraint in P* is a viable choice for the base. Note
that realizing the base itself as hypersurface or complete intersection can be also phenomeno-
logically motivated. Such realizations allow for more exhaustive choices of fluxes on the GUT
brane as demonstrated in the models of [168, 169]. This applies in particular to hypercharge
flux [57, 64, 170] that is non-trivial on the GUT brane but trivial on the entire base manifold.
Our construction thus extends straightforwardly to these more involved Calabi-Yau fourfold

examples.

L This polytope is not necessarily integral, that is, its vertices are in general rational.
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Fiber Top NSUG) NS2U(5) NSUG)  \SUG)  ArSUG)

P! P P3 Pt P5
Fi 1 1 5 12 22 35
FI 79 1 5 12 22 35
F1 71,3 1 4 8 14 21
I3 T4 1 5 12 22 35
F1 71,5 1 5 11 18 27
B ma 2 9 20 30 42
Fy 72,2 3 10 21 36 55
Iy 72,3 3 8 15 24 35
Fy 734 2 9 20 35 54
3 T3.2 3 10 21 36 55
Fg T3,3 3 10 21 36 55
F3 T34 3 10 21 36 55
F3 T35 3 10 21 36 55
F3 T3.6 3 10 21 36 55
F3 T3 7 3 10 21 36 55
Fy TA1 3 10 21 36 55
Fy T4,2 3 10 21 36 55
Fy  Tis 3 10 21 36 55
133 T5,1 6 12 20 31 44
F5 T5,2 5 15 30 50 75
13 75,3 ) 15 30 50 75
Fs  Ts4 6 16 31 51 76
13 T55 5) 15 30 50 75
Fy 76,1 6 16 31 51 76
Fy 76,2 6 16 31 51 76
Fy 76,3 ) 15 30 50 75
Fy 76,4 5 15 30 50 75
Fs  Tos 6 16 31 51 76
Fy T7.1 8 18 30 45 63
Fs 781 8 21 40 65 96
Fs 782 8 21 40 65 96
Fy  To1 8 21 40 65 96
Fy T9.2 8 21 40 65 96
F10 T10,1 8 21 40 65 96
F11 T11,1 11 27 50 80 117
Flg T12,1 11 27 50 80 117
F14 T14,1 14 23 38 57 80

Table 5.1: Number NST,,U@ of reflexive polytopes fibered over P" with one SU(5)-top and n
trivial tops, modulo fiber-preserving automorphisms.
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The above algorithm can directly be generalized to more complicated base manifolds than
P™ or to higher-dimensional tops in a straightforward manner. For every homology class of
the toric basis there is a tuple of integers (pf,..., p’d“), where k& now runs over the homology
classes and d is the dimension of the fiber ambient space defined by the top.

5.2 Flatness of the Fibration

Not all compactifications of F-theory give rise to ordinary gauge theories, as they may contain
tensionless strings yielding an infinite tower of massless fields in the low-energy effective action.
While there is nothing wrong with that, these theories have to be excluded when one looks
for phenomenologically viable theories. Alternatively, one could try to lift all but finitely
many of these massless fields through fluxes. The geometric origin of these massless strings
[49, 50, 171, 172] are three-branes wrapping a curve inside a surface of vanishing volume in
the F-theory limit. Such a surface must necessarily sit over a point in the discriminant locus,
that is, in a fiber of the elliptic fibration that is at least two-dimensional. Clearly, this cannot
happen if all degenerate fibers are of Kodaira type. Hence, any K3 hypersurface in a toric
variety constructed by gluing two tops along the fiber polygon has all fibers one-dimensional.
As already mentioned in the introduction of this chapter, a fibration with the property that
all fibers are of the same dimension is called flat.?

For the case of hypersurfaces in toric varieties, there are two possible sources for non-flat
fibers:

e The ambient toric fiber can jump in dimension. That is, the toric fibration of the ambi-
ent space can already fail to be flat [137]. This happens in particular if one places two
non-Abelian tops on neighboring base rays such that the intersection is not a Miranda
model [173].

e Even if the ambient toric fibration is flat, the hypersurface equation can vanish iden-
tically in the fiber direction for certain fibers. Then the fiber of the elliptic fibration
becomes two-dimensional.

The flatness of the ambient toric fibration can easily be checked [137, 149, 174] using toric
methods. In particular, this is always the case when only a single non-trivial top is used.
Hence, we will focus in the remainder of this paper on the second source for non-flat fibers.
In this case, the non-flat fibers do not generally lie over toric fixed points.

5.2.1 Codimension-Two Fibers

While elliptic K3s are always flat fibrations, a toric Calabi-Yau threefold hypersurface can
be non-flat even if the ambient toric fibration is. These codimension-two (over the base,

2Flat in the sense of homological algebra, that is, the functions in a neighborhood of each fiber are a flat
module over the function ring of the base.
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codimension-one inside the discriminant) non-flat fibers come from lattice points interior to
the z = 1 facets. This is because a point interior to a facet corresponds to a toric divisor such
that the hypersurface equation restricts to a (generically non-zero) constant. However, a point
interior to a facet of the top is usually not interior to a facet of the entire four-dimensional
polytope. This means that the hypersurface equation is not constant on the corresponding
divisor in the ambient space, but only in the fiber direction. In fact, this fiber-wise constant
is a section of a nef line bundle over the (toric) discriminant component, and therefore has a
zero somewhere. This is the location of the non-flat fiber.

There is one loophole in the argument: If the base ray over which the non-trivial top
is placed, is itself a point interior to a facet of the base polytope, then a point interior to a
facet of the top is also interior to a facet of the four-dimensional polytope. Geometrically, this
means that the discriminant component is a curve of self-intersection —2 and the hypersurface
again avoids the corresponding toric divisor entirely. However, this is not a physically desir-
able situation: The hypersurface equation restricted to this discriminant component is now
independent of the point along the discriminant. Therefore, there are no codimension-two
degenerations at all, and in particular no matter curves. Hence we will not consider this case
in the following, and only allow tops with no points interior to facets.

For example, consider the del Pezzo surface of degree two, that is Fy in figure 4.3, as the
fiber polygon. Then one of the tops, namely 75 1, will have non-flat fibers and the remaining
four tops 752, ..., 755 yield flat fibrations in codimension two.

5.2.2 A General Flatness Criterion

Having described the flatness criterion for codimension-two fibers, we now proceed to gener-
alize it to arbitrary codimension. As an example, we then apply it to the physically relevant
case of codimension-three fibers in elliptically fibered fourfolds.

By an analogous argument as in the previous section, a Calabi-Yau hypersurface in an
ambient flat fibration will be flat itself if the hypersurface equation never vanishes identically
in the fiber direction. For simplicity, consider the case where there is only a single non-trivial
top. To understand the hypersurface equation we collect the monomials of the hypersurface

equation p = 0 by their dependence on the top homogeneous coordinates zr = {zr1,..., 271}
as
p(2r,2) = Z 2zt pHz) = Zzﬁ(Za;jzj), ayy€ C. (5.2.1)
f:(il,...,ik)el el JeJ7

The irreducible components of the degenerate fiber induced by the top are the toric divisors
270 = 0 corresponding to the integral points of the top that are not in the fiber polygon. One
needs to check for every irreducible component that the fibration is flat. The irreducible fiber
component zr ¢ = 0 projects to one discriminant component D, and the local coordinates on
D, are the rays in the star of 7(7) in the base. Each of the polynomials pz) only depends on
the base coordinates and therefore defines a divisor V,(py) C D, on the discriminant. Then
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a generic hypersurface is a flat fibration over D, if these divisors do not meet, that is,

D:> ( Vep)= (] Veloo) =0 (5.2.2)
el =(11,...,05)ET
22427 ig=0
The summation range I is over all fiber monomials, that is, integral points of the dual of the
top polytope intersected with the projection of the dual polytope of the ambient toric variety.
The summation range Jy is the fiber of the projection of the dual polytope, that is, over all
integral points of the dual polytope whose monomial is divisible by zf .

Phrasing subsection 5.2.1 in this language, if 2z, corresponds to the ray generated by an
integral point interior to a facet of the top, then I = {7} consists of only a single element. The
corresponding divisor V;(py) C D, will generically be non-empty and, therefore, the fibration
non-flat. The only loophole is if the divisor is empty, that is, J; = {j} consists of a single
point which then must be a vertex of the dual polytope. But this means that the point was
not just interior to a facet of the top, but interior to a facet (dual to 7) of the ambient toric
variety.

5.2.3 Codimension-Three Fibers

We now apply the flatness criterion to Calabi-Yau fourfold hypersurfaces. As we will see,
flatness is a non-generic property in the sense that it imposes additional equations on the
polytope of compactifications defined in section 5.1. Hence, the flat fourfold fibrations are
identified with integral points in a strictly smaller-dimensional polytope than the set of all
convex lattice polytopes with the specified top and base.

The new source for non-flat fibers are irreducible fiber components such that there are
only two distinct fiber monomials. These correspond to integral points of the top such that
their dual face in the dual top contains exactly two points, that is, such that the dual face is
an interval. In other words, the corresponding integral point of the top is along an edge of
the top such that it is contained in only two two-faces. Note that this is the case for every
SU(5)-top that is not already non-flat in codimension two due to an integral point interior
to a facet. This is because the polygon at height z = 1 of the SU(5)-top, see figure 4.3, is a
lattice polygon with circumference five in lattice units. But such a lattice polygon has either
an interior point or is degenerate, see also figure 4.3. Therefore, each SU(5) top that is flat
in codimension-two yields a non-trivial flatness condition in codimension-three associated to

the integral point on the edge.

For simplicity, let us assume that the discriminant component D, of the SU(5)-top is a
toric surface where any two effective divisors intersect. This will always be the case in the
examples below, where we will be using D, = P?. Consider now the toric divisor 270 =0
corresponding to the integral point interior to an edge. The index set I = {5(0)7 i(l)} consists
of two elements, corresponding to the two facets FT(?Q), FT(12)

The fibration is then flat if and only if one of the divisors is trivial, say, V-(p;1)) C D.

of the top adjacent to the edge.
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\Y% , fiber base
| Vioi(pi,p2) | fiber | base | | Vas(prpe) | R | ———
1 0]0 0 O
0O 1,10 0 O
0O 110 0 O fiber
fiber -1 00 O O
S 210 0 0 1 -1/0 0 0
00 oo 2 171 0 O
B 1 -1]1 0 0
2 1|1 0 0 o
mod 3 911 0 o 736 4 0|1 0 0
1 111 0 o o -1,1 0 0
trivial t -0 _0 0 1 0 0 011 0 0
r?vTa o trivial top 0O 0]0 1 O
trivial top 0O O0O|J0 0 1 —
trivial € T 1 1 trivial top 0O 0|0 0 1
mvialtop e bzt 70 - trivial top || p1_ pa | -1 -1 -1

Table 5.2: Parametrization (p1,p2) € Z? of all polytopes with base P® and top 7101 (left)
and 136 (right), respectively. The fibration is the projection on the last three
coordinates.

This is the case if J) contains a single element, which then must be a vertex of the dual
ambient space polytope. Hence, the facet Ff( ;) of the top is contained in only a single facet of

the ambient space polytope. Note that one of the facets FT(?Q), FT(}Q) of the SU(5)-top will be
parallel to the fiber polygon and the other will contain at least one point of the fiber polygon.
The former will always be contained in at least two facets of the ambient space unless the base
ray m(7) is an interior point of a facet of the base polytope. As discussed in subsection 5.2.1,
this is not a particularly interesting case and we will ignore it in the following. Therefore,
the facet Ff( ;) of interest is the one that contains at least one point of the fiber polygon.

5.2.4 Studying the Flatness of Some Examples

The constraints from flatness of the fibration can rule out a fixed combination of top and
base polytope. To see this explicitly, we will look at two examples in this section, namely the
top 10,1 and 736, respectively, to construct an elliptic fibration over P3. Note that T10,1 1S
the unique SU(5)-top in Weierstrass form, that is, with ambient space fiber P?[1,2,3]. The
73,6 used here has different coordinates than in figure 4.3, but it is GL(2, Z)-equivalent to it.
As described in section 5.1, we can choose coordinates such that everything except the fiber
coordinates of a single point are fixed. These are shown in table 5.2.

Imposing convexity of the five-dimensional polytopes amounts to the inequalities

Vioi(p1,p2) 0 pr+p2 <4, —pi+p2<3, pr—2p2<3

(5.2.3)
Vie(p1,p2): pr+p2<4, —-p1<2, p1—2p2<2, —p+p2<3.
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Figure 5.1: The black points are the solution set (p1,p2) for SU(5) models with top 7101
(left) and 73 (right) fibered over P3. The green polygon is the convexity con-
straint from Equation 5.2.3. The red line is the condition of flatness of the
fibration, see Equation 5.2.6.

The interior point of an edge in the 710 1-top is (—2,—1,1,0,0). The relevant two-face of the
top for the flatness criterion is

Y

T10,1,2

{(~3,-2,1,0,0), (~1,0,1,0,0), (—3,-2,0,0,0), (0,1,0,0,0)) (5.2.4)

This facet is contained in a the (p1, p2)-independent supporting hyperplane of the total poly-
tope vloyl(pl,pg) deﬁned by

(1,-1,0,—1,—-1)-F+1=0. (5.2.5)

It is contained in further facets of Vi1 unless the final point (p1,p2, —1,—1,—1) is also on
this hyperplane, and therefore cannot span an independent facet. This is a linear equation
for (p1,p2). Together with the result for the second example, this equation is

Vio1(p1,p2) 0 p1—p2=—3

(5.2.6)
Vae(p1,p2) 1 p2=3

The constraints coming from convexity and flatness are shown in figure 5.1. We observe that
there are many flat elliptic fibrations using the 7191 top, but none with the 736 top.

5.2.5 Flattening Base Change

It is perhaps unexpected that for P2, the simplest choice of base for a Calabi-Yau fourfold,
the top 736 cannot be used to construct a flat elliptic fibration. However, this does not rule
out every fibration with this top — combined with base manifolds other than P3, one can
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’ V%XPZ (p1,p2; P3, 1) H fiber ‘ base

1 0]0 0 O

0O 110 0 O

fiber 1 0|0 0 0

-1 .10 0 O

2 -1}1 0 0

-1 -1}1 0 0

73,6 -1 0|1 0 O

0O -1|1 0 O

0o 0|1 0 O

trivial top pt p2 | -1 0 O
trivial top 0O 0]0 1 0
trivial top 0 0|0 0 1
trivial top ps ps| -1 -1 -1

Table 5.3: Parametrization (p1, p2; p3,ps) € Z* of all polytopes with base P! x P? and single
SU(5)-top 136 over {pt.} X P2, The fibration is the projection on the last three
coordinates.

achieve flatness in codimension three. Here we show that there exist flat fibrations with 736
as top over the base P! x P2. Since it is instructional to consider a different base than just
P", we will give some of the details of the possible reflexive polytopes for this base manifold.

First of all, not all divisors of the base are equivalent any more. For definiteness, we put
the divisor of the SU(5) singularity at D, = {pt.} x P> ¢ P! x P2. Up to coordinate changes,
there are now four integers parametrizing the possible embeddings in a five-dimensional poly-
tope, see table 5.3. The polytope of compactifications is now four-dimensional, and contains
75 integral points. These are the 75 solutions to the convexity constraints. Again, it turns out
that for this choice of base all polytopes that are allowed by convexity are actually reflexive.
All have ! = 8, corresponding to a single U(1). Out of these, three polytopes yield a flat
fibration. These are

(p17p2;p37p4) € {(07 07 _37 _3)7 (07 17 _37 _3)7 (17 17 _37 _3)} : (527)

5.3 Various Examples of Calabi-Yau Fibrations

As a conclusion of Part II of this thesis, we now present a selection of full-fledged genus-one
fibered Calabi-Yau manifolds that can serve as F-theory backgrounds. We begin in sub-
section 5.3.1 with a six-dimensional Calabi-Yau manifold constructed from the top 736 and
show that it possesses both a toric and a non-toric section leading to an SU(5) x U(1) gauge
group. In order to analyze the matter states of the resulting F-theory compactification, we
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Homogeneous coordinate z Divisor V(z) | Point n, € VAN
Uy H,y -1 -1 -1 -1
u2 Hy 0 0 0 1
€0 D() -2 -1 1 0
el Dy -1 0 1 0
€2 Do 0 0 1 0
es D3 0 -1 1 0
eq Dy -1 -1 1 0
fo Fy -1 0 0
fi Fy 0 1 0 0
f2 F 1 0 0 O
f3 F -1 -1 0 0

Table 5.4: The toric data for the smooth Calabi-Yau threefold Y inside the toric ambient
space X. Together with the origin, these are the only integral points in the lattice
polytope V and we will be using the notation on the right for the corresponding
toric divisors. The Hodge numbers are h''(Y) = 7 and h?}(Y) = 63. Together
with the fact that there is a I5 discriminant component, the Shioda-Tate-Wazir
formula [175] tells us that rank MW (Y) = 1. The fan is given in (C.4.1).

explain how to use toric methods to explicitly compute their charges. Next, we continue with
Calabi-Yau manifolds whose elliptic fiber is given by a complete intersection instead of just
a hypersurface. As we demonstrate in subsection 5.3.2, the additional freedom of a complete
intersection allows to realize SU(5) models with different antisymmetric representations. Fur-
thermore, we construct F-theory models with a discrete Z4 symmetry as well as Calabi-Yau
manifolds with a Z, Mordell-Weil torsion factor in subsection 5.3.3 and subsection 5.3.4,
respectively.

Let us emphasize that these examples are not the only F-theory geometries analyzed in
this work — in fact, in Part III we study several additional elliptically fibered Calabi-Yau
manifolds. However, while we will still be relying on the methods developed in this part of the
thesis, Part III will focus on the physical implications of rational sections and multisections,
while here we concentrate largely on the geometric properties of these spaces.

5.3.1 SU(5) x U(1) with Non-Toric Section

As promised above, let us now construct a Calabi-Yau manifold with the top 736. From
subsection 3.8.1 we know that such a fibration has a single toric section. However, the
interesting aspect of our construction is the presence of an additional non-toric section. Since
this section is present already in a Calabi-Yau threefold, we choose a two-dimensional base
(for simplicity, a P?) for the top. We note that this construction can of course be extended to
higher dimensions. However, as discussed thoroughly in section 5.2, it then becomes necessary
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to pay attention to possible non-minimal singularities in codimension three in the base, which
make the fibration non-flat. In fact, as shown in subsection 5.2.4 and subsection 5.2.5, it
becomes necessary to use other base manifolds than P (such as P! x P?) to allow for flat
fibrations with this top.

To be completely explicit, we will be considering the Calabi-Yau hypersurface [151] in
the ambient toric variety specified by table 5.4. The elliptic fibration is a toric morphism,
that is, it is induced by a map of the fan ¥ of the toric ambient space, given explicitly in
Equation C.4.1, to the fan of P? by projecting on the last two coordinates of N ~ Z*. In
terms of homogeneous coordinates, the projection map 7 : X — P? is given by

m: [uriuzieg:...req: for...t f3] = [epereseses  ug : ug] (5.3.1)

and we thus introduce ug = egeieseseys, the combination mapping to the third homogeneous
coordinate of the base manifold P?. We see that the homogeneous coordinates fo, ..., f3
corresponding to the rays in the kernel of the projection parametrize the fiber in the ambient
space. The I5 discriminant component is the curve [0 : uy : ug] € P? and the five divisors Dy,
..., D4y map to it. In a generic fiber of the discriminant (codimension-one over the base), the
Calabi-Yau hypersurface cuts out a P! in each of the five components, yielding the I5 Kodaira
fiber.

Since the generic fiber is a dP;?, there is precisely one toric section defined by fo = 0. To
compute the coordinate expression of the section, we simply solve the hypersurface equation.
Homogeneous coordinates whose points are not in the star of the cone (ng,) cannot vanish
simultaneously with fo and can be scaled to one.* Setting fo = 0, fo = d; = 1,7 > 0 the
hypersurface equation takes the form

p:  agft+ (alu% + asuiug + agu% + ayguieq + asuseqg + ageg)fg =0. (5.3.2)

This equation can be solved trivially for the homogeneous fiber coordinates [f; : f3] along the
Fy divisor. In fact, fi # 0 = f3 is forbidden if all coefficients «,, are sufficiently generic, so
we may scale f3 = 1 as well. Thus, the section is

so: fuo:rug:iug)rfurtugiug:l:1:1:1:0: f1(ug,ur,ue):1:1],

1
@

(5.3.3)

2 2 2
f1(uo, ur,ug) = (onuf + aguius + azul + aquiug + asusug + agud).

We see that sg = {p = fo = 0} is not only a section, which could have been learned from
intersection theory alone, but also that it is a holomorphic section.

It remains to find a second section, namely the generator of the Mordell-Weil group.
This is made more interesting by the fact that none of the remaining toric fiber divisors F} |y,
Fs|y, Fsly defines a section for us. In fact, Fi|y and Fj|y define two-sections and Fjly

3The corresponding reflexive polygon of table 3.9 is F3 and it is related to the toric data of the fiber in
table 5.4 by a simple change of basis.
4These coordinates lie in the Stanley-Reisner ideal when multiplied with fo
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a three-section. Hence we will approach this section differently, and, instead of explicitly
finding its equation, we will determine its homology class by following the steps outlined in
subsection 3.7.2. From here on we drop the subscript Y and implicitly assume that we are
talking about restrictions of F; to the hypersurface when we are talking about multisections. A
first guess at finding the non-toric section, which is wrong but instructive, is to take [F} — Fp].
It is a two-section minus a section and therefore, numerically, a section. In more elaborate
terms,” the generic fiber has the homology class Hy N Hy = 7~ 1([1 : 0 : 0]). By a simple
intersection computation, its intersection with the tentative section is therefore

[Fl *Fo]ﬂHlﬂHng: 1. (534)

However, other intersection numbers show that the class [F} — Fp]|y does not contain a section.
By intersecting the fibral® divisors with H;, Ha we obtain the irreducible component curves
Ca; P! of the I; Kodaira fibers as Co; = CrNY with

Cr=D;nNHy=D;N Hs. (5.3.5)

Computing the intersection numbers with the tentative section, we obtain

-1 I=0,
[F1—FNCy, =51 1=1,2, (5.3.6)
0 I=34

The fact that the intersection number is negative means that the Is component curve C is
contained in [F] — Fpy| as we slide it along over the discriminant. That is, the whole fibral
divisor Dy is contained in [F} — Fp]. But since a rational section may only contain components
of codimension-two fibers and not complete fibral divisors (which are codimension-one over
the base), [F1 — Fp] is not a rational section after all. However, it is clear that this can be
fixed by subtracting the fibral divisor Dy.

Therefore our new best guess for the class of the section generating the Mordell-Weil
group is [F} — Fy — Dy]. Computing intersection numbers, one finds that it still does not work
and one needs to subtract further vertical divisors. After repeating the same steps several

times, the end result is the homology class

[81] = [Fl—F[)—D()—Dg—D4—|-H1]. (537)
To show that this homology class actually contains a section, we apply the techniques of
subsection 3.3.1 and compute the line bundle cohomology of Oy (s1), where Y is the Calabi-
Yau hypersurface inside X. The toric cohomology groups can easily be computed to be

1 i=1,

dim H'(X,0x (s + Kx)) :{ dim H*(X,0x(s1)) = 0. (5.3.8)

0 else,

"Note that the divisors H; = 7~ '([* : 0 : %]) and Ho = 7 *([* : * : 0]) are elliptic fibrations over the
coordinate P! in the base that intersect the discriminant transversely.

5The fibral divisors D; are the divisors swept out by irreducible components of the Is Kodaira fiber as we
move the curves along over the discriminant.
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Therefore, the long exact sequence

o — H(X,0x(s1)) — H°(Y,0y(s1)) —
— H'(X,0x(s1 + Kx)) — H'(X,0x(s1)) — -+ (5.3.9)

tells us that the homology class [s1] = [F1 — Fy — Do — D3 — D4 + Hp) contains a unique
variety s representing it.

This is the section generating the Mordell-Weil group and, as we will see in the following,
it is only a rational section. Computing the intersection number s; NC,, and noticing that s
intersects only Cp from Equation 5.3.3, we note that this elliptic fibration is of the 4-1 split
type. Finally, we note from the sheaf cohomology computation that the section s; exists only
on the Calabi-Yau hypersurface and does not extend to a section on the whole ambient toric
variety. This is why its construction has been so tedious.

Intersection Theory

By computing the discriminant of the elliptic fibration as a degree-36 polynomial over the
base P? explicitly [137], one can always enumerate the codimension-two fibers where the I
Kodaira fiber degenerates further. We now pick a sufficiently generic hypersurface using
random coefficients, find the location of the codimension-two fibers numerically, and analyze
the hypersurface in these special fibers. Roughly, the hypersurface will factorize in one of the
irreducible components of the toric ambient fiber, and this defines the charge of the localized
matter field.

Naively, we face an impasse: the combinatorial description of the geometry of the ambient
toric variety knows nothing about whether a hypersurface equation factorizes or not. Hence
no toric intersection computation on the toric variety X can possibly capture the irreducible
curves that are stuck on the codimension-two fiber; but the zero modes on those curves are
precisely the matter fields that we are after. However, this argument is a bit too simple
minded and, while we cannot use simply intersection theory on X, toric methods still apply.
The trick is to construct the irreducible components of the fibers of the ambient space, which
are two-dimensional toric varieties. The hypersurface restricted to the ambient toric fiber will
factorize into multiple irreducible components, each of which has its own divisor class on the
surface. Then all that remains is to pull back the sections to this fiber component and apply
the usual toric intersection theory there.

To clarify this procedure, let us look at an example and consider the irreducible fiber
component Cy = Co, = Do N H; of the Is Kodaira fiber that intersects the zero-section sg.
The star of the corresponding ray (ne,) contains the homogeneous coordinates uy, ua, e1, eg,
e4, fo, f1, and fs. We set ey to zero and all remaining variables to one. According to the
fibration map of Equation 5.3.1, the point on the I5 discriminant locus [0 : u; : ug] € P2 is
parametrized by the ratio of u; and us, which we treat in the following as numerical constants
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that have been fixed to restrict us to a particular codimension-two fiber. Plugging this into
the hypersurface equation, we obtain four non-zero terms

p(u1,ua, 0,e1,e2,1, e, fo, f1,1, f3) = Poeresesfi+Biereafofi+Paeaesfs+Bafofifs, (5.3.10)

where [y, ..., B3 are constants depending on the fixed uq, us.

For certain values of the u1, us the coefficients 5; become special and the hypersurface
equation factorizes. This is how the I5 Kodaira fiber degenerates further at codimension-two
fibers. A computation shows that [176]

e at two distinct codimension-two fibers the coefficient S vanishes and the polynomial
factorizes as

p(u,u2,0,e1,e2,1,eq, fo, f1, 1, f3) = f1 x (Boeresea + Brereafofi + Bafofs) . (5.3.11)
e at three distinct codimension-two fibers the hypersurface equation factors as

p(u17u2707 €1, €2, 17 €4, f07 f17 17 f3) = (/866162f1 + Bifs) X (,Bé6264 + Béfo.fl) P (5312)

e and at 14 further codimension-two degenerate fibers the hypersurface equation on the
fiber component Cjy does not factorize. Instead, other irreducible components of the I5
fiber, that is, C,, = Dr N H; for I # 0, become reducible.

e Finally, there are three remaining codimension-two fibers where multiple I5 components
factor simultaneously. This is where the 10 matter fields are localized.

To understand the intersection theory on the fiber, we have to construct the ambient
fiber component Cy = Dy N Hi as a toric variety. That is, the remaining homogeneous
coordinates eq, es, €4, fo, f1, f3 on the right hand side of Equation 5.3.10 are the homogeneous
coordinates of a two-dimensional toric variety. The toric surface can be reconstructed from
knowing how the homogeneous coordinate rescalings act. First, one has to identify the subset
of homogeneous rescalings on the four-dimensional toric variety X that do not change the
values of u; and us. Then, ignore the action on ey, since it is being set to zero. The result
is that the toric surface on which Equation 5.3.10 is defined is the one shown in figure 5.2.
In more elaborate terms, this is the relative star construction of [174]. This toric surface is
embedded into the fiber of the toric variety X over [0 : u : ug] via

io:ler:exces: forfiifaluriug:0:erea:lieq: forfi:1: f3] (5.3.13)

We now take advantage of the toric surface description of the fiber component. First, we
can formulate the factorization of the hypersurface equation as follows:
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d4
dy Point n, | Coord. z | V(2)
° x 1 0 €1 Dy
11 e Dy
/3 ot be dy 0 1 eq Dy
-1 0 f3 Fy
° } 4 1 -1 fi Py
'f 0 -1 Jo Fy
Jo

Figure 5.2: The toric ambient space fiber Cy, that is, one of the five irreducible components
of 771([0 : uy : ug)).

e At two distinct codimension-two fibers, where the hypersurface factors as in Equa-
tion 5.3.11, the I5 fiber component splits into two irreducible components with homology
classes

V(p) = (F1) + (Fo + Fs), (5.3.14)

e and at three distinct codimension-two fibers, where the hypersurface equation factors
as Equation 5.3.12, the I5 fiber component splits into two irreducible components with
homology classes

V(p) = (Fo + Fl) + (Fg) (5.3.15)

Furthermore, the sections sy, s1, as divisors on X, can be pulled back by the embedding
map ig, see Equation 5.3.13. The details of the toric algorithm for the pullback by the fiber
embedding can be found in [174]. The result is that

ig(s0) =Fo,

" _ (5.3.16)
20(81) :Fg — Fo.

To summarize, the I5 Kodaira fiber degenerates at 2 + 3 codimension-two fibers by splitting
the irreducible component intersecting the zero-section in two, yielding a fiber of Kodaira
type Is. However, in the first two fibers it splits into two curves that are distinct from the
split in the last three fibers. The fiber components and their intersection number with the
sections is given in table 5.5.

Fundamental Matter

The two different degenerations of the I5 Kodaira fiber into codimension-two Ig-type fibers
result in localized 2 x 5 and 3 x 5 matter of SU(5). They will turn out to be distinguished
by their U(1) charge, as we are about to see. The U(1) charge is given by the intersection of
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I component Co Coy Cap Cas Cay Cas
Realization Fg + Fl Fg Ca1 Ca2 Ca3 Ca4
Nso 0 1 0 0 0 0
Ns1 1 -1 0 0 1 0

Ig component | Cy Coy Car Cay Coy Cag
Realization Fs Fo+F1 Co Coy Cos Coy
Nsg 1 0 0 0 0 0
Ns1 -1 1 0 0 1 0

Table 5.5: Intersection numbers of the two different Ig-type codimension-two fibers where
the codimension-one I5 fiber splits the fiber component intersecting the zero
section. The curves C_Oq are the Ig fiber components in cyclic order. The curves
Ca, are the I5 fiber components C,, = DN H1NY.

the curves stuck at codimension-two fiber, that is, the irreducible components of the factored
I5 component, with the image of the section under the Shioda map [52] S : MW (X) —
H,y(X,Q). For a single I5 Kodaira fiber, this boils down to

U(1)-charge(Ca,) = Co; N S(s1)

=Ca;N51—Ca;Nso+ Y (CayNDy) (s1nCy) (5:317)

1<a,b<4
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ot Utk ot
[SUINCIISIINISE

ab

For example, consider Cy = Fy + Fi, a curve contributing to the 2 x 5. Its intersections with
S0, s1 are listed in the upper half of table 5.5.

U(1) — charge(2x5)=1—0+(0001) <§>:§ (5.3.18)
0

Similarly, the U(1) charge of the other 3 x 5 ends up being % As noted above, there are 14
further codimension-two fibers giving rise to 5 and 3 more yielding 10 matter. Their U(1)
charge can be computed by straightforward application of the same methods and we will leave

(SN SIS IS IN
[SUISISING; [[orYe ([
w ao Gk i
RN

the details as an exercise to the reader. The result is that, after clearing denominators to
make the U(1) charges integral, the SU(5)-charged spectrum is

2x53+3Xx57+6x%x53+8x%x5y+3x10;. (5.3.19)

A Calabi-Yau fourfold obtained by replacing the two-dimensional base manifold by a threefold
will generically have the same types of representations arising, since they are determined by
the behavior at a generic point on a matter curve. In other words, after intersecting the matter
curve with a divisor crossing it, the same analysis for the SU(5) x U (1) representation content
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Vo U1 V2 U3 V4 Vs
1 0 0 -1 -1 1
0 1 0 0 -1 1
0 0 1 -1 0 1

Table 5.6: Vertices of the three-dimensional reflexive polytope with PALP id 22.

applies. Of course, the six-dimensional quaternionic representations will be split up into
conjugate pairs of four-dimensional representations, and the multiplicity of the representations
will be different. In fact, the multiplicities do depend on the four-form flux which is a
phenomenon for fourfolds that has no threefold analogue.

5.3.2 SU(5) x U(1)? with Different Antisymmetric Representations

Let us now proceed with Calabi-Yau manifolds whose fibers are complete intersections. As
shown in section 4.5, genus-one fibrations with fibers embedded as hypersurfaces can never
have more than a single type of antisymmetric SU (5) representations. Evading this constraint
is one of the key reasons to study complete intersection fibers and therefore we show precisely

such an example.

In order to confirm the existence of multiple 10 representations, we are led to consider
a nef partition with non-trivial toric Mordell-Weil group. To be concrete, let us pick the
following nef partition of the polytope given in table 5.6:

Vi = </Ulv2v3U4/U5>COnV7 Vi = <U0>conv . (5320)

Since Vg is one-dimensional, this nef partition is a projection. In particular, this means
that we can directly solve the second equation, plug the result into the first equation and
obtain the Weierstrass form of a hypersurface equation. According to the conventions of
subsection A.6.1, this nef partition has the unique id (22,0). Looking it up in our classification
results, we find that it has three sections, namely the divisors corresponding to the rays vy,
vy, and vs. Let us pick the divisor sg = V(z5) as the neutral element of our elliptic curve.
Then o¢g = V(z9) — V(z5) and 01 = V(z2) — V(z5) generate a Z @ Z group.

Next, we write down the equations that define the complete intersection inside the three-
dimensional toric variety corresponding to the reflexive polytope of table 5.6. Keeping the
coefficients general, the equations of the complete intersection defined by the nef partition of
Equation 5.3.20 are

~ 223 - 2 2,5 2 2~ 22 | ~ ~ 2.2
D1 = Q212525 + Q127222325 + Q221252425 + Q3212525 + Qa2122232425 + Q52525 25 (5.3.21)
~ 2~ .2 ~ 2 - ~ ~ s 2
+ Gpz0212225 + 72123524 + Q8222325 + A920212325 + A1020222425 + Q11202324 + A122( 25

p2 = 50212225 + Blzlzg + 522224 + l~)3Z0 . (5.3.22)
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€0 €1 €2 €3 €4
0 —1 —1 0 1
0 —1 —1 —1 0
0 -1 0 -1 0
() Uug uo () uQ

Table 5.7: Torically, the blowup of Equation 5.3.23 corresponds to introducing the top de-
fined here, where ug is a ray of the fan of the base. The GUT brane will then
be located on the divisor corresponding to ug. Note that here we and in Equa-
tion 5.3.23 we are denoting the rays and the corresponding homogeneous variables
by the same letters.

Here one can see that this nef partition is indeed a projection: By solving ps = 0 for zy and
inserting the solution in p; the complete intersection is reduced to a hypersurface inside the
toric variety corresponding to the polytope obtained by projecting along vy. However, this
suffices for our purposes. Since it is the limited number of triangulations of the SU(5) tops
for a codimension-one hypersurface that constrains the 10 charges, we are still circumventing
this constraint here by considering triangulations of the higher-dimensional variety in which
the elliptic curve has codimension two.

Next, we tune the a; and b; such as to enforce an S U(5) singularity along the divisor
eo = 0 in the base manifold. Then we resolve this singularity by introducing exceptional

divisors e;, ¢ = 1,...,4 and find that the coefficients a; and b; take the form
ap = ag - egelegei ai=aj - 63616264 as = ag - 6%816%64
C~L3 = as - epel (~14 — a4 * €ep€e1€n (~I5 = as - 606163
d@ = Q¢ " €0€4 EL7 = a7 - 606%6263 ds = as - 606%6%63
a9 = ag - epe1e3ey ajp = aip aiy = ail - e1es
Q12 = Q12 - eoelegei (5.3.23)
and
b() = b(] * €pea€ey bl = bl bQ = b2 * €9 bg = b3 - €364 . (5.3.24)

Here a; and b; are polynomials in the base variables that depend on e; only through the
combination uy = egejesesey. The toric data corresponding to this blowup are given in
table 5.7.

As a power series in ug, the Weierstrass coefficients read

1
f= —@<a‘fo bi4+4-ady b3 e ougte- u%) + O(ud) (5.3.25)
aSo V8 +6-ajy-b]-c1-ug+ 30 aly ez uf+ ey ug) + O(ug), (5.3.26)

7= il
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Name Equation Singularity type SU(5) representation

T aio MNug SO(IO) 10
T b1 Ny SO(IO) 10
F a1 Nug SU(?) 5
Fy bo Ny SU(?) 5
F3 cs Mg SU(7) 5
Fy ce Mug SU<7) 53
Fy cr Nug SU(7) 5
Fg bs Nug SU(?) 5

Table 5.8: The matter curves for the top of table 5.7.

where the ¢; are irreducible polynomials in a; and b;. This implies that the discriminant
A = 4f3 4 27¢? takes the form

1
A= 1—6<a%0-b11-a11-bg-b3-05~06-C7-u8+a%0-b%~08-u8—|—09-ug) +0@d) (5.3.27)
with
c5 = aloalgb% — agaiob1bs + agai1b1b3 + agalgbg (5328)
Cg = —agalob% + a5a11b% + arai1gbibs — aga11b1b2 + aganb% (5.3.29)

2 12 2 212 2 2 12
cr = agawbo + aqasaigbgbi — alawbobl + a5a6b1 — a2a6a10b1 + aoawbl
— 2a3a6a10b0b2 — a4a%b1b2 + a1a6a1061b2 + aga%b% . (5330)

From the vanishing orders of the f, g and A we observe that there are eight distinct matter
curves and list them in table 5.8.

While the appearance of two different 10 curves and six distinct 5 curves is promising, it
is crucial to check which of these curves are actually realized in a generic fibration of this top
over a base manifold. Next, we therefore fiber this space over a P3. Doing so can be achieved
by embedding the rays of table 5.6 into Z°® according to

UiniE(vi,0,0,0), 1=1,...,9, (5.3.31)

adding the blowup rays from table 5.7 with uy = (1,0,0) and adding the remaining three
base rays:

wr = (0,0,0,—1,—1,—1) , ws = (n1,n2,n3,0,1,0), wy = (0,0,0,0,0,1) .  (5.3.32)

Here the n; are integers encoding the fibration of the fiber over the base. More specifically,
the n; determine which line bundles the fiber coordinates are sections of. For our purposes,
we choose (ni,n2,n3) = (—1,0,0). After using PALP to compute all nef partitions of the
resulting polytope, we pick the one with

v1 = <w1aw2>w37w4>w57w67w77w87607€1>62>c0nv7 V? = <w0363764>conv . (5333)



124 CHAPTER 5. FIBERED CALABI-YAU MANIFOLDS

Singularity type Coupling Multiplicity
SU(7) 5(473) X 3(172) 54
SU(?) 5(_1’3) X 5(172) 39
SU(?) 5(,173) X 3(,47,3) 36
SU(7) 5(76,77) X 5(1’2) 27
SU(7) 5(76,77) X 3(74,,3) 12
SU(7) 5(76,77) X 3(17,3) 9
SU(7) 5(—6,—2) X 5(1,2) 9
SU(7) 5(—6,—2) X g(_47_3) 6
SU(7) F5(_6’_2) X 5(17_3) 6
SU(7) 5(—6,—7) X 5(6,2) 3
50(12) ﬁ(—S,—l) X 5(4’3) X 5(_17_2) 15
SO(12) 70(274) X B(_1,-2) X D(_1,-92) 3

50(12) ﬁ(274) X 5(—6,—2) X 5(473) 3
FEg 10(3,1) X 10(371) X 5(—6,—2) 3
E6 10(371) X 10(_27_4) X 5(_173) 3

Table 5.9: All couplings involving multiple non-Abelian matter representations in the exam-
ple of Equation 5.3.32. Note that there are additional non-minimal singularities
that we do not list here.

It has Hodge numbers h! =8, h?! =0, and h*! = 141. For this specific choice of fibration,
both by and b3 are constants. Consequently, the curve Fg is not realized. However, all other
curves exist and in particular, there are two different antisymmetric representations. Using
the Chern-Simons matching as in [95, 113, 114] and explained in detail in section 9.1, we find
that the realized curves have the following charges under the two U(1)s:

T1 . 10(371), TQ . 10(_27_4) (5334)

Fi: 567, Fa:56_2), F3: 513, Fi:Bdugz, F5: 519 (5.3.35)

We also find the following singlet states:

150, Los, L5 k10 laoss 1o - (5.3.36)

Finally, we compute the Yukawa couplings for the given example and find the ones listed in
table 5.9.

In summary, we have managed to construct a fully explicit F-theory model with gauge
group SU(5) x U(1)?, in which the torically realized SU(5) singularity gives rise to a gauge
theory with two different 10 representations. Clearly the example studied here is not intended
to be used as a full-fledged GUT model. In more realistic models several issues would need
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to be addressed, such as the fact that there exist non-minimal singularities at points in the
base manifold whose resolution leads to a non-flat fibration. Furthermore, the topology of the
GUT divisor is too simple in order to allow hypercharge flux with the desired properties. In
principle, both these points can be addressed by choosing the fibration more carefully than
we did following Equation 5.3.32.

5.3.3 SU(5) and a Discrete Symmetry

The third example we consider is a nef partition of the three-dimensional polytope with the
least integral points, that is the one corresponding to P3. All toric divisors V (z;) inside P3
lie in the same homology class and therefore it can only have two nef partitions: The one
corresponding to a partition of 3+1 vertices and the nef partition corresponding to a partition
of 2 + 2 vertices. The first is again a projection and to have some variety, we therefore focus
on the latter. That is, we take our nef partition to be

Vi = (v0, v3)conv , Va = (v1,2)cony - (5.3.37)

This implies automatically that all toric divisors intersect a generic complete intersection of
this type in four points:

V() NE = /E V(z)] = /P [2H] - [2H] - [H] = 4. (5.3.38)

A generic fibration with this fiber will therefore not have a section. F-theory models without
section have recently received quite some attention, see [144, 152-155, 177, 178]. However, in
these models the Calabi-Yau manifolds always had two- or three-sections leading to Zs or Zs
discrete gauge symmetries, respectively. As the biquadric in P? has a four-section, we expect
to find a discrete Z4 gauge group. In the following we will try to collect some further evidence
for this.

To do so, let us take the same approach as with the previous example and write down
the defining equations of the complete intersection. They read

p1 = dozg + a1zp21 + dgz% + a3zpz2 + Q42122 + d5z§ + agz023 + 72123 + agzaz3 + &9Z§

p2 = 5023 + 512021 + 52Z% + 532022 + 542122 + 552% + 562023 + 572123 + 582223 + 1;923 .
(5.3.39)

Note that such biquadrics have been studied before in [89] and, with the restriction to the
triple blowup of P?, in [158]. Since this nef partition is not a projection, one cannot bring this
complete intersection into Weierstrass form by solving one of the equations for one variable
and substituting the result into the other equation.

Next, we tune the @; and b; such as to enforce an S U(5) singularity along the divisor
eg = 0 in the base manifold. Then we resolve this singularity by introducing exceptional
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€0 €1 €2 €3 €4
0 -1 -1 0 0

0 —1 —1 —1 —1
0 -1 0 0 —1
() () uQ () uQ

Table 5.10: As before, the blowup of equations (5.3.40) and (5.3.41) corresponds to intro-

ducing the top defined here, where ug is a ray of the fan of the base. The GUT
brane will then be located on the divisor corresponding to ug. We again denote
rays and corresponding homogeneous variables by the same letters.

divisors e;, i = 1,...,4 as specified torically in terms of the top of table 5.10. We find that

the coeflicients a; and 52 take the form

agp = ag - 6%656364 ai=aq - 616%63 as = ag - eoelegeg
as = as - ejes a4 = a4 - eoele%eg as = as - egeles
ag = ag - €1€2€3€4 ar = ag - ege3 ag = ag

ag = ag * €3€4

and
i)o = bo s €el1éq l~)1 = bl 52 = bg * €peaey
l~73 = bg +€p€l1€q 64 = b4 + €0 l~75 = b5 . 6’%6164
66 = b(; . 6061636121 67 = b7 - €peseyq 68 = bg . 6361636421

2, 2.3
bg = by - epereze; .

(5.3.40)

(5.3.41)

Here a; and b; are polynomials in the base variables that depend on e; only through the

combination ug = egeresezes. As a power series in ug, the Weierstrass coefficients read

1
f:—ﬁ<a§.b‘%+2.a§'b%'cl'uo—i—CQ'U%)+O(U8)

1
g:m@g'b?—?x‘aé'bf'cl‘u0+a§'bf‘c3‘“3+c4'u3)+O(ué)’

where the ¢; are irreducible polynomials in a; and b;. Then the discriminant is

A= %(ag-bzf‘65-06-07'08-ug—i—a%'b%'CS;-vg—i—clo-ug) +O(u)
with
c5 = —b1bsby + bob3 + b3bs
cg = azaragby — alagbo — agagagbi + aoagbl + a%agbl
cr = —a5a$b1 + agaragby — agagbl — asaragby + a1a§b2 + a3a$b4 — ajaragby
cg = —aibibsby + adbobi + aZbibs + agagbibsbe + agagbybzby — 2agagbobaby

— a§b156b7 + agbob% — agagb%bg + agb%bg .

(5.3.42)

(5.3.43)

(5.3.44)

(5.3.45)
(5.3.46)
(5.3.47)

(5.3.48)
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Name Equation Singularity type SU(5) representation

T ag M ug SO(IO) 10
T, b1 Ny SO(IO) 10
Fy cs Mug SU(?) 5
Fy ce Mug SU(?) 5
F3 cr Mg SU(7) 5
Fy cs Mug SU<7) 53

Table 5.11: The matter curves in the example with the elliptic fiber embedded as a biquadric
in P3.

Singularity type Coupling Multiplicity

SU(?) F1 X F2 30
SU(7) Fl X Fg 42
SU(7) F) x Fy 36
SU(7) Py x Fy 33
SU(7) Fy x Fy 40
SU(7) Iy x Fy 56
SO(12) Ty x Fy x Fy 6
SO(12) Ty X Fy x Fy 1
50(12) T1 X F3 X F3 2
50(12) T2 X F1 X F1 6
50(12) T2 X F2 X F3 9
50(12) T2 X F4 X F4 9

E6 T1 X T1 X F3 3

E6 T1 X T2 X F2 3

E6 T2 X T2 X F3 12

Table 5.12: All couplings involving multiple non-Abelian matter representations in the ex-
ample with the elliptic fiber embedded in P3. Note that there are additional
non-minimal singularities that do not list here.

We observe that there are six distinct matter curves and list them in table 5.11. This by
itself is another piece of evidence that there exists in fact an order four discrete symmetry.
Arguing along the lines of [152, 154], it is this symmetry that helps to distinguish the four
5 representations that would otherwise have identical quantum numbers in the low-energy
effective action.

As before, we can make this more concrete by constructing an explicit example. To
do so, we use the same embedding into Z5 as in equation (5.3.32), but this time we set
(n1,n2,m3) = (0,0,1) and denote the rays obtained by embedding the base divisors by ws,



128 CHAPTER 5. FIBERED CALABI-YAU MANIFOLDS

wg, and wy. The resulting six-dimensional lattice polytope has 33 nef partitions. Of these,
let us pick the nef partition

Vi = (wo, w3, ws, €1, €2, €3, €4)conv Vo = (w1, wa, €9, W6, W7)cony » (5.3.49)

which has the Hodge numbers hb! = 6, h»! = 0, and h3! = 110. For this explicit example,
we find that all the curves listed in table 5.11 are in fact realized geometrically. In table 5.12
we furthermore list the Yukawa points involving multiple non-Abelian representations. Since
Yukawa couplings must be invariant under gauge symmetries, the couplings that do not
involve singlets allow us to determine the Z4 charges of the six matter curves. Let us denote
the neutral element of Z4 by 0 and call the generator e. Then we have that the two couplings
involving only 77 and F3 imply

2-Qz,(T1) +Qz,(F3) =0, 2-Qz,(F3) =T (5.3.50)

which immediately leads to

Qz,(Th) = Qz,(F3) = 0. (5.3.51)

The remaining couplings then imply that

Qz,(F2) = Qz,(T2) = 2e. (5.3.52)

Last but not least, we have Qz,(F/4) € {e,3e}. However, e and 3e are the only order-four
elements of Z4 and we could just as well take ¢ = 3e as the generator of Z4. As a consequence,
one can simply choose that

QZ4 (Fl) =é€, QZ4 (F4) = 3e. (5353)

With these charge assignments one finds that singlets with all allowed Z4 charges must be
present in order to make all the couplings of table 5.12 invariant.

Put in a nutshell, we find that one can easily realize F-theory models with a non-Abelian
gauge group accompanied solely by an additional discrete symmetry of order four. A conve-
nient way of doing so proceeds by embedding the elliptic fiber as a biquadric inside P3. There
are numerous ways of extending the treatment here, such as connecting this model to others
in terms of Higgsings and conifold transitions in the circle-compactified theories.

5.3.4 Mordell-Weil Torsion Zg4

As a final example, let us take a quick look at a model with Mordell-Weil torsion Z4. This
torsion group does not exist generically for codimension-one elliptic fibers [143, 144, 160] and
even in codimension two there is only a single example as can be seen from table 3.10.

Mordell-Weil torsion was studied extensively in [160] and it was found that it impacts
the global structure of the non-Abelian gauge group. Given a singularity of type A,_1,
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Vo V1 () V3 (O} Vs Ve v7
1 0 1 -1 0 -1 -1 2
0 1 -1 0 1 0 -2 1
0 0 0 0 2 -2 -2 2

Table 5.13: Vertices of the three-dimensional reflexive polytope with PALP id 3415.

U8 V9 V10 V11 V12 V13
0 1 -1 0 -1 0
-1 0 -1 0 -1 0
-1 1 -1 1 —2 0

V14 V15 V16 v17 V18

1 0 1 -1 0

1 0 1 0 1

2 -1 1 -1 1

Table 5.14: Integral points of the reflexive polytope with PALP id 3415 that are neither ver-
tices nor the origin. In order to fully resolve every fibration of the nef partition
(5.3.55) one must use all of these points as rays of the toric fan.

the universal covering group is SU(n), which, without Mordell-Weil torsion, constitutes the
gauge group of the F-theory model. In the presence of a non-trivial Mordell-Weil torsion
group Zj, this changes: The non-Abelian gauge group becomes SU(n)/Zy. By construction
the universal covering group has a trivial first fundamental group, and therefore the effect
of non-trivial Mordell-Weil torsion is that the non-Abelian gauge group of the low-energy
effective theory is no longer simply connected:

™1 (SU(n)/Zk) = Zk . (5.3.54)

In the examples studied in [160] Mordell-Weil torsion groups Zs and Zs always came accom-
panied by gauge groups of type SU(2n) and SU(3n), respectively. Since SU(n) has a Z,
27i

center generated by the identity matrix times e » , one can mod out Z; by eliminating the
center (or a subgroup thereof) of SU(k - n).

The corresponding reflexive polytope has PALP id 3415 and we list its defining data in
table 5.13. It has a single nef partition, namely

V1 = (vo, V3, Us, V6) conv » Va = (v1,v2, U4, V7)cony - (5.3.55)

In order to write down the most general complete intersection corresponding to this nef
partition, we must use every integral point of the polytope defined in table 5.13 apart from
the origin. The additional eleven points are listed in table 5.14.
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After resolution, the complete intersection defined by (5.3.55) is defined by the following
two polynomials:

2.2 2.2
P1 = G02023252628210%212715217 T Q12027 2829214215216 + (22321210211 714217%18
2.2 2.2
P2 = bozi25212215216217218 + D125 252829210211 212 + b22122242729211 214216218 - (5.3.56)
This time we are not interested in engineering additional singularities, but rather in confirming

that models with this fiber contain the SU(4) gauge factors that we expect to exist. To this
end we compute the discriminant of the elliptic curve and find

1

f= T ( 6ata3bib? — 16a3arasbobibs + aéb%) (5.3.57)

9= gop " (Barazbob —agh3) - (Saia3b3bt + 16a3aranbobib3 — agh) (5.3.58)
1

A= 5 ag - b3 -at a3 - by - bt (—16aiazbobr + adb3) . (5.3.59)

From the vanishing orders we see that there are two Iy and four I singularities. Since

1 212

_ 99
b1=0 - 2f

_ 99

99 99
a2=0 - 2f

2f

the I singularities are of split type (see [134] or Appendix B) and we therefore see that there

_ 99
a1=0 a 2f

is indeed a non-toric SU(2)% x SU(4)*/Z4 gauge group. One can mod out the Z4 torsion by
identifying it with the diagonal subgroup of the center 2?4 of the SU(4) gauge group part.

It is interesting to see that up to a lattice isomorphism the reflexive polytope V° associ-
ated to the nef partition (5.3.55) is precisely the polytope with PALP id 0. Under the same
lattice isomorphism, the A; of (5.3.55) are mapped to the V; of (5.3.37) and we therefore
see that the fiber considered in this subsection is mirror-dual to the fiber of subsection 5.3.3.
In particular, it appears that under this duality the discrete gauge group part is mapped to
the torsion part of the Mordell-Weil group and vice versa. The same behavior was observed
in [144] for hypersurface fibers and, as noted in subsection 3.9.4, it is intriguing to speculate
about a possible physical reason underlying this observation.

Finally, let us note that it would be interesting to study explicit realizations of such
fibrations. While this is possible in principle, the large number of involved points might make
it technically challenging to find a triangulation that gives rise to an appropriate toric fan of
the ambient variety. In the recent work [179] it was used that the relevant triangulations are
star triangulations with respect to the origin in order to speed up the calculation. It would
be exciting to incorporate such an algorithm in the Sage software package and apply it to
these spaces.
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One of the central objects of field theory, both classical and quantum, is the Lagrangian
action. While there are field theories for which no such Lagrangian can be defined [180-184],
its study is of crucial importance whenever it does exist. In our specific context, we are
not interested in the action at energies near the string scale, but at energies small compared
to both the string scale and the scale of the compactification manifold. Such a low-energy
effective action will usually contain only finitely many fields (as opposed to the infinitely
many massive string excitations) and its computation provides the link between string theory
and the quantum field theories we use to describe our observed universe.

In the third and final part of this dissertation, we therefore study the field theories that
arise as the low-energy limits of F-theory compactifications on the geometries introduced in
the previous chapters. Ideally, one would wish to be able to do two things:

e Given any genus-one fibered Calabi-Yau manifold, one would want to compute the
quantum field theory it gives rise to as precisely as possible.

e Given a set of physical observables, one would like to determine as many geometrical
properties as possible that the compactification manifold must have.

Stated in such generality, these are clearly two very difficult problems and solving them is
currently (and will possibly always be) simply too hard. To nevertheless make progress in
this direction, it has proven very fruitful to isolate particular physical quantities and attempt
to study them on their own. One such example is the local study of GUTs in F-theory [55—
57, 185], in the course of which it was realized that much of the essential information governing
the non-Abelian gauge dynamics is captured already by the geometry of the neighborhood of
the branes the gauge theories are located at.

To study gauge theories with Abelian gauge groups we take a different approach. Since
Abelian gauge symmetries in F-theory are inextricably linked to global properties of the com-
pactification manifold, it does not seem justifiable to take a local limit. However, matter
charged under Abelian gauge groups in F-theory is essentially a siz-dimensional quantity in
F-theory, as it is localized along loci of complex codimension two in the base of the com-
pactification manifold. While F-theory compactifications to four dimensions are considerably
richer due to the additional presence of G-flux and Yukawa couplings, it suffices to study
their six-dimensional siblings to understand most of their features. In fact, as we have seen
in Part II, much of the information specifying the gauge theory is contained already in the
fiber geometry (i.e. the top) and does not depend on whether one completes the top to a
Calabi-Yau threefold or a Calabi-Yau fourfold.

Consequently, most of our effort is concentrated on studying F-theory in six dimensions.
As outlined in the introduction of this thesis, we use M-/F-theory duality in order to obtain
the F-theory effective action. We begin in chapter 6 by recalling on the one side the effective
actions of M-theory compactified on a Calabi-Yau threefold with section and reduce on the
other side the general six-dimensional supergravity action with N' = (1,0) supersymmetry
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on a circle. After matching both sides in chapter 7, we obtain the effective F-theory action
in six dimensions for elliptically fibered Calabi-Yau manifolds. This analysis is extended to
compactifications without section in chapter 8, where we encounter massive Abelian gauge
fields. In chapter 9 we illustrate the general concepts obtained thus far by computing the low-
energy effective matter spectrum of various genus-one fibered Calabi-Yau threefolds, including
manifolds with multiple sections and those without section. Finally, we extend our study of
F-theory on genus-one fibrations without section to four-dimensional models by examining the
impact of discrete symmetries on the Yukawa couplings of the effective theory in chapter 10.



Chapter 6

Five-Dimensional Supergravity
Reductions

As discussed in Part I, effective actions of F-theory compactifications can be obtained by
using the chain of S- and T-dualities that connect M-theory on a Calabi-Yau manifold with
torus fibration to Type IIB superstring theory on the base of the fibration times a circle. To
employ the duality to obtain the six-dimensional F-theory effective action for theories with
Abelian gauge symmetries, it is necessary to compute the effective action of M-theory on a
Calabi-Yau threefold as well as to reduce a general N' = (1, 0) supergravity theory on a circle.
We illustrated this procedure in figure 2.3.

Since the five- and six-dimensional supergravity theories discussed in this chapter may
not be overly familiar, we summarize the relevant matter multiplets in tables 6.1 and 6.2
before proceeding with the reductions. Note that in six dimensions there is an additional

Multiplet Field Content

Gravity | 1 graviton, 1 self-dual two-form, 1 left-handed Weyl gravitino

Vector 1 vector, 1 left-handed Weyl gaugino

Tensor 1 anti-self-dual two-form, 1 real scalar, 1 right-handed Weyl ten-

sorino

Hyper 4 real scalars , 1 right-handed Weyl hyperino

Table 6.1: The massless spectrum of six-dimensional N' = (1, 0) supergravity. Note that one
can substitute each Weyl spinor by two symplectic Majorana-Weyl spinors. The
gravity multiplet has 24 real degrees of freedom, while the other three multiplets
all have eight degrees of freedom.
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Multiplet Field Content

Gravity | 1 graviton, 1 vector, 1 Dirac gravitino

Vector 1 vector, 1 real scalar, 1 Dirac gaugino

Hyper 4 real scalars, 1 Dirac hyperino

Table 6.2: The massless spectrum of five-dimensional N/ = 2 supergravity. The gravity
multiplet has 16 real degrees of freedom, while the other two multiplets both
have eight degrees of freedom.

massless multiplet, the tensor multiplet, that contains as part of its bosonic field content an
anti-self-dual two-form. The existence of such a two-form can be understood via group theory.
The massless fields in six dimensions are classified via the representations of SO(4) and, in
particular, there exists a completely antisymmetric tensor ;5 invariant under SO(4) which
can be used to impose an (anti-)self-duality condition on the antisymmetric representation
with two indices. Notably, this does not work anymore for massless five-dimensional fields,
since their representations are those of SO(3). Here the invariant tensor is €;;;, and it can
be used to dualize the antisymmetric representation into a vector. Upon reduction to five
dimensions, a massless two-form field can therefore be dualized into a massless vector field and
therefore the tensor multiplet reduces to a vector multiplet in five dimensions. We emphasize,
however, that this is true only for massless fields. The representations of massive fields in
six and five dimensions are those of SO(5) and SO(4), respectively and thus there do exist
massive tensor multiplets in five dimensions. For a more detailed discussion of such massive
tensor fields and the reduction of tensor multiplets we refer to [186, 187].

Before proceeding with the reductions of M-theory on a Calabi-Yau threefold in section 6.2
and N = (1,0)-supergravity on a circle in section 6.3, we first introduce in section 6.1 the
basis of divisors and their respective dual (1, 1)-forms that we will perform the reduction on.
Note that in the following most of our fields will be five-dimensional. To emphasize when
that is not the case, we use hatted fields for fields living in eleven or six dimensions. For
the remainder of this chapter, we assume that our compactification manifold is elliptically
fibered, that is we assume the existence of a (not necessarily holomorphic) section of the torus
fibration.

6.1 A Basis of Divisors for an Elliptically Fibered Calabi-Yau

Let us now fix our notation and choose a convenient divisor basis of the elliptically fibered
Calabi-Yau manifold. Our conventions are essentially the same as in [54, 95, 113, 157]. As
before, we assume Y — Ygine to be the smooth blow-up of Ygine along all singular loci. We then
choose the following basis of divisors D, and their respective dual two-forms wy € HY (Y, 7Z):
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e The divisor Dy dual to the two-form along which the M-theory three-form is expanded
to give the Kaluza-Klein vector field A°. Dy is obtained by shifting the zero section sg
according to (6.1.4). We denote the (1,1)-form dual to s by w;.

e Vertical divisors D, = 7*(D?), a = 1,...,h"(B) obtained as pullbacks of a basis of
divisors D% on the base manifold B of the fibration, where 7 is the projection from Y
to the base manifold B.

e Exceptional divisors D obtained by resolving singularities of the elliptic fibration Ying
along the divisor S? in the base manifold, where S is the base divisor along which the
fibration has non-Abelian singularities. The D; are fibrations of an irreducible fiber
component (isomorphic to a P!) over S® and are also called Cartan divisors.

e U(1) divisors D,, obtained by applying the Shioda map given in (6.1.7) to each of the
independent generators o,,, m = 0,...,rank MW(Y) — 1 of the Mordell-Weil group of
the fibration.

In order to define the shifts mentioned above, it is convenient to introduce the intersection
product on the base manifold as

DYDY = (Do Dg)p = Da-Dg- 50 =nagp, (6.1.1)

so that we can lower and raise Greek indices using 1,4 and its inverse, n®8. Furthermore, we
can project a two-cycle C C Y to the base via

7(C) = (C-D*) D" (6.1.2)
As was noted in [41, 113, 188], Dy is obtained by requiring that
Do-Do- Do =0, (6.1.3)
which can be achieved by choosing

1
Do = S0 — 5(80 S0 Da)Da . (6.1.4)

In a similar fashion, the Shioda map shifts the Mordell-Weil generators o,, such that
specific intersection numbers of D,,, with Dy, D; and D, vanish, as we will see in (6.1.11c).
This orthogonalization procedure turns out to be crucial for the matching of M-theory and
F-theory later. First, however, we must recall the intersection properties of the exceptional
divisors obtained by blowing up the singularity of the elliptic fibration. Given a base divisor
S® over which the elliptic fiber of Ysing develops non-Abelian singularities, the blow-up divisors
of Y intersect as

Dr-Dy-Dy=—Ciy (Sb : Dg) , (6.1.5)
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where Cyj denotes the coroot intersection matrix, which we define in the group theory con-
ventions of Appendix D.

Having associated the exceptional blow-up divisors D; with the Cartan generators of g,
one can go a step further and define a rational curve localized over a single point in the base
manifold for each root of g. For the simple roots a; of g, one chooses a base divisor D?
intersecting S® exactly once and takes the intersection product between D = 7*(D%) and Dy:

Coy=—-Dr-D  for DV-S°=1 (6.1.6)

From Equation 6.1.5, one can see that the intersection Dy -C,, reproduces the Ith component
of the simple root .y in the Dynkin basis of the root system of g. Note that these are the same
conventions as used in the example of subsection 5.3.1. With these definitions, we are ready to
give an explicit formula for the Shioda map relating Mordell-Weil generators o, = Sm+1 — So
to their associated U(1)-divisors:

Dy = 0 — (0m - 50 - D*) Dy — (0 - Cay) (€)' D, (6.1.7)

N N
= Smt1— 50 — ((Sm+1 — 50) - 50 - D¥) Do = ($my41-Ca;) (C71) " Dy

Let us now discuss the intersection numbers in this basis and emphasize clearly the differ-
ence between a holomorphic and a non-holomorphic zero section sy. We begin by examining
the geometry of the blow-up divisors Dj. A holomorphic zero section marks a single point in
each fiber. In particular, when this point lies over S, it is on the original fiber component’
and not on the resolution P's of the rational curves C,,. Therefore the following equation
holds as an identity in the Chow ring of Y:?

so-D;r=0, if s is holomorphic. (6.1.8)

On the other hand, a non-holomorphic zero section may wrap the entire fiber component
over lower-dimensional loci of the base. Since this fiber component intersects the resolution
divisors as the affine node in the extended Dynkin diagram of g, its intersection with a Cartan
divisor can be non-zero. However, since the locus over which a non-holomorphic zero section
can wrap the entire fiber component has at least codimension two in the base, so has sy - Dy.
The intersection with a vertical divisor therefore vanishes and we find that

Do-so-Dy=0 (6.1.9)

even for a non-holomorphic zero section.

! Assuming that the resolution locus in the base is S, one can associate the divisor 7*(S%) — 3", D; with
the affine node of the Dynkin diagram of g. Intersecting this divisor with 7*(D?) such that D® - S® = 1 gives
the rational curve associated with the original fiber component.

2The Chow ring of an algebraic variety X is formed by equivalence classes of the subvarieties of X, where
the equivalence relation is given by rational equivalence. The multiplicative structure is defined by taking the
intersection of two subvarieties.
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The other peculiarity of having a non-holomorphic zero section is that one can no longer
evaluate expressions involving sg by using adjunction to the base manifold. Recall that

s0- S0 =Solp = Kp, if s is holomorphic. (6.1.10)

However, for a non-holomorphic zero section this needs no longer be the case, since the divisors
so and B are only birationally equivalent, but not isomorphic.

To put it in a nutshell, a non-holomorphic zero section may intersect blow-up divisors
over points in the base and the divisor corresponding to that section is no longer isomorphic
to the base manifold. With this in mind, we can now list the intersection numbers both for
a non-holomorphic zero section and for its holomorphic counterpart. We begin by stating
intersections that hold both for a non-holomorphic and for a holomorphic zero section:

Do-Dg-Dy=0, Dy-Dy-Dg=na3, Do-Dy-Dg=0, (6.1.11a)
Do-Dg-Dr=0, Dy -Dy-Dy=0, Dy -D;p-Djy=—Crs(S*- DY), (6.1.11D)
Dy-Dg-Dpy=0, Do Dy -Dp=0, Dy-Dy-Dy=0, (6.1.11c)

Dy Dy - Dy = 1(Dyn - Di)a - (6.1.11d)

All three equations in (6.1.11a) describe intersections on the base manifold. The first one is
a triple intersection product between codimension-one objects in the base and therefore van-
ishes. Using this fact, the second equation simply reduces to the definition in Equation 6.1.1
and the third equation can be verified directly by inserting Equation 6.1.4. Next of all, the
three equations in (6.1.11b) are a direct consequence of the blow-up geometry and were dis-
cussed above. Equation 6.1.11d is just a formal rewriting of the intersection number using
Equation 6.1.2 and we stress that unlike in [113], we do not require D,,, and D,, be orthogonal
to each other. Lastly, the remaining three equations (6.1.11c) follow from the orthogonal-
ization properties of the Shioda map. They can be verified by inserting the expression in
Equation 6.1.7 and exploiting that all sections intersect the generic fiber component precisely
once, that is

Sm-E=sy0-E=Dy-E=1, (6.1.12)

where the class of the generic fiber F is given as

Do - Dg = Enugs. (6.1.13)

In a second step, we now assume to have a holomorphic zero section sg. Using the
definition of the Shioda map we evaluate

so Dy, =0, if s¢ is holomorphic. (6.1.14)
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Exploiting (6.1.8), (6.1.14) and (6.1.10) one can then show that

1 1
Do Dy - Dy = —5m(Dy - Du)aK™,  Dy-Dy-Dj=—3K*(Do-Ds-Dy), (6.1.15)
Dy Dy Dy =0, Dy Do Dy =0, Dy-D;-Dy =0, (6.1.15b)

1
DQ . D() . DO = ZKOCKQ 5 (61150)

where K are the expansion coefficients of the canonical class of B in Kg = K®Db. All
equations in (6.1.15b) are a direct consequence of Equation 6.1.8 and Equation 6.1.14. Equa-
tion 6.1.15¢ follows from applying the adjunction formula. Finally, the two equations in
(6.1.15a) both follow from applying Equation 6.1.8, Equation 6.1.14 and the adjunction for-
mula. We stress that the relations of (6.1.15) are not valid for a non-holomorphic zero section.

6.2 M-Theory on a Calabi-Yau Threefold

With the preliminary discussion finished, let us now M-theo

- r
begin in earnest and present the first of two effec- Y
tive supergravity theories in five dimensions, namely 11d supergravity low-energy limit

the one obtained by reducing M-theory on a smooth

genus-one fibered Calabi-Yau threefold Y. In terms o
®
of figure 2.3, we proceed with the first column, dis- - %
o . : TS|
played again in figure 6.1. To perform the dlmensmnAal O:f% 90;
reduction one expands the M-theory three-form C < &
along the harmonic forms of Y. Recall that the non- % S
vanishing Hodge numbers are % =
Y
POY)=h3(Y)=1, BOY)=n"3Y)=1, M-theory on Y3
RUL(Y) = h22(Y), REL(Y) = hY2(Y) . Low-energy effective theory
(6.2.1) of massless modes

The cohomology group H'(Y) consists of the coho- Figure 6.1: Reducing M-theory on
mology classes Poincaré-dual to the divisors of the Y.

Calabi-Yau threefold introduced in the previous sec-

tion 6.1. For H3(Y) we introduce a real symplectic basis (ax, 3%), K = 1...h%! +1. The
reduction then reads

C‘g = Kag —gKBK—l—AO/\wO—I—AO‘/\wa + AT ANwr+ A" Awp, + Cs, (6.2.2)
where we have introduced the vectors

(AY) = (A%, A, AT A™), (6.2.3)
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a five-dimensional three-form C3 and real scalars (5 & ). Similarly, one can expand the
Kahler form of Y as

J = 1%wg + v%wy + v wr + v™wp, (6.2.4)
to obtain the five-dimensional scalars v*. One of the vectors from the Cs-reduction belongs
to the gravity multiplet and comprises the graviphoton, while the remaining vectors form
V = hb1(Y) — 1 vector multiplets. The corresponding scalars are the v™. Note that these
hY1(Y) scalars are distributed among vector multiplets and the universal hypermultiplet. The
vector multiplets contain normalized scalars

A=y A (LA = (R, L€M), (6.2.5)
while the total volume, given by
1
V= gvAzg’UA’UZUe , (6.2.6)

is part of the universal hypermultiplet. The five-dimensional three-form C5 is dualized into a
real scalar ® and also sits in the universal hypermultiplet. Concerning the scalars (£X 3 K),
we note that 2h1?(Y) degrees of freedom together with the complex structure moduli form
hY2(Y) hypermultiplets. The remaining two degrees of freedom from these scalars enter the
universal hypermultiplet.

Having obtained the above data of the massless modes, we can easily derive the grav-
ity and vector sector in the canonical form of five-dimensional N/ = 2 supergravity. The
prepotential is given by

1
N = §VAZ@LALEL@), (6.2.7)
where we have defined the intersection numbers
Vase = Dp - Ds - Dg. (6.2.8)

Recall that these intersections were discussed in section 6.1 and that they take the special
form (6.1.11) in the case of an elliptic fibration. If the manifold admits a holomorphic zero
section, then the additional relations (6.1.15) hold. We are now in a position to write down
the prepotential. As discussed in more detail in [54, 94, 187, 189], the prepotential of the
resolved threefold contains both classical and one-loop terms when interpreted in the dual
F-theory setup. To distinguish these contributions in M-theory, let us define an e-scaling for
the five-dimensional M-theory fields. The limit ¢ — 0 corresponds to the F-theory limit and
enforces that both the volume of the elliptic fiber and the blow-up divisors shrink to zero.
For the scalar fields v® we set?

00— e, v s e V22, vl s /4T V™ s e/ ™ (6.2.9)

3For consistency checks on these scaling relations we refer to [54].
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On the level of the redefined fields this reads
R eR, LY e 20, el /Al gms e/Aem (6.2.10)

In this limit only classical terms are non-zero. Hence, we can divide the prepotential into a
part surviving as € — 0 and a part that vanishes in the limit. Accordingly, the classical part
of the prepotential is given by

1 1

Nc]lvc[Lss :*UQBRLOCLB — *C]‘]na[gsb’aLﬁfng
2 2

1 (6.2.11)

+ 57 (Dm - D) *nap L€

The one-loop part of the prepotential cannot be given in such an explicit form. It reads
Niven :%VOOORRR + %VoomRRﬁm + %VOOIRRfl + %VOURSIEJ (6.2.12)
+ SVomnRE™E" + Vomr RE™€! + Viwe!€'6"
Vi + Vi 4 Vi l€TE
In case there is a holomorphic zero section, one can use (6.1.15) to simplify the above expres-
sion to

1 1
Nioop =5 K"K nap RRR + S Cr1K* 5" 0 RETE! (6.2.13)

1
- ZW(Dm : Dn)aKBnaﬂRémgn

1 1

+ ViK€ + Ve
1 1

+ ivanggng + §V1mn§I§m£n :

In fact, by inserting the e-rescaled fields one can check that ./\/'l%p

while N stays finite.

class

vanishes in the limit ¢ — 0,

The above analysis leads to an effective action in which massive modes appearing in the
M-theory reduction have been integrated out already. Let us remark on how these massive
states arise in the five-dimensional M-theory reduction. On the Coulomb branch of the
dual circle reduced six-dimensional ' = (1,0) theory, non-Cartan vector multiplets, charged
hypermultiplets and KK-modes become massive. By taking the decompactification limit
r — oo and by moving to the origin of the Coulomb branch all these modes therefore become
massless again. In the dual M-theory setting they arise from M2 branes wrapping rational
curves in the fiber that shrink to zero volume in the F-theory limit. These modes, which are
massive on the Coulomb branch, wrap the P's resolving the singularities in the fibration. In
fact, as we move towards the origin of the Coulomb branch, the P's shrink in size and the
M2 brane states become light. Similarly, the KK-modes arise from M2 branes with volume
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contribution depending on the volume of the generic elliptic fiber. The KK-mass also becomes
zero as r — oo in the decompactification limit and all such modes become massless.

Before we conclude this section, let us discuss the dimensional reduction of known higher
curvature corrections in M-theory. Their lift to F-theory proceeds along the lines of [54,
128, 129], but we focus here on the term quartic in the curvature two-form and linear in Cs.
Concretely, this term in the eleven-dimensional action is given by

A 1 A R I
Serr=—gg . ConlwR!— J(xRY?). (6.2.14)
11

Upon dimensional reduction on a general Calabi-Yau threefold, one finds, among other terms,
the five-dimensional Chern-Simons terms [190]

1
SO — 5 AMAtr RAR, (6.2.15)
5

where
e = / wa Aea(Y). (6.2.16)
Y

The comparison with F-theory will show that the co-term is a classical Chern-Simons term,
while the other terms involving cg, ¢y, ¢, are induced at one-loop. We discuss this matter in
more detail in chapter 7.

On the M-theory side, one can use the geometry of Y to evaluate the various components
(cpA) = (Casco,¢1,Cm). In the case of ¢, it is possible to perform this calculation without
knowledge of the specific manifold. One finds that

o = —12K,, (6.2.17)

where K, = oK # and KP? are the expansion coefficients of the canonical class in terms
of vertical divisors. Notably, the result is independent of whether the zero section of Y is
holomorphic or not. For details on the calculation, we refer to section C.1.

If, on the other hand, we do have a holomorphic zero section, then we can explicitly
evaluate another coefficient to find that

co = 52 — 4hM1(B) if 5o is holomorphic. (6.2.18)

Again, we defer details to section C.1.

6.3 Six-Dimensional N’ = (1, 0)-Supergravity on a Cycle

The effective action of F-theory compactified on a singular Calabi-Yau threefold is a six-
dimensional N' = (1, 0)-supergravity theory and we proceed with the second step by following
the procedure outlined in figure 6.2. Let us denote the six-dimensional space-time manifold
by Mg. In the following, we denote the number of vector multiplets by V', the number of
tensor multiplets by 7', and the number of hypermultiplets by H.
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We allow for a non-Abelian gauge group G, which
splits into a simple non-Abelian part Gna and ng() 6d-SUGRA

U(1)-factors as
General supergravity theory
G = Gua xU(1)"v, (6.3.1)

Our goal is to find the F-theory effective action of a
N = (1,0) theory with gauge group G. Since the
tensors in the spectrum obey (anti-)self-duality con-

9[oIIO
uo Ajryoeduiod

straints, we can only give a pseudo-action for this the-
ory for which the additional constraints have to be im-

posed manually at the level of the equations of motion. 6d-SUGRA on S!
For the sake of simplicity we only display the bosonic

. ) 7 ) Circled-reduced supergravity
part of this pseudo-action. The fermionic couplings

. ] theory with Kaluza-Klein towers
can then be inferred by using the general supergrav-
ity actions found in [191-194]. Our conventions are Fjgure 6.2: Circle reduction of the

summarized in section E.1 and follow largely the ones six-dimensional super-
used in [54]. gravity theory.
Let us collectively denote the anti-self-dual tensors from the tensor multiplets and the

self-dual tensor from the gravity multiplet by BY o =1...T+ 1. The real scalars in the
tensor multiplets parametrize the manifold

SO(1,T)/SO(T) . (6.3.2)
For a convenient description of this coset space we introduce T + 1 scalars j¢ and a constant
metric Q,5 with signature (+, —, ..., —). Due to the constraint
a8 !
Qupi®i’ =1 (6.3.3)

one scalar degree of freedom is redundant. Furthermore, it is useful to define another non-
constant positive metric

GapB = 2jaj6 - Qa,@ . (634)
Here and in the following indices are raised and lowered using €,3.

The gauge connection for the simple non-Abelian group is denoted by A and the Abelian
ones are denoted by flm, where m = 1...ng1). The field strength two-forms read

F=dA+AnNA,  F™=dA™ (6.3.5)
and the Chern-Simons forms are defined as

OO =tr(ANdA+SANANA),  QEFMn = A™ A dA™. (6.3.6)
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Let us now turn to the gravity sector, which is described by the spin connection w on
Mg, the curvature two-form

R=do+d A (6.3.7)
and the Ricci-Scalar R. The gravitational Chern-Simons form is defined as

WOS =tr(@AdY+ SOANDAD). (6.3.8)

Moreover, there are four real scalars in each hypermultiplet, which we collectively denote
by ¢V, U =1...4H. These parametrize a quaternionic manifold with metric hyy. Since the
hypermultiplets may transform in some representation R of the simple non-Abelian gauge
group and may also carry U(1)-charges, we introduce the covariant derivative

DqV = dqV + ARGV — ig,, A™¢Y, (6.3.9)

where AR denotes the Lie-algebra valued gauge connection of Gha in the representation R.

Since the six-dimensional ' = (1, 0) spectrum is chiral, the theory is potentially anoma-
lous. For some spectra, one can employ the Green-Schwarz mechanism [7, 195, 196] to cancel
these anomalies. We therefore include the Green-Schwarz counterterm in the action, which

reads
sos _ 1 Ao x w8
SV = —— QopB* N X, (6.3.10)
2 J g
where
- 1 «a 5 5 b n n a  fm [
X4:§a trR/\R+2@trF/\F+2bmnF NE™. (6.3.11)
The constants a®, b*, b5, will later be given in terms of geometrical data of the internal

Calabi-Yau space. We have furthermore inserted a group theoretical factor A(g) defined in
Equation D.0.2 for later convenience. The Green-Schwarz term can be used to cancel those

anomalies whose anomaly polynomial factorizes as
7 1 g o0
Iy = — Qs X§ A KT (6.3.12)

provided that we assign an appropriate transformation to the tensors under gauge and local
Lorentz transformations, which turns out to be

§B* = dA® — %aa tr ldo — 2b™ tr AddA — 26, \"dA" (6.3.13)

where [ .\, \™ are the respective parameters of local Lorentz and gauge transformations

oo =dl+ @0, A=d \+[A N, GA™M=d\™ (6.3.14)
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and the one-forms A® encode the standard gauge transformations of two-forms. The precise
conditions the matter spectrum has to satisfy in order for the factorization (6.3.12) to take
place will be reviewed in section 7.4. The gauge invariant field strength for the tensors then
takes the form

5 S| b
G® = dB* + ia%gﬂiv + 2@&5 + 262, wESmn (6.3.15)

Note that the G are subject to a duality constraint
9ap*GP = Q,5G" (6.3.16)

which has to be enforced in addition to the equations of motion derived from the pseudo-
action. The bosonic part of the pseudo-action for six-dimensional N' = (1,0) supergravity
with gauge group G reads

A 1 1 A A 1 . N
§6) _ / S RHL = 3005G ARG — 2 gapdi® A 2j° — huy Dg A #Dg”
Msg

oo . ,
- 2%53""ﬁ tr FAKE — 20,5590 F™ A RF™
o (6.3.17)
- Qa,@wéﬁ A tr F/\F— Qaﬁb%néﬁ /\Fm /\Fn

1 - S o
—~ 1QaﬁaaBﬁAtrRAR—V*L

where V is the scalar potential. In the following we do not need the precise form of V and
refer for example to [191, 192, 197-199] for more details.

In a next step we compactify this theory on a circle of radius r and thus choose the
six-dimensional space-time to be of the form Mg = S' x Mjs. Let us briefly summarize the
results of this reduction here and defer technical details and conventions to Appendix E. The
coordinate along the circle is denoted by y. We write AY for the Kaluza-Klein vector and
call the corresponding field-strength F? = dA°. Let us also define Dy = dy — A°. Recall
that expressions without hats are of five-dimensional origin and are hence independent of
y. It is important to stress here that we only approach a two-derivative reduction for the
moment. We therefore also neglect higher curvature contributions. This implies that we can
omit the gravitational contribution in the Green-Schwarz terms of Equation 6.3.10 and all
other gravitational contributions from the tensors proportional to a®. Later on, we revisit
these terms and discuss them in more detail.

Hypermultiplets in six dimensions reduce trivially to five-dimensional hypermultiplets.
The six-dimensional vectors A, A™ reduce to five-dimensional vectors A, A™ and scalars ¢, (™.
Tensors B* in the six—dimensional theory reduce to five-dimensional tensors B* with field-
strength G and vectors A® with field-strength F'* = dA“. These reductions can be inserted
into the six-dimensional pseudo-action. One then has to integrate over the circle direction to
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obtain a five-dimensional pseudo-action. Reducing the (anti-)self-duality constraint (6.3.16)
yields a relation between the tensor field-strength G and the vector field-strength F¢ given
by

(e (6%

o po_ b b
FO=F 4)\(g)t((F)+2)\(g)

This condition can be used to obtain a proper five-dimensional supergravity action depending

tr(CO)FO — 4%, CMF™ 4 262, ("¢ FO. (6.3.18)

only on F¢ by eliminating the dependence of the five-dimensional pseudo-action on the tensors
B¢ in favor of the vectors A%. While this is always possible at the massless Kaluza-Klein level
for the compactified tensors, doing so will no longer work at the massive level. Furthermore,
we also perform a Weyl rescaling to arrive at the canonical form of the Einstein-Hilbert term.

The last step is to push the theory onto the five-dimensional Coulomb branch by switching
on vacuum expectation values for the scalars in the vector multiplets. This results in giving
mass terms to the W-bosons (and by supersymmetry also to their fermionic partners) and
the charged hypermultiplets. The massive W-bosons break the simple non-Abelian gauge
group to its maximal torus U(l)rank(G"A). Below the mass scale characteristic of the gauge
group breaking, all massive states have to be integrated out from the five-dimensional effective
action. We discuss the induced corrections in section 7.3. On the massless level we are only
left with the Cartan generators and the generators of the Abelian gauge symmetry, which
generically stay massless. We thus find the residual gauge symmetry

U(l)rank(GnA) % U(l)nU(l) . (6319)

In the following, the U(1)s originating from the non-Abelian Cartan generators are labeled
by I =1,...,rank(Gpa).

Let us summarize the massless bosonic fields of the Coulomb branch effective theory
and their completion into five-dimensional A" = 2 multiplets. We distinguish three types of
five-dimensional multiplets:

e The gravity multiplet consists of the five-dimensional metric (graviton) and in general
a linear combination of A% and A% (graviphoton).

e We find rank(Gpna) + nyay + T + 1 vector multiplets. The vectors are Al A™ and
T + 1 linear combinations of A? and A%. The corresponding scalar degrees of freedom
are provided by ¢!, ¢, r and j supplemented by the constraint Qapi® 5P < 1 from
the six-dimensional theory. Recall that o = 1,..., T+ 1, m = 1,...,ny(), and I =
1,...,rank(Gpa).

e The only massless five-dimensional hypermultiplets arise from H"""?! six-dimensional
hypermultiplets that transform trivially under G.

To specify the Coulomb branch action, we first need to introduce some additional nota-
tion. The Cartan generators 77 are chosen to be in the coroot basis, i.e. we have the following
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relation to the Cartan generators 7™ in the usual basis given around Equation D.0.3:
Tr=af-T. (6.3.20)

According to the convention (D.0.3), the trace normalization for the Cartan generators in the
coroot basis reads

tr (7r77) = Ma)Cr , (6.3.21)

where the coroot inner product matrix C;; is defined in (D.0.1).4

To simplify our expressions, we introduce indices I = (I,m), J = (J,n), etc. running
over all U(1)s in the Coulomb branch group (6.3.19). In particular, we define

N bCry 0
bfj:< 0 b,%m>’ (6.3.22)

where I,J =1,... rank(G) + ny)-

The five-dimensional action on the Coulomb branch then reads

1 2 1
SOE / + -Rx1— =r2dr A xdr — =Gapdj® N #dj® — hypdg™ A xdg® (6.3.23)
vy 2 3 2

2Qa5]ab5 d{ A *dC‘] 47‘8/3F0 AxF0 — %T_A‘/?’gag F A xFP
- 2r2/3ﬂagjab?j (FT = (TFO) A s(F7 = ¢TFO) 4 L2 + £P2,
where gauge-invariant Chern-Simons terms are given by
Ll = —;Qaﬁ AN FNFP 420056, AP A FTAFY (6.3.24)
and non-gauge-invariant Chern-Simons terms read
Lo = — 20,502 65 K¢ AT A FO A FO (6.3.25)

IJ°KIL

+200,5(05 00 + 20207 )¢ E AT A BT A FO

— 2005(265;b% . + 6307 )CEAT NPT AR
Note that the five-dimensional expression [,Iéps arises from the reduction of the six-dimensional
non-gauge-invariant Green-Schwarz term (6.3.10). In contrast to six dimensions, £&g can be
canceled by adding a one-loop counter-term in five-dimensions that renders the action gauge
invariant [54, 200]. In the vector field sector, we have only kept Cartan and Abelian gauge
fields (and their respective scalar partners) and, similarly, in the hyper sector also only the
massless, i.e. uncharged scalars, denoted by ¢%, u = 1...4H"eutral,

4Note that all roots and weights appearing in this work are still associated to the Cartan generators T
and not to 7;.
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The information about the gravity and vector sector of five-dimensional N' = 2 supergrav-
ity is contained entirely in the real prepotential V. In the canonical form of the supergravity,
N is a cubic polynomial in the scalar fields M*. The M" are so-called very special co-
ordinates and encode the scalar degrees of freedom in the five-dimensional N' = 2 vector
multiplets subjected to one normalization constraint

N =1, (6.3.26)

which reduces the degrees of freedom by one. Generally, the prepotential can be written as
1

N = gkAgeMAMzM@, (6.3.27)

where kaxe is constant and symmetric in all indices. The canonical form of the action then
reads

1 1

S0) = / Rl - 5GAZdMA A *dM> — hyydg™ A *dg"
Ms | . (6.3.28)

- 5GAZFA A*F — ﬁkAg@AA AF* N\ F®,

Note that the fields A* comprise the graviphoton and the vectors from the vector multiplet.

Here, we have also defined the metric

1
GAE = —§8MA3M2 IOgN ‘/\[:1 . (6329)

The effective action (6.3.23) of the circle reduced six-dimensional N' = (1, 0) supergravity
is not yet in the canonical form (6.3.28) of five-dimensional N' = 2 supergravity and we
therefore have to perform a field redefinition. It turns out that the fields

MO = =43
MO = p2/3(jo 4 2r’2b?ijCj) (6.3.30)
M= T—4/3<i

yield the right structure, which is analogous to the redefinition found in [54]. Let us further
define

NI = QugMOMOMP — 4Q05b8 MO MM | (6.3.31)
which is the polynomial part of the prepotential for our setting. As was already pointed out in
[54], this has to be supplemented by a non-polynomial part N, I which is found by imposing

np>’
the special geometry constraint

NE 4 NE = Q55057 =1 (6.3.32)
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to be

MIvI MK pE
F _ B
Nop = 4006750 ; O :

(6.3.33)

Hence, the prepotential is not a cubic polynomial, but still a homogeneous function of degree
three. The reason for deviating from the canonical case lies in the non-trivial transforma-
tion behavior of the six-dimensional tensors under gauge transformations. This required
introducing the redefined field strength (6.3.15), which, when reduced to five dimensions,
yields the modified vector field strength (6.3.18). In this way, all non-gauge-invariance of
the classical six-dimensional action is contained in the Green-Schwarz terms, while all non-
gauge-invariance of the five-dimensional action is encoded in the Chern-Simons terms (6.3.25).
Apart from the Chern-Simons terms (6.3.25), the action is therefore obtained in exactly the
same way as the canonical supergravity action (6.3.28). The metric Gy again has to be
calculated using Equation 6.3.29, this time taking into account both the polynomial and
non-polynomial parts, i.e. the sum /\/'If + ./\/’rf;. More subtleties arise in the analysis of the
Chern-Simons terms. In turns out that the two contributions (6.3.24) and (6.3.25) can be
brought into the form

GF_ _1 P Anps o L P IS, 0

Sog = I (N )ase A ANF= A F® — 16/ (NMap)iseA' NFZANFZ . (6.3.34)
M5 M5

where the indices on N indicate that derivatives are taken with respect to the corresponding

scalar fields. Note that the second part is not symmetric in the indices, since one cannot

integrate by parts.

Finally, let us make a short remark on higher curvature terms. Their reduction proceeds
along the same lines as in [54]. By including gravitational contributions in the Green-Schwarz
terms and in the tensor transformations, one induces a five-dimensional Chern-Simons term

1
SO — 5 /M Qopa® A’ Atr RAR. (6.3.35)

We note that there are additional higher curvature corrections to the circle reduced action
when including higher curvature terms in six dimensions. However, the new Chern-Simons
term (6.3.35) turns out to be sufficient to extract the geometrical interpretation of a® in
F-theory when the matching with M-theory is performed.



Chapter 7

The Six-Dimensional Effective
F-Theory Action

In the previous chapter we found the prepotentials for the five-dimensional reduction of
M-theory on an elliptically fibered Calabi-Yau threefold and the circle reduction of a gen-
eral N' = (1,0)-supergravity in six dimensions that we took as an ansatz for the effec-
tive F-theory action we set out to compute. The crucial missing step in the derivation
of the F-theory effective action is to match these two theories. However, as we have ex-
plained previously, this is not as straightforward as one might have expected it to be.
While the M-theory action as specified by the prepotential of Equation 6.2.7 and Equa-
tion 6.2.12 must be understood as the effective action with all massive fields integrated out,
this is not true for the circle reduction: Here infinitely

many additional massive states such as the W-bosons, (12 — 2n)d-SUGRA on St
the charged matter hypermultiplets, and also all the Circled-reduced supergravity
Kaluza-Klein towers are still present. Only after in- theory with Kaluza-Klein towers

tegrating out these additional fields does one expect
the two effective theories of chapter 6 (and hence also
their prepotentials) to be the same.

The main task of this chapter is therefore to deter-
mine the loop corrections to the prepotential of Equa-
tion 6.3.31 and thus to follow the last step of figure 2.3 |
that is displayed again in figure 7.1. Equivalently, we (12 — 2n)d-SUGRA on S!

SOPOW DAISSBUL
MO 91eIFUI
Yourlq qUIO[
-No0y) 03 A0

can also compute the corrections to the Chern-Simons Low-energy effective theory

terms. First however, we identify in section 7.1 the of massless modes
part of the prepotential that is unaffected by such loop

correction and that can hence already be matched. We Figure 7.1: Integrating out massive
then recall in section 7.2 the impact that integrating modes of the circle re-

out fields has on the Chern-Simons terms and use the duced theory.

151
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results summarized there to determine the loop-corrections in section 7.3. Importantly, the
loop-corrected Chern-Simons terms depend explicitly on the matter spectrum of the F-theory
model. In the M-theory reduction, however, these Chern-Simons terms are given by intersec-
tion numbers of the elliptically fibered Calabi-Yau manifold and one can use the matching
conditions to determine the matter spectrum of the resulting low-energy effective F-theory
action. Finally, we recall in section 7.4 the role of anomalies in six dimensions and show that
one can at least partially prove that F-theory backgrounds automatically lead to anomaly-free
supergravity theories in six dimensions.

7.1 Classical Matchings

As we have just noted, we are not yet in a position to perform a complete match of the
two prepotentials obtained in chapter 6. However, we can already identify a subset of terms
that are not affected by loop corrections, namely those surviving in the limit ¢ — 0 of
Equation 6.2.7 and the gravitational Chern-Simons term proportional to ¢,. Matching the
expressions on both sides one obtains relations among the fields given by

1
M° =2R M® = S L (7.1.1)
1 1
M[ _ = I Mm — m .
25 2€
In addition, the constant couplings specifying the six-dimensional ' = (1,0) action are
identified as
b = b b2 = —m(Dy, - Dp)® (7.1.2)
Qag = Nag -

Furthermore, matching the classical higher curvature terms (6.3.35) and (6.2.15) gives
a® = K*, (7.1.3)

after identifying c, = —121,3K° as in Equation 6.2.17. The identifications (7.1.1), (7.1.2),
(7.1.3) and the discussion of the proceeding subsections imply that the Hodge numbers of the
resolved Calabi-Yau threefold Y and its base B are related to the spectrum as

(YY) =14 hYY(B) + rank g + ng ) (7.1.4)
WY B) =T +1, (7.1.5)
R2L(Y) = Hrentral _q (7.1.6)

In particular, inverting Equation 7.1.4 provides an easy way of calculating the rank ng(;) of
the Mordell-Weil group of a given Calabi-Yau manifold. These identifications of geometrical
quantities with the characteristic data of the effective action are in accordance with the
matchings found in [49, 50, 54, 122, 125, 196, 201].



7.2. LOOP CORRECTIONS FOR CHERN-SIMONS TERMS 153

spin-1/2 fermion  self-dual tensor B, spin-3/2 fermion 1,

CAFF 3 -2 5
CARR -1 -8 19

Table 7.1: The different constant multipliers for the shifts of the Chern-Simons terms.

7.2 Loop corrections for Chern-Simons terms

In this section we summarize the general formulae required to evaluate one-loop Chern-Simons
coefficients in a five-dimensional effective theory obtained by circle compactification.

As was found in [94, 187, 189], one can generate new Chern-Simons terms in a five-
dimensional theory by integrating out massive spin-1/2 fermions, spin-3/2 fermions and mas-
sive tensors. In particular, as shown in [186, 187], the five-dimensional tensors contributing in
this loop computation have to be self-dual in the sense of [202], i.e. the tensors must be given
by complex two-forms B,,, with kinetic terms B A dB and mass terms mB A xB. Integrating
out a massive state causes the Chern-Simons coefficients to shift according to [187]

kase — kase + cscarr qagsqe sign(m) (7.2.1)
kp +— kp + cscarr qa sign(m), (7.2.2)
where A, 3,0 # « and the constant coefficients capp and cagr are given in table 7.1. ¢4

is an additional multiplier taking the values +1 depending on the chirality of the original
six-dimensional state.

The external legs of the loops one must evaluate to arrive at these expressions are the
gauge bosons A, A* A® for the term in Equation 7.2.1 and two gravitons and a gauge
boson A’ for the Chern-Simons coefficient of Equation 7.2.2. It is necessary to integrate
out all massive spin-1/2 fermions, spin-3/2 fermions and self-dual tensors. The charge of the
mode under A? is written as ga, where the conventions are such that the covariant derivative
reads 0, — igA,. We denoted the mass by m appearing in the equations of motion as

(@ — my2) =0, (Y Oy — mg oy )y, = 0, (xd —imp)B =0 (7.2.3)
for a spin-1/2 fermion v, a spin-3/2 fermion ¢, and a self-dual tensor B.

In our setting we reduce six-dimensional symplectic Majorana-Weyl spinors on a circle.
The symplectic Majorana condition for two fermions 1! and 9?2 in six dimensions reads

Pt = lypic, (7.2.4)

where 1)°¢ denotes the charge conjugated spinor and ¥ is the usual antisymmetric epsilon

tensor in two dimensions. One can now expand the spinors in Fourier modes along the circle
direction

+oo
Vi@ y) = Y (@)™ (7.2.5)

n=—oo
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The 1/}7(;71) are the Kaluza-Klein modes of the fermions. To determine the fermionic degrees of
freedom in the circle reduced theory, we apply the symplectic Majorana condition (7.2.4) to
the expansion (7.2.5)

+oo +o0
S Wy (@) =g N gl (@)e /T (7.2.6)

Comparing coeflicients, we obtain the constraint
Vi) = 9950y (7.2.7)

which simply states that in five dimensions, the degrees of freedom of two former six-
dimensional symplectic Majorana-Weyl fermions are entirely comprised of the Kaluza-Klein
tower of one of the fermions, e.g. 1'. This means that one only needs to include one fermion

per multiplet when integrating out massive fermionic modes.

Put together, we have to integrate out hyperini, which gain masses on the Coulomb-
branch, KK-modes of hyperini, massive non-Cartan gaugini, KK-modes of gaugini and ten-
sorini, KK-modes of gravitini, and KK-modes of former six-dimensional (anti-)self-dual ten-
sors'. In general, there can be two separate contributions to their masses. First of all, the
charged hyperini and non-Cartan gaugini have Coulomb branch masses. Secondly, there is a
contribution from the KK-level for all KK-modes. According to [187], the mass terms then
take the form

my/2 = C1/2 <mC’B + anK>, mcB = (ql/g)fCI ) (7.2.8)

where n is the Kaluza-Klein level and mgp is the Coulomb branch mass of the fermion under
consideration. The term (g;/2) fo denotes the contraction of the charges (q;/2); under the
Cartan generators 77 in the coroot basis and the U(1)s appearing in Equation 6.3.19 with
the Cf carrying indices I introduced around Equation 6.3.22. The Cf are the VEVs of the
scalars corresponding to the U(1)s in Equation 6.3.19. In the reductions of the six-dimensional
theories considered above, the spin-3/2 fermions and the tensors are neutral under the six-
dimensional gauge group. They only can admit a Kaluza-Klein mass at level n of the form

mgjg = —C3/2 N MKEK, mp =cCp-n-MKK. (7.2.9)

The factors ¢y /3, c3/2, cp are related to the respective representations of .S O(4), the massive
little group in five dimensions. In the subsequent calculations, it is important that cy s,
c3/2 are equal to +1 for modes coming from six-dimensional left-handed fermions and —1 for
those coming from right-handed ones. Similarly, cg is 4+1 for former six-dimensional self-dual
tensors and —1 for anti-self-dual tensors in six dimensions. In table 7.2 we list the cumulative
contribution of integrating out an entire supersymmetry multiplet.

'KK-modes are charged under the Kaluza-Klein vector A°. The covariant derivative reads d,, + inAg.
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Multiplet | Hyper Vector Tensor Gravity
i 1 1 3
CAFF 2 2 2 2
CARR 1 -1 5! 15

Table 7.2: The different constant multipliers for the shifts of the Chern-Simons terms
depending on the type of six-dimensional N' = (1,0)-multiplet whose five-
dimensional analogue is integrated out. Note that this is the contribution of
a single five-dimensional multiplet and not the entire Kaluza-Klein tower. We
remark that in order to obtain the right contribution of a tensor multiplet, one
must take into account that an (anti-)self-dual tensor in six dimensions reduces
to a real five-dimensional tensor and therefore contributes only half the factor of
table 7.1.

7.3 Loop-corrected Matchings

Given the explicit expressions of Equation 7.2.1 and Equation 7.2.2, we can compute the
loop corrections to the prepotential terms that we have so far not been able to match. First,
however, we introduce a bit of notation.

e We write R for a representation of the whole gauge group G, while representations of
Gpua are referred to as R.

e For a representation R we denote the weights of the whole representation (including
U(1)-factors) by w. Weights of only Gya are called w. By the roots « of G (and
analogously by the coroots of G) we mean explicitly only the roots of Gya, possibly
embedded into the root lattice of G. The set of roots of G is called ®(G).

e Expanding the non-Abelian vector fields in the coroot basis of Gya, the charge of a
weight w of a representation R under the Cartan vector field A is

qu = <afvw> ) (7.3.1)

where a} is the respective coroot. Similarly, we denote the charge of a root o under Al
by ¢f. Together with the charges gy, of the representation R under the Abelian vector
fields A™ they can be combined into a vector

a5 = (a1, am) (7.3.2)

and similarly for the roots.

e H(R) is the number of hypermultiplets transforming in a representation R. The com-
plete number of involved hypermultiplets is then dim(R) - H(R), where dim(R) is the
dimension of the representation R. One similarly defines H(R). Let H(gm, ¢») denote
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the total number of hypermultiplets with U(1)-charges (¢m, ¢») and proceed likewise
for H(qm, qn,qr,q). Furthermore, we write H(R, ¢,,) for the number of hypermulti-
plets transforming in the representation R and carrying U(1)-charge ¢,,. An analogous
statement holds for H(R, ¢, gn). Note that when a hypermultiplet transforms in some
representation R in our notation, this actually means that one complex scalar and one
symplectic Majorana-Weyl fermion in the multiplet transform in R, while the other
complex scalar and fermion transform in the conjugate representation R*.

e Traces with respect to the representation R are denoted by trr and tr refers to the
trace in the fundamental representation.

e We denote the (floored) ratio between the Coulomb branch mass and the Kaluza-Klein
mass of a particle corresponding to a weight w by

ly = “mgB"J = |rfw-¢|] . (7.3.3)
MKK

and similarly for W-bosons labeled by roots «. Here we have introduced the contraction

w- ¢ = (o), W)+ g™ = q}”gl (7.3.4)

of the weight w of a representation R of the total gauge group G with the vacuum
expectation value of the scalars ¢! in the vector multiplets. As before, the scalars ¢!
are the expansion coefficients in the coroot basis of G.

e Finally, we write

sign(w) = sign(w - () (7.3.5)

and similarly for the roots a.

To compute the actual loop corrections to the Chern-Simons coefficient kpyg, one must
integrate out the (possibly infinite) set of massive fields that are charged with respect to all
three vector fields A%, A¥, and A®. At the end of the previous section we listed all massive
fields in the circle-reduced theory that can theoretically contribute. In the following, our task
is to identify the correct subset of fields for the Chern-Simons coefficient in question, restrict
the sums of Equation 7.2.1 (or Equation 7.2.2) correspondingly and evaluate the resulting
expressions using the formulas derived in section E.3. In the following, we will carry out these
steps in full detail for the Chern-Simons coefficients kggg and kj, before we then summarize
the results for all the other coefficients in subsection 7.3.2.

7.3.1 Explicit Computation of kggg and kg

The coefficients kgog and k; are generated entirely by the one-loop corrections to the Chern-
Simons coeflicients obtained by integrating out the massive states that are still present in the
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circle reduction of section 6.3. To see how this type of computation is performed, we carry
it out in detail for these two coefficients. As all the other formulae of subsection 7.3.2 are
obtained analogously, the reader should be able to reproduce them on his own.

To compute the loop corrections to kggp, one must integrate out all matter states charged
under the vector field A°, i.e. every field with non-zero Kaluza-Klein charge. We therefore
have to integrate out all the fields mentioned in section 7.2: the hyperinos, the gauginos, the
antisymmetric two-tensors, the tensorinos, the gravitino and the two-tensor originating in the
six-dimensional gravity multiplet. Using table 7.2, we find

o0

kooo = Z (—n)? g + g —|—% Z sign(m) — = ZH R) Z sign(m) | . (7.3.6)

n=—oo vectors wER

Here the first contribution is the Kaluza-Klein tower of the gravity multiplet, and the second
term corresponds to the six-dimensional tensors. The spinors of the third and the fourth term
require additional information in order to perform the sums, as their mass terms include a
contribution from the Coulomb branch:

If the states are neutral (as is the case for the neutral hypermultiplets and the vector fields
whose zero mode remains massless), then m obviously does not depend on the (f anymore
and the sum can be performed. We point out that in our notation, the n'® state in the
Kaluza-Klein tower has charge —n. Using Equation E.3.8 to regularize the infinite sum, we
find

k000—60<2+2+2 ) {Zz (Io + 1) ZH )le(luﬂrl)}

acd(G wER

:120(H V—T-3) [Z 12 (I, +1)? ZH )Zzﬁ,(zwﬂ)?]. (7.3.8)

acd(G wER

Computing kj is very similar, but we nevertheless go through the steps to illustrate how
to compute the corrections for states charged not under A°, but a different vector field. Since
only states charged with respect to A! contribute, we only need to consider hyperinos from
charged hypers and gauginos from the W-bosons of Gy5. We thus have that

= T | SHR T s - T o)

n=-—00 wWER acd(G
= Z H(R) > (2L + 1)q} sign(w) — Z (2l 4 1)¢¢ sign(a) , (7.3.9)
weR ac®(G)

where we have again inserted the explicit expressions for the mass of the hyperinos and
gauginos and used Equation E.3.4 to evaluate the infinite sum.
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7.3.2 Summary of all Loop-Corrected Chern-Simons Terms

Having illustrated explicitly how to compute the loop corrections, we spare the reader the
detailed computations for the remaining Chern-Simons coefficients and instead give a compre-
hensive summary of all coefficients. We find that the loop-corrected Chern-Simons coefficients
for the AA F A F term are

kooofuo(H V—T-3) [Z 12 (ly+1)° ZH )Zzg,(zwﬂ)?]

acd®(G) weER
(7.3.10a)
1
hoor = ¢ { > lalla + 1)(2a + 1)gf sign(a) (7.3.10Db)
ac®(Q)
— Z H(R) > hy(lw + 1)(2hw + 1)gF sign(w)]
wER
1
koom = ~5 ZH Z L (lw + 1) (20 + 1) g, sign(w) (7.3.10¢)
R wER
1 W W
kors = 12[ Z (1+6la(la+1))a7q] — ZH Z 1+6ly(lw + 1)) a7 q7
aed(G) weER
(7.3.10d)
korm = — ZH ) D (146l (ly + 1)) ¢F gm (7.3.10¢)
wER
= _5 ZH(R) Z lw(lw + 1)Q?Qm
R wER
1
Komn =~ 75 H(R) > (1 + 6l (lw + 1)) gman (7.3.10f)
wER
1 W oW ow
bk = [ Z (2lo + 1)qf g5 q% sign(a ZH ) D (2 + 1)qr ¢ qi sign(w)
ac®(G) weR
(7.3.10g)
krym =—3 Z H(R) Y (2L +1)q1 ¢} gm sign(w) (7.3.10h)
wER
kimn = —2 Z H Z w+ 1)Q?Qm¢]n Sign(w) (7'3'101)
wER
Kmnk = —5 ZH ) D (2 + 1)gmGnae sign(w) . (7.3.10j)
wER

To arrive at the second line of Equation 7.3.10e we used that the weights of any given repre-
sentation all sum up to zero, as we show in Appendix D.

For the higher curvature terms, we determine the loop corrected expressions for kj to be
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ko = é(H —V 45T +15) — [ > (ot Dla— > HR) Y (ln+ 1)lw] (7.3.11a)

acd®(G) R weR
kr=>Y H(R)> (2w+1)qsign(w) — > (2 +1)qf sign(a) (7.3.11b)
R weR ae®(G)
km =Y H(R) Y (2l + 1)gm sign(w). (7.3.11c)
R wWER

7.3.3 Simplified Loop-Corrected Chern-Simons Terms

As is obvious from looking at these results, there is a case for which most of the above
expressions simplify considerably, namely when

lo=1ly=0 Vo,w. (7.3.12)

From the definition in Equation 7.3.3, one sees that this happens if and only if

mcB < MKK » (7.3.13)

that is, if there is a hierarchy between the Kaluza-Klein mass and the Coulomb branch mass
for all fields. Put differently, there are additional contributions from states whose lightest
Kaluza-Klein mode is not the zero mode. In this case, the contributions of the Kaluza-
Klein levels n and —n do not cancel (nor can they be resummed neatly without incurring
a shift) and there are additional contributions. In all the examples we have encountered so
far, the presence of a holomorphic zero section was a sufficient condition to guarantee that
Equation 7.3.12 is satisfied. However, as we learned in Part II, it is completely natural to
consider non-holomorphic zero sections and we will see in chapter 9 that in such models the
full expressions of Equation 7.3.10 and Equation 7.3.11 must be used in order to be able to
match the circle-reduced theory to the M-theory reduction. Let us emphasize that models
with non-holomorphic zero section illustrate that in the F-theory limit the exceptional blow-
up divisors cannot be shrunk independently from the elliptic fiber. Instead, they must be
taken to zero volume simultaneously, for their volumes satisfy inequalities among each other.

For completeness, we list again the loop-corrected Chern-Simons terms, but this time
assuming that the mass hierarchy of Equation 7.3.13 between Coulomb branch mass and
Kaluza-Klein scale is obeyed. Leaving out the Chern-Simons coefficients that are not cor-
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rected, one finds

1
=—(H-V-T— .3.14
Kooo 120( 4 3) (7.3.14a)
korg = [ Z q7q95 — ZH R) Z q?’qﬂ (7.3.14b)
a€®(G) wER
C
_ IJ ( adj — ZH )
kﬂmn = _E H(R) Z dmdn (7314C)
wER
krik = B [ Z a7 97 9% sign(a) Z Z q7 95 gy sign(w) (7.3.14d)
ae®(Q) weR
1 W W -
krm = =5 H(R) Y amal'q} sign(w) (7.3.14e)
R wER
1 w .
Krmn = =5 ZH(R) > a1 gmgn sign(w) (7.3.14f)
wER
kpnk = — ZH R) > mangr sign(w) , (7.3.14g)
wER

where we used in Equatlon 7.3.14b a set of group theory identities that we prove in Ap-
pendix D.

Obtained in exactly the same fashion, the Chern-Simons coefficients for the A AR AR
term read

1

ko= S(H =V + 57 +15) (7.3.152)

kr = ZH Z qr sign(w Z qf sign(a (7.3.15Db)
R weR acd®(G

km =Y H(R) > gmsign(w). (7.3.15¢)
R weER

To conclude this section, we again stress that the loop-corrected Chern-Simons terms
depend explicitly on the matter content of the low-energy effective F-theory action. However,
on the M-theory side the Chern-Simons coefficients are specified in terms of the topology of
the elliptically fibered Calabi-Yau variety, as can be seen from Equation 6.2.7. If one were
able to solve the equations in (7.2.1) and (7.2.2) explicitly for the multiplicities H(R), one
could find closed expressions for the F-theory spectrum in terms of the intersection data of
the compactification manifold. Unfortunately, the sign(m) functions (whose values depend
on the choice of triangulation of the fan of the ambient space variety), prevent us from doing
that. Nevertheless, it is possible to compute the spectra using the matching conditions for
all concrete examples studied so far. In section 9.1 we will discuss in detail how to determine
these spectra explicitly.
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7.4 Six-Dimensional Anomalies and their Cancelation

Anomalies in quantum field theory describe the breakdown of a classical symmetry of the
Lagrangian under quantization. Even if the classical action is invariant under some symmetry,
the path integral measure need not be. In those cases where it is not, the quantum effective
action does not exhibit the classical symmetry anymore. For gauge symmetries, this spells
a disaster, because certain current conservation laws are violated at the quantum level. For
2n-dimensional theories a useful method of capturing anomalies in a gauge invariant way
proceeds via the anomaly polynomial, a formal polynomial of degree n 4+ 1 in the curvature
two-forms, where two auxiliary dimensions are introduced. These polynomials were worked
out in [203].

In our conventions, the six-dimensional N' = (1,0) anomaly polynomial is given by [203]

. 1 R B 1 .
Iy = = oo (H =V 4 20T — 273)[tr R* + Z(tm?)?] -5~ T)(tr R?)?
1 . R R N
~3 tr R [traq; F° — Z H(R)trg F? — Z H(qm, @n)qman F F")
R m,n,qm,qn
9 . . A
+ g ltrag I =) H(R) trr F] - 2 > HR,qm)gm(trg ) F™
R R,m,qm
—4 Z H(R, Qm>Qn>Qan(trR FZ)Fan (7.4.1)
R,m,n,qm,qn
2 [m ik 1ol
3 > H(qm, @ns Q> @) dm@n@e@ B F"FEF

m,n,k,lLqm ,qn,qk,q

As already mentioned in chapter 6, under suitable conditions these anomalies may be canceled
by a generalized Green-Schwarz mechanism induced by non-trivial transformations of the
tensors. In fact, this is possible if the anomaly polynomial factorizes as

. 1
Is = —§Qaﬁxgxf, (7.4.2)

as can be seen by applying the descent equations to Equation 6.3.10. This factorization
condition gives the anomaly constraints [7, 195].

In this section, we study the remarkable connection? between anomaly cancelation in the
six-dimensional theory and the coefficients of the Chern-Simons terms in the five-dimensional
theory obtained by reducing the former theory on a circle. Using the loop-corrected Chern-
Simons terms of section 7.3 and comparing them to the expressions of the M-theory reduction,
we deduce a set of matching equations. If every F-theory background gave rise to an anomaly-
free theory in six dimensions, then the anomaly conditions in six dimensions would have to
be implied by the matching equations in one dimension lower. Here we prove that under the

2See also the recent paper [112] for a beautiful application of this link.
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Figure 7.2: The box diagram encoding the purely gravitational anomaly.

assumption of a holomorphic zero section and the condition that all matter states satisfy
mep < MKK (7.4.3)

the gravitational and the mized anomalies are automatically canceled.

While we cannot show in full generality that every F-theory background is anomaly-free,
we have not found any counter-examples, and in fact, we believe that it should always be true.
Indeed, we show in chapter 9 that for explicit examples with non-holomorphic zero sections all
anomalies are canceled as well. A more exhaustive proof of automatic anomaly cancelation
in F-theory is given in the recent work of [115] and a previous study of four-dimensional
anomalies was carried out in [113]. We further note that six-dimensional anomalies in F-
theory were also studied in [54, 186, 188].

The structure of this section is as follows: We study gravitational anomalies in subsec-
tion 7.4.1, mixed anomalies in subsection 7.4.2 and pure gauge anomalies in subsection 7.4.3.
Each of these three subsections is structured in a similar fashion. First we present the relevant
six-dimensional anomaly conditions, then we relate the respective box-diagram capturing the
anomaly to a triangle diagram in five dimensions and recall the corresponding Chern-Simons
coefficient. Finally, we attempt to deduce the anomaly conditions from the matching equa-
tions of that particular Chern-Simons term.

7.4.1 Gravitational Anomalies

The purely gravitational anomaly conditions are given by

1
4(12-1T) :E(H —V +5T +15) (7.4.4a)
1 1
Za%aPQ. 5 = H-V-T-— 4.4
1070 Qap 120( 14 3) (7.4.4b)

and they are captured by the one-loop box diagram whose vertices are all gravitons. To con-



7.4. SIX-DIMENSIONAL ANOMALIES AND THEIR CANCELATION 163

Figure 7.3: The two triangle diagrams inducing kggp and kg, respectively.

nect the gravitational anomalies to Chern-Simons terms in five dimensions, one can perform a
heuristic dimensional reduction of the box diagram as described in [186]. In order to compact-
ify the box graph on a circle, we replace one of the external six-dimensional gravitons by the
S'-component of the metric (r?) and treat it as a background field. After reducing the other
six-dimensional gravitons to Kaluza-Klein vectors A", one obtains the first triangle diagram
of figure 7.3. If one instead reduces two of the six-dimensional gravitons to five-dimensional
gravitons, one ends up with the second triangle diagram displayed in the figure.

Crucially, these two diagrams are just the ones whose evaluation yields the loop correc-
tions to the Chern-Simons coefficients kggg and kg. Keeping our intention to show automatic
anomaly cancelation in F-theory in mind, we thus recall the expressions worked out in sec-
tion 7.3. Under the assumption that Equation 7.4.3 is satisfied, they read

1

k:ooo == 120 (H -V -T- 3) (7.4.53)
1
ko = o(H =V +5T +15). (7.4.5Db)

The matching equations for the Chern-Simons terms are obtained by demanding that these
Chern-Simons coefficients equal the topological quantities

kooo = Do - Do - Do, ko = / ca(Y). (7.4.6)
Do

If Dy is obtained by shifting a holomorphic zero section, then we can explicitly evaluate the
intersection numbers to find

1 1

KYKPn,g = H-V-T- A.

1 Mg = 755 (H =V 3) (7.4.7a)
1

4(13 - rH(B)) = 6(H —V +5T +15), (7.4.7b)

where we used Equation 6.1.15¢ and Equation 6.2.18. After using that 7 = h1(B) — 1 as
noted in Equation 7.1.5, Equation 7.4.7b reduces to the anomaly condition (7.4.4a). Similarly,
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after inserting Equation 7.1.2 and Equation 7.1.3, we find that Equation 7.4.7a implies that
the anomaly condition (7.4.4b) is always canceled.

To actually show that the gravitational anomaly is canceled for a given geometry, one has
to express V, H and T in terms of geometric data of the underlying elliptic fibration. While
we already know how to do this for T', we have not yet discussed H and V. The number of
neutral hypermultiplets can be inferred from the reduction of the M-theory three-form. In
section 7.1 we found it to be

Hneutral _ hQ’I(Y) +1. (748)

Computing the number of charged hypermultiplets is more involved, since they arise on the M-
theory side by wrapping M2 branes on rational curves in the fiber. These may be determined
from the topology and intersection numbers of the seven-branes specified by the discriminant
of the elliptic fibration. While we are able to determine them for each explicit example of
chapter 9, a general formula has yet to be found. In contrast, the number of vectors, at least
for the ADE groups, is given generally in terms of the dual Coxeter number cg,_, and the
rank of Gy supplemented by the number of Abelian gauge factors as

V =dim(G) = (cg,, + 1) rank(Gna) + nyq) - (7.4.9)

Using the topological identity K“Kﬁnaﬁ = 10 — hbY(B) one finds that the gravitational
anomaly (7.4.4b) is canceled automatically in F-theory provided that can also find a relation
of the type H — V = 302 — 29h!(B). Relating H and V to topological data, one might
use index theorems and an explicit expression for the Euler number of Y to prove such an
identity (see e.g. [126]).

7.4.2 Mixed Anomalies

The mixed anomalies can be summarized as

1 1
~Cr7a%V? Qs = — Agsi — Y H(R)A 4.1
2(31,]& b7 Qg 12CIJ>\(9)< adj ; (R)Ar (7.4.10a)
1, 1
5@ bfmﬁa[; =13 H(Gm, qn)qman - (7.4.10b)
dm,qn

As before, we have arranged the anomaly conditions in a form that we will reproduce us-
ing the matching equations of the M-/F-theory duality. The two box graphs encoding the
gravitational-non-Abelian anomaly and the gravitational-Abelian anomaly, respectively, are
displayed in figure 7.4.

Performing the same heuristic “dimensional reduction” of the two box diagrams, one
obtains different kinds of triangle diagrams. In figure 7.5 we show the two diagrams that are
obtained by replacing one of the gravitons with the background field value (r2), reducing the
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Figure 7.4: The box diagram encoding the gravitational-non-Abelian and the gravitational-

Abelian anomaly.
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Figure 7.5: The two triangle diagrams inducing kgr; and kgm,y, respectively.

other graviton to the graviphoton and the six-dimensional vectors to their five-dimensional
counterparts. They are the diagrams involved in computing the two Chern-Simons coeflicients

1
kors = ECIJ)\(G) (Aadj — ;H(R)AR> (7.4.11a)
1
komn = 12 qzq H (Gm; n)qmn (7.4.11b)

where we again assumed that mop < mgx for all states and recalled Equation 7.3.14. As
before, the matching equations read Do - D;- D ; = k;; and in the presence of a holomorphic
zero section, we can use Equation 6.1.15a and Equation 6.1.11b to find

1 P N S o

201 JK*(S®- D) p = 12@ A (g) <Aadj ;H(R)AR> (7.4.12a)
1 1

—§7T(Dm - Dp)aK* = T H(qm, qn)qman, - (7.4.12b)

qm,Qqn
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Using the classical matchings a® = K%, b% = $%® 6% = —m(Dy, - D)%, and Qup = 1as,
these are precisely the mixed anomaly conditions.

The two box diagrams of figure 7.4 give rise to two more diagrams if one instead replaces
one of the vector fields A£ by a background field (Cf ). These diagrams are the ones that
are used to compute the Chern-Simons coefficients k; and k,,, but their matching does not
appear to be necessary to show anomaly cancelation.

7.4.3 Pure Gauge Anomalies

At last, the cancelation conditions for pure gauge anomalies read

0= Bagj— » H(R)Br (7.4.13a)
R
b b8 1
————Qug == H(R)CRr — Cagi 7.4.13b
o) M@ 3 (% ) ) (T4130)
0= Y HR)¢mEr (7.4.13c)
R,qm
ba
—— b2 Qup = Z HR, ¢m;, ) dmanAr (7.4.13d)
)\(g) R.,qm,qn
(bﬁmbfl b0+ b%lb§k> Qap = Z H (G, Gns Q> @) Gmdnqrq - (7.4.13e)
gm,qn,qk,q1

The constants Ar, Br, Cr, and Er are defined as proportionality factors between traces in
different representations as in

tI‘RFQ = ARtrﬁ’Q
trp ['3 = Eg tr F? (7.4.14)
trr F* = BRtrF4+CR(trF2)2.

Note that the anomaly cancelation conditions (7.4.13), too, are mapped to non-trivial iden-
tities among five-dimensional Chern-Simons terms by dimensional reduction of box diagrams
whose four legs are given by six-dimensional vector fields. However, unlike for the gravita-
tional and the mixed gravitational-gauge anomaly cancelation conditions, we are not able
to show in full generality that these are automatically satisfied for a given compactification
geometry and we thus refrain from showing the Feynman diagrams. Nevertheless, we can
determine the six-dimensional spectrum using the five-dimensional Chern-Simons terms for
various examples in chapter 9, and check that anomaly cancelation is satisfied on a case by
case basis.



Chapter 8

F-Theory on Manifolds without
Section

Historically, the F-theory literature has almost exclusively focused on studying F-theory com-
pactifications on manifolds whose torus fibration has a section. While such a restriction may
simplify computations, there exists no physical reason to disregard genus-one fibrations with-
out section and recently there has been a flurry of papers [144, 152-155, 159, 177, 178, 204]
exploring these new scenarios. In this chapter, we present the low-energy effective description
of F-theory on a Calabi-Yau manifold without section essentially as it was first understood
in [153].

The starting point of such an analysis is an observation made by Witten in [205]: In the
absence of a section, the metric on the Calabi-Yau manifold cannot be made block-diagonal
with respect to the base and the fiber. Nevertheless reducing M-theory on the manifold leads
to the presence of at least one shift-gauged axion in the reduced theory, as we recall again in
section 8.1.

Applying T-duality to this set-up, the off-diagonal metric components are mapped to
three-form fluxes along the T-dual cycle. These fluxes can in turn be reinterpreted as circle
fluxes for an axion. In section 8.2 we thus extend the discussion of section 6.3 to a fluxed circle
reduction. Of equal importance is the inclusion of an additional Abelian vector field in the
ansatz for the six-dimensional F-theory effective action. The presence of such an additional
U(1) can be motivated by studying the geometry of the manifold without section. Restricting
for simplicity to a fibration with a two-section, there should be a geometrical limit in which
the two-section “disentangles” and splits into two proper sections, as we saw in section 3.9.
Physically, this limit should correspond to tuning the mass parameter of a vector field to
zero. We implement the mass of the vector field by giving a charge to the axion that has a
flux background in the circle reduction. Then the Abelian vector field obtains a Stiickelberg
mass after absorbing the axion. In this manner, we thus link the flux background in the circle
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F-theory on Y Stiickelberg mechanism F-theory on Y

6d theory with massless U(1) non-linear Higgsing 6d theory with massive U(1)

compactify on
St with flux

F-theory on ) x St

compactify on S*

F-theory on Y x S! Higgsing
5d theory with 2 massless U(1)s

> 5d theory with 1 massless U(1)
and 1 massive U(1)

integrate out integrate out
massive states massive states

M-theory on )
M-theory on Y Conifold transition

5d theory with 2 massless U(1)s 5d theory with 1 ‘massless u)
and 1 massive U(1)

Figure 8.1: Overview of our discussion. The object of interest is in the top-right corner,
corresponding to the six-dimensional theories coming from F-theory on a space
without section ). In the examples we will discuss explicitly these compact-
ifications are closely related (by making some fields massive) to F-theory on
spaces with section Y, giving the six-dimensional theories in the top-left corner.
Compactification of these theories on S! gives two five-dimensional theories, in
the middle row, which can also be obtained by M-theory on the corresponding
Calabi-Yau threefolds (shown in the bottom row). The five-dimensional theories
are related by Higgsing, or equivalently, by conifold transitions in M-theory.

reduction to the vector field mass and expect the former to disappear if the latter does, too.
Finally, in section 8.3 we summarize in detail the resulting effective F-theory action.

In figure 8.1 we give an overview of the different theories involved in this discussion.
Let us point out that whenever we discuss F-theory compactifications on genus-one fibered
Calabi-Yau manifolds without section, we from now on do not denote the manifolds by Y
anymore. In order to distinguish between the space without section and the space obtained
by taking the limit of disentangling the multisection, we denote the former by ) and the
latter by Y. Both are perfectly smooth spaces, but as we will see in section 9.3, they can
be related by a conifold transition passing through a singular point in moduli space. We
also restrict all of the following discussion to models with a two-section in order to be as
explicit as possible. Nevertheless, we expect the essential points of our discussion to carry
over to multisections of higher degree and remind the reader that we have already studied
their geometries in section 3.9 and in the example in subsection 5.3.3.
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8.1 M-Theory on a Calabi-Yau Manifold without Section

To begin the M-theory reduction, we must consider the differences in the Calabi-Yau metric
depending on whether the genus-one fibered space has, or does not have, a section. Let us
denote by u® the local (complex) coordinates on the base B of ) and by (x, %) local coordinates
on the torus fiber. In the case that the fibration admits a section, it is possible to describe the
base B as a complex (algebraic) hypersurface within ) given locally by a defining equation,
f(z,y,u) = 0. This realization of B as a hypersurface (in fact sub-manifold) of ) makes it
possible to use geodesics to define coordinates normal to B within ) consistently for each
coordinate patch in B, and as a result the three-fold metric takes a complex, Kéhler version
of Gaussian normal form [206, 207]. That is, the metric can be made block-diagonal with
respect to the fiber/base with g;5 = g6 = 0 for I = 1,...4 denoting base directions and 5, 6
fiber directions.

By contrast, it was noted in [205] that in the case that ) has multisections only, the base
is no longer a submanifold of ) and no such hypersurface description exists. As a result, there
must exist some coordinate patch in B for which the diagonalization described above fails and
grs and/or grg # 0. Let us consider such a patch and over it, take a semi-flat approximation
to the Calabi-Yau metric [33, 208, 209]. Away from any singular fibers the metric takes the

local form 0

ds*(Y) = gir du'did + ——| X — 7Y 2 8.1.1
2(V) = gydutdid + | X 7Y, (8.1.1)

where at each point of B one parametrizes the complex structure of the torus fiber by 7(u)
and 1° is the overall area of the T? fiber, which is constant over the base. The presence of
off-diagonal (fiber /base) metric components is parametrized here by vectors (X,Y) on B in

X=dr+X, Y =dy+Y, K=X-1Y, (8.1.2)

where we have introduced a complex vector K on B in order to re-write the metric in complex
coordinates. Defining z = x — 7y, Equation 8.1.1 takes the form

0

2 o gig=g Y _ 2
ds“(Y) = gi;du'di’ + ImT’dZ o + K| (8.1.3)
and we locally define on ) the two-form
1 Imzd Imzdr -
wo=——(dz — ==L L KYAN(dE - =L LK) =2Y AX. (8.1.4)
Im7 Im7 Im7

In terms of wy the globally defined two-form on Y is given by J = Jpase + v0wpg. If K is
a (1,0)-form then J is of type (1,1) and we find compatibility of Equation 8.1.1 with the
complex structure [210]. Using that 7 is holomorphic in the base coordinates it follows that
d(K/Im7) and d(K /ImT) are both (1,1)-forms. Together with the fact that

(K-K) - i(TK —7K) &

-y, —~— _——/-X, (8.1.5)

2ImT 2ImT
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we obtain finally that (dX) and (dY) are (1,1)-forms. In the following we will consider the
case that

(dX) = —ni, (dY) =0, (8.1.6)
where @ is an appropriately normalized (1,1)-form on B. The ansatz (8.1.6) implies the
presence of exactly one gauged axion ¢ and has to be generalized accordingly for more involved
situations. In this simplest setup, however, <d}7) has to vanish for the consistency of the
effective theory.

Let us now consider M-theory on the space (8.1.1) and perform the M-theory to F-theory
limit. The eleven-dimensional metric and M-theory three-form are expanded as

1
ds?, = ds? + ds* (), C§4:B§4AX+C§4/\Y+§AO/\LUO+..., (8.1.7)

where the dots indicate the expansion into further harmonic (1, 1)-forms of ) irrelevant to
the present discussion. We also expand Bé\/[ = bw and Cy = cw and compute

1
dCéw:db/\X/\JJ—nbd}2+(dc+nA0)/\Y/\LD+§FOAw0+..., (8.1.8)

where we have used dwg = 2nY A &. We note that the non-trivial background (dX) implies
that the axion c is gauged by the vector A°. Following the M-theory to F-theory duality,
which we discuss next, one finds that with the expansion (8.1.7) the vector A° maps precisely
to the Kaluza-Klein vector of the reduction from six to five dimensions.

Due to the presence of non-trivial X , Y in Equation 8.1.1 the standard M-theory to F-
theory limit is modified (see [17] for a review). To fix an SL(2,Z) frame, let us pick an A-cycle
and a B-cycle of the genus-one fiber with local coordinates x and y, respectively. In order
to perform the duality we first go from M-theory to Type IIA by splitting the metric with
respect to the A-cycle according to

ds?, = €4¢IIA/3(d$ + C{IA)Z + €—2¢’11A/3d8%IA ] (8.1.9)

Comparing with Equation 8.1.1 one finds the Type ITA R-R one-form C]'™ and metric ds%I A
to be

CMA = Re 7dy 4+ Re K (8.1.10)
ds2 . — ”°<”O(Im dy +Im K)? + g;7d Z‘d—i) (8.1.11)
A=\ Im7 \Im~ T Jig G o

with e*éna/s — -+ Using the T-duality rules along the B-cycle one encounters non-trivial
NS-NS and R-R two-forms

ClB—cM L XAndy, BIB=BMi+VAdy. (8.1.12)

In order to make contact with the M-theory reduction on an elliptically fibered manifold,
we only need to set X =Y = 0 and replace wy by twice the wy defined as the Poincaré-dual of
Equation 6.1.4. Apart from the presence of the flux and the axion ¢, the remaining M-theory
reduction proceeds as in section 6.2.
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8.2 Fluxed Circle Reduction

Having performed the M-theory reduction in the previous section, we can now modify the
ansatz for the six-dimensional theory that we made in section 6.3. The presence of non-
trivial C3!B and BI® in Equation 8.1.12 implies that the F-theory reduction should include
three-form fluxes

Fy = (dCYB) = —no A dy. (8.2.1)

Notably, this flux has one leg around the circle used to compactify six to five dimensions
and therefore it can be reinterpreted as a flux background for the axion ¢ whose presence we
motivated in the previous section. That is, we compactify the six-dimensional theory on a
fluzed circle by requiring that

/ (de) =mn. (8.2.2)
Sl

Furthermore, as reasoned in the introduction of this chapter, there should be an additional
six-dimensional massive vector field A! under which the axion ¢ must be charged. Let us
denote this charge by m. Using the standard ansatz of Equation E.2.1 for the background
metric this implies implies that the kinetic term of the axion c¢ reduces as

Lo = Gee|De* = Geo|De)? (8.2.3)

where G is the metric for the field ¢. In other words, the six-dimensional invariant derivative
of the axion c is replaced by

De = de +mA' +nA°, (8.2.4)

where A is the Kaluza-Klein vector of the circle reduction and A is the vector field obtained
by reducing A'. We stress that this modification only appears in the five-dimensional effec-
tive theory and mixes the reduced U(1) vector A with the Kaluza-Klein vector A°. After
absorbing the axion ¢ via a Stiickelberg mechanism, the mass term in the five-dimensional
theory reads

Linass = Gee|mA +nA°? (8.2.5)

To evaluate the effective theory for the massless degrees of freedom only, we therefore first
have to choose an appropriate basis of one massless vector field A® and one massive vector
field AL. Starting with the two gauge fields A and A', the most general transformation to a
new basis of gauge fields A% and A! can be expressed as

. 1 o A b —a
A= —— N A N = . 8.2.6
az+p2 J (a b> ( )

Note that the orthogonality of the columns of N ij guarantees that the kinetic terms of Al
remain diagonal under the transformation if they are already diagonal before. In the following
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we would like to identify A! with the massive U(1) with mass term (8.2.5). This implies that
a and b in Equation 8.2.6 are identified to be

a=n, b=m. (8.2.7)

We also need to transform the charges ¢ under the A? of a state w. The transformation
(8.2.6) introduces new charges ¢; as

Gi =q; (NT);. (8.2.8)

To compare the fluxed circle reduction to the M-theory reduction on ), we thus rotate into
the new basis A’ and then drop the couplings of the massive gauge field A'. As in section 7.3
we have to consistently integrate out all massive modes before we are able to perform the
matching. In order to check that the reduction of the proposed six-dimensional F-theory
action indeed matches the M-theory reduction, we will compare the five-dimensional Chern-
Simons terms in the following section. First, however, we conclude this section by noting that
the constant couplings k,,,, and ky, transform under the basis change (8.2.6) as

l;mnk = kabc (NT)am (NT)bn (NT)Ck ) lz:mnoa = kaba (NT)am (NT)bn y (829)
]%maﬁ = kaaﬁ (NT)am ’ I;’m =k, (NT)am

with l%oégﬂY = kagy = 0 and INca = k. as above and similarly if one replaces a by a non-Abelian
index I.!

Using these expressions together with Equation 8.2.6 and Equation 8.2.7, we find the non-
vanishing classical Chern-Simons terms for the massless five-dimensional gauge fields (A°, A%)
to be

kooa = —n* Qagbt; , koap = MmQag, (8.2.10)
ko = Qupa®. (8.2.11)

Let us stress that 1;?0004 is non-zero for models without section and depends on the classical
coupling of the extra U(1). Crucially, this not the case for any of the models with sections
considered in the literature so far. In chapter 9 we show explicitly that for genus-one fibered
Calabi-Yau manifolds without section, the intersection number Dg - Dy - D,, that this Chern-
Simons coefficient is mapped to is indeed non-zero.

The Chern-Simons terms induced by integrating out the massive states at one loop level
are obtained from (8.2.9) using Equation 7.3.10. For the triple coupling one finds for the

'Regrettably, we continue to denote here by m, n and k indices of Abelian gauge fields according to the
convention introduced in section 6.1. They are not be confused with the charges m and n of the axion ¢ under
the five-dimensional vector fields A' and A°.
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massless gauge field A0 that

/;3000 = k000m3 — 3k001nm2 + 3k011n2m — k111n3 (8.2.12)
m
120
1 372 2
+ I HR) Y (—m 12 (ly + 1)
R WER 4 onm2 VI (I + 1)(2ly + 1) sign(w)
—n®m(gl¥)? (1 + 6lw(lw + 1))

+2n%ﬁw%mw+n)mguw». (8.2.13)

(H-V —T-3)

Furthermore, one finds the one-loop contribution to kg to be

]%0 = kom — kln

:%QH—V+MW4@
+Y HR) Y (mlw(lw 1) — ngl (2w + 1) sign(w)) . (8.2.14)
R wER

8.3 The Effective Action

Having performed the M-theory reduction on a genus-one fibration without section and
matched it to a fluxed circle reduction of a six-dimensional supergravity theory with an
additional axion and an Abelian vector field Al, we are finally in a position to summarize the
low-energy effective F-theory action of this class of models.

Much of the data is the same as in section 7.1, including the condition that kpgy must
equal the intersection number Dy - Dg - Dy, and the number of neutral hypermultiplets and
tensors. The crucial addition is the presence of the massive vector field A?! that we describe
(using the Stiickelberg mechanism) in terms of a massless Abelian vector field and an axion
c that is non-linearly charged under it.

As for the models with section, we do not have a closed formula to determine the number
of charged hypermultiplets. Instead, they must be determined by making an ansatz for a
spectrum such that the matching equations for the Chern-Simons terms are satisfied. There
is, however, a relation between the charged matter spectra of the theory with a massive
U(1) and the theory in which the U(1) is massless. For simplicity, let us concentrate on the
case without a non-Abelian gauge group and denote by Hyy(;) the number of hypermultiplets
charged under the massless U(1) vector field. In the transition to the multisection model,
i.e. the one in which A! is massive, one of the hypermultiplets disappears and instead there
is now an axion c that is charged non-linearly under Al. To see how this works explicitly,
let us denote the scalars in the Hyy(;) — 1 linearly charged matter hypermultiplets by 2°. In
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summary one then has?
De=de+mA®, Dh® = dh® + ¢° A'h° (8.3.1)

where ¢° is the charge of the state h®.

After gauge fixing the U (1) gauge symmetry, the kinetic term \f)c|2 of the axion ¢ becomes
a mass term for 1211, which is proportional to m?. Hence, the U(1) can become massive by
“eating” the axion c. In F-theory the shift gauging (8.3.1) can arise from a geometric Stiick-
elberg mechanism [62]. More precisely, if the seven-brane action induces a six-dimensional
coupling

Sgy = / meg A ET, (8.3.2)
M5

then the four-form ¢4 can be dualized into the axion ¢ to obtain the gauging (8.3.1).

For D7-branes at weak coupling the effective coupling (8.3.2) arises indeed from a non-
trivial Chern-Simons coupling f M Cs N\ F, where Cg is the R-R six-form of Type IIB string
theory, and Mg = M>! x CP7 is the eight-dimensional subspace wrapped by the D7-brane
and its orientifold image [211]. Comparing Equation 8.3.2 with these Chern-Simons terms one
finds meyq = ch7 Cg, which determines m as an intersection number at weak string coupling.
Since the axion c¢ is the dual of ¢4 in six dimensions, it arises in the expansion of the R-R
two-form Cy as

Co=ci, (8.3.3)

where @ is a (1, 1)-form on the Type IIB covering space that is negative under the orientifold
involution and should be identified with the form in Equation 8.1.6. Since there is no flux
involved in this mechanism, it was termed geometric Stiickelberg mechanism in [62].

In fact, we can determine m from a purely geometric argument. Let us consider the fiber
geometry of a two-section for a moment. By definition, a two-section cuts out two different
points over a generic point in the base manifold. Let us call these points P and Q. Locally,
the two-section is therefore indistinguishable from the sum of two separate sections cutting
out P and @, respectively. In a given patch, one could try to define divisors V(P) and V(Q)
and follow the usual procedure of applying the Shioda map [165, 166] to obtain a suitable set
of massless gauge fields. Choosing V(P) as the zero section, one would thus obtain the two
“local divisors”

Do=V(P), Di=A(V(Q)-V(P)) (8.3.4)

up to some irrelevant vertical parts, where X is an arbitrary normalization constant. However,
since we have a two-section, globally the two points P and ) undergo monodromies and the

2Since the scalars ¢ and h® remain scalars without redefinition when compactifying the theory to five
dimensions, we have slightly abused notation and not put a hat on them to distinguish them from their
five-dimensional counterparts.
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only well-defined quantity is the divisor V(P) + V(Q). Consequently, as the massless U(1)
gauge field corresponds to the two-section, its associated divisor must satisfy

Do ~ 2ADy + Dy, (8.3.5)

where the proportionality constant is just another normalization factor that we can choose
arbitrarily. Comparing Equation 8.3.5 to the expression for A in Equation 8.2.6, one hence
finds

m =2\, n=-—1. (8.3.6)

This geometric argument therefore implies that both the flux present in the circle reduction
and the charge m of the axion under A' are in fact fixed uniquely up to physically irrelevant
rescalings of the massless U(1) gauge field.

For completeness, let us consider the effective theory at an energy scale below the mass
of the U(1). In order to obtain this theory we have to integrate out the massive vector mul-
tiplet containing A, which was obtained by a massless vector multiplet “eating” a massless
hypermultiplet. In other words one finds

V - V-1, H — H-1, (8.3.7)

consistent with the cancelation of the gravitational anomaly. Furthermore, all hypermultiplets
charged under the massive U(1) are neutral in the effective theory and one has

Hcharged — 0, Hyeutral = Hpeutral + HU(l) - 1. (838)

While this theory is a valid effective theory at the massless level, it cannot be used in order
to perform the F-theory to M-theory duality.

In figure 8.2 we give a comprehensive summary of all the theories involved, including
those in five dimensions, and give their matter spectra. While most of the discussion in
this chapter has been abstract and focused on the six-dimensional theories, we will use the
examples in section 9.3 to discuss the actual transitions from a massless U(1) to a massive
one in more detail.
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Chapter 9

Explicit Six-Dimensional F-Theory
Models

Having derived the low-energy effective actions of six-dimensional F-theory models both with
and without section in the preceding chapters, one might be tempted to argue that the discus-
sion is complete — after all, the couplings and matter fields that we have been able to match
are now determined in terms of general topological quantities of the compactification mani-
fold. In practice, however, much is learned by nevertheless evaluating the general expressions
for examples that one can explicit construct. Not only do these examples serve as a valuable
additional check of the abstract calculations, but they also provide inspiration to reconsider
and possibly weaken the assumptions that we make when deriving the effective actions. In
the context of F-theory reductions, this led to studying models with non-holomorphic sections
or genus-one fibrations without section, both of which had originally been neglected.

Constructing non-trivial F-theory backgrounds with the features one desires is another
challenge in itself. While the low-energy effective action by itself a priori seems to impose
few restrictions on the spectrum apart from anomaly freedom, there may well exist much
stronger constraints from the geometry. One prominent such example is the rank of the
Abelian gauge group. While one would hardly expect there to be stringent bounds from
a purely field-theoretic argument, obtaining F-theory models with high Abelian rank is of
considerable difficulty. No general bound has so far been proven, but it seems conceivable
that one may exist, as the highest Abelian rank that has so far been explicitly constructed is
only four.

In this chapter, we employ the toolkit developed in Part II of this thesis to construct
genus-one fibered Calabi-Yau manifolds and use them as a test ground for the effective actions
obtained in chapter 7 and chapter 8. We begin in section 9.1 with a general discussion about
how to compute the matter spectrum using the loop-induced Chern-Simons terms derived in
section 7.3. Next, we study three different F-theory compactifications with multiple sections

177
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in section 9.2 before we finally provide a whole class of genus-one fibrations without section
in section 9.3 and study both the geometry and the physics of their transitions to elliptic
Calabi-Yau manifolds with multiple sections.

9.1 Determining the Charged Spectrum from Chern-Simons Terms

One of the crucial observations of chapter 7 was that the Chern-Simons terms in the circle-
reduced theory contain much information about both the charged and the non-charged spec-
trum of the theory, while they are given by intersection numbers determined purely in terms
of the topology of the Calabi-Yau compactification manifold on the M-theory side. This in-
sight was what allowed us to prove that under certain assumptions the gravitational and the
mixed anomaly conditions are automatically fulfilled for any F-theory model. We however
also noted that it was not possible to explicitly solve the matching equations obtained in
the M-/F-theory duality for the F-theory spectrum — partially because of the sign-functions
appearing in equations (7.3.10) and (7.3.11) that depend on the Mori cone of the compacti-
fication manifold.

Despite the lack of a closed expression for the F-theory matter spectrum, one can still
compute the matter multiplicities for given examples. To do so, one proceeds as follows:

e From the toric data of the compactification manifold Y one extracts the gauge group and
the matter split using the methods discussed in section 4.4. Restricting the intersection
numbers of the sections with the irreducible fiber components to a reasonable range of
integers then allows one to make an ansatz for representations present in the matter
spectrum. If the manifold is not toric, then one must determine this ansatz differently,
for example by analyzing all possible degenerations of the fiber geometry independently
of the base, such as in subsection 4.1.1.

e Keeping the multiplicities of the representations general, one next computes the induced
Chern-Simons terms. The additional geometric input needed for this calculations is the
sign-function for the weights of the matter representation as defined in Equation 7.3.5.
We explain in section C.2 how it can be obtained for a toric Calabi-Yau manifold.

e Finally, one derives equations for the matter multiplicities by demanding that the Chern-
Simons terms of the circle-reduced theory equal the intersection numbers of the Calabi-
Yau geometry.

If one obtains multiple solutions or no solution at all, then the ansatz has been incor-
rectly chosen. However, this has not happened for any of the examples we have studied
so far. Otherwise, we have obtained the matter spectrum of our F-theory model.
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9.2 F-Theory on Calabi-Yau Manifolds with Section

In this section we present three explicit examples of six-dimensional F-theory models obtained
from elliptically fibered Calabi-Yau manifolds with multiple sections.

We begin in subsection 9.2.1 with what might be considered the most involved example:
An F-theory model with gauge group SU(2) x U(1)? for which one of the sections is non-toric
and, depending on the triangulation of the ambient space, the zero section may further be
non-holomorphic. The remaining two F-theory models both have an SU(5) x U(1)? group.
While the first one has a holomorphic zero section, the ambient space of the second one admits
triangulations leading to a non-holomorphic zero section.

9.2.1 Example with Gauge Group SU(2) x U(1)

The example that we discuss here has both a phase with a holomorphic zero section and
a phase in which the zero section is non-holomorphic. Specifically, we take our Calabi-Yau
threefold to be embedded in the toric ambient space whose rays are listed in table 9.1. Since

Homogeneous coordinate z Divisor V(z) | Point n, € VAN
U1 H -1 -1 -1 -1
U 0O 0 0 1
€o -2 -1 1 0
€1 D1 -1 0 1 0
fo Fy -1 0 0
fi Fi 0 1 0 0
fo 1 0 0 0
f3 -1 -1 0 0

Table 9.1: The toric data of the ambient space X of the smooth Calabi-Yau threefold Y;
with Hodge numbers are h'1(Y;) = 4 and h*!(Y7) = 84. We give names to only
the divisors that we use as a homology basis.

the projection onto the last two lattice coordinates is a well-defined fan morphism, it induces
a toric morphism 7’ : X; — P? from the toric ambient space X7 to the base manifold B = P2.
The kernel of the fan morphism is a two-dimensional reflexive polytope and therefore an
anticanonical hypersurface will in fact cut out an elliptic curve inside the generic fiber of
7'. Hence, the anticanonical hypersurface inside X; indeed defines an elliptically fibered

Calabi-Yau threefold with its projection map given by = = 7’|y, .

Next of all, one can confirm that there exists a total of four fine star triangulations. To
see that these descend to only two inequivalent triangulations of the hypersurface, we examine
their Stanley-Reisner ideals. All four of them share the common elements

e1f3, f1f3, fof2, uruzer, eo fi f2, uruzep f2, uruzeo fi - (9.2.1)
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The additional elements depend on the choice of triangulation and the four possible combi-

e1.fo U1u2€0
{eoﬁ } ; {m } | 922

However, by writing down the equation p = 0 for a generic anticanonical hypersurface inside

nations are

this toric ambient space, one can confirm that

Dlfo=fs=0 ~ fre1fs and  pluy—usmeq—0 ~ fr€1f3 . (9.2.3)

In both cases the common elements of the Stanley-Reisner ideals make it impossible to find
solutions to p = 0 and hence there are no points on the Calabi-Yau threefold for which
fo= fs3=0o0ru; =us =ey=0. We therefore find that the second factor of Equation 9.2.2 is
irrelevant and there are only two inequivalent triangulations of the Calabi-Yau threefold — one
corresponding to including e; fo in the Stanley-Reisner ideal and the other corresponding to
choosing eq f; instead. Their respective fans are given in Equation C.4.2 and Equation C.4.3.

To proceed further, we define a basis of divisors. Since h'"'(B) = 1, there is precisely one
independent vertical divisor, namely

H=711:1:0]). (9.2.4)

There is only a single exceptional divisor D; and therefore the gauge group of the resulting
low-energy effective theory is SU(2).

In this example, the most interesting feature are the sections. From the Hodge numbers
of Y7 and the fact that the gauge group is SU(2), we see that the Mordell-Weil group must
have rank one. First, however, we concentrate on the zero section sy, which is realized as the
toric divisor Fy. In order to understand the impact of the two different triangulations, we
try to find an explicit form for the section by using the equation defining Y; inside the toric
ambient space Xj. Since fyfs is contained in both Stanley-Reisner ideals, we set fo = 0 and
fo =1 to find

p(fo=0,fo=1) = f3 (ardjd; + ashododr + ashidods + cahf + ashohy + agh?)

9.2.5
— Bdy f1, ( )

where a; and (3 are generic constants. We can now see the crucial difference between the two
inequivalent triangulations:

1. Let us first assume that e; fy is an element of the Stanley-Reisner ideal. In this case we
can safely scale e; to one. Furthermore, for generic 3, f3 = 0 would imply that f; =0,
too, which is excluded by Equation 9.2.1. Hence we can assume that f3 # 0 and scale
it to one as well. One thus obtains the explicit form for the section

So:up tug el Juptugieg:1:0: fi(ug,ug,ep) 1 1], (9.2.6)
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where

1
fl(ul, ug, eo) = E (qugd% + ashodod; + ashidody + Ot4h% + ashoht + Oéﬁh%) . (9.2.7)

In particular, one sees that the zero section is holomorphic and we call the corresponding
Calabi-Yau threefold Y7 ..

2. Alternatively, we can take eg f1 to be contained in the Stanley-Reisner ideal. In this case
there is nothing that prevents e; from becoming zero and therefore we cannot simply
scale it to one anymore. As a consequence, we cannot find a holomorphic expression
for f1 in terms of the base coordinates. With this triangulation, sg defines a non-
holomorphic zero section and we denote the corresponding threefold by Y7 non-hol.-

Furthermore, note that after setting fo = e; = 0, we can scale fo and f3 to one and find
p(61 =0,f0=0,fo=1, f3= 1) = Oé4h(2) + ashohi + Oé6h% (928)

with f1 left unconstrained. Since u; and us cannot both be zero at the same time and
the above equation implies that u; = 0 < us = 0 for generic «;, we can set us = 1.
This leaves us with the quadratic constraint

0 = aqu? + asuy + ag (9.2.9)

on u1 and two unconstrained coordinates ep and fi. So far we have used three out of
four scaling relations and therefore the intersection between sg and D; has complex
dimension one and, in particular,

S0 - D1 75 0 (9.2.10)

in the Chow ring of the Calabi-Yau threefold. This is exactly what we expect from
Equation 6.1.8 for a non-holomorphic zero section.

Let us therefore quickly summarize the content of the Stanley-Reisner ideal and its rela-
tion to the properties of the zero section:

e1 fo : so holomorphic

e1f3, f1f3, fofz, fofs, uruzeo, uruger, eo f1 f2, X { (9.2.11)

eo f1 : so non-holomorphic

Unfortunately, we cannot repeat the same discussion for the second section, the generator of
the Mordell-Weil group, since only one section is realized torically. Nevertheless, one can still
determine its homology class, namely

[s1] = [F1] — [Fo] (9.2.12)

which can be shown to have the correct intersection numbers with the remaining divisors and
contains a unique global section over the Calabi-Yau threefold, as can be checked using the
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techniques of subsection 3.7.2. Lastly, plugging in the defining equations, the shifted base
divisor Dy and the U(1)-divisor Dy are

3
Do =s0+ 5H (9.2.13)
DU(I) =281 — 289 — 16 H 4+ 2D, (92]_4)

where we have taken the freedom to re-scale the U(1)-divisor by a factor of two in order to
obtain integer charges.

Going through the algorithm outlined at the beginning of this section, one can determine
the cones M for both triangulations of the reflexive polytope and finds

]\/Z(Y[’ hol.) = <62 + 46U(1) + EeKK, —66U(1) — eKK, 61) (9.2.15&)

M (Y1 nonhol.) = (—€2 — dey(1) — ex K, 4eyy + exk, —e1 — 2ey(1)) - (9.2.15Db)

Here we have picked e;, i = 1,2 to be the generators of the su(2) weight lattice and imposed
the equivalence relation ). e; ~ 0. Clearly, the curve corresponding to the weight m =
ez + 4ey(1) + exk is flopped in the transition from one triangulation to another. In the
Calabi-Yau threefold with holomorphic zero section sign(m) = 1, while convexity of the Mori
cone implies that sign(m) = —1 for the threefold with non-holomorphic zero section.

Next of all, we wish to determine the matter spectrum. As mentioned above, one can
either try to extract this data from M (Y7), or examine the singularity enhancements by
studying the explicit hypersurface equation. In this particular case, the charged matter
spectrum can be found to consist of the representations

20, 22, 24, 1p, 14, (9.2.16)

where the subscript indicates the U(1)-charge of the state. Note that even though there is
matter transforming under the antisymmetric representation A%(2) = 1 of SU(2), it carries
no charge under any of the Cartan generators and can therefore be neglected in the following
analysis. Given this set of representations, we now wish to determine whether or not there
exist multiplicities H(R) such that all Chern-Simons coefficients can be matched. Before
doing so, we remark on the crucial difference between the two triangulations. In the case of
the holomorphic zero section, one can use Equation 9.2.15a to confirm that

sign(w,nigr) =1 for ngr > 1 (9.2.17)
and
sign(w,nigr) = —1 for ngr < —1 (9.2.18)

for all weights w of the representations R in (9.2.16). As a consequence, all contributions
from Kaluza-Klein modes running in the loops either cancel among each other perfectly or
add up in a simply summable way discussed in section 7.3. For the non-holomorphic zero
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section this is no longer true. As noted above, there is a single curve which undergoes a flop
transition from one triangulation to another and therefore

e + 4€U(1) + exK (9.2.19)

is no longer contained in M (Y7 non-hol.). No curve with negative Kaluza-Klein charge lies in
M (Y7 non-hol.). As a consequence, there are two Kaluza-Klein modes whose contributions to
the Chern-Simons terms have to be treated differently in the calculation. This corresponds

to violating the hierarchy in Equation 7.3.13 and was discussed at length in section 7.3.

Taking this into account, one can calculate the induced Chern-Simons terms on the field
theoretic side for generic matter multiplicities H(R). Matching them with the intersection
numbers on the M-theory side gives a system of linear equations whose unique solution is

H(20) = 12, H(25) =38, H(24) =2,
H(1y) =112, H(14) = 36. (9.2.20)

To check anomaly cancelation for this spectrum one also needs to read off the anomaly

coefficients. For the base B = P? one has
Qu=H-H=1, a' = -3, (9.2.21)

where the basis element generating H>!(B) is H. In this example the location of the seven-
branes are specified by

bsura) = 1, byr1y = 64 (9.2.22)

Given these explicit expressions and the spectrum (9.2.20), it is straightforward to check that
all six-dimensional anomalies are canceled.

An Intriguing Observation

Before finishing with this example, we would like to make one further observation. First of
all, let us make contact with the analysis of phase transitions in [189]. As we have just noted,
there are exactly two points in the base manifold B over which matter in the 1, representation
is located. To each of these matter points belong two isolated fibral curves, represented by
the weights e; + 4egr(1) and eg + 4deg(1), plus the whole tower of Kaluza-Klein states for each
weight. Flopping C = e3 + 4ey(1) + exk in the transition from one triangulation to another,
one therefore flops two curves in the manifold, one associated to each matter point. According
to Witten’s analysis, we therefore expect all intersection numbers

Dy - Ds - Dg (9.2.23)

to jump by
2(Dp-C)(Ds; - C)(De - C), (9.2.24)
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which is precisely what we find.

In the triangulation with a non-holomorphic zero section, there is one more intriguing
fact. In the previous analysis, we observed that there are precisely two points in the base
manifold over which the zero section wraps an entire fiber component instead of marking a
single point, namely those for which Equation 9.2.9 was fulfilled. Notably, these are precisely
the points over which matter in the 14 representation is located.

9.2.2 Example with Gauge Group SU(5) x U(1)?

Next, we consider a Calabi-Yau threefold that gives rise to a U(1)? Abelian gauge factor.
Its defining reflexive polytope is given in table 9.2. As before, we choose the base manifold
to be B = P2. The 216 different fine star triangulations of the toric ambient space result

Homogeneous coordinate z Divisor V(z) | Point n, € VAN
U1 H 3 2 1 1
U2 3 2 0 -1
€0 3 2 -1 0
e1 Dy 2 1 -1 0
€2 D2 1 0 -1 0
€3 D3 0 0 -1 0
eq Dy 1 1 -1 0
fo F 3 2 0 0
f i) 1 -1 0 0
£ P 1 0 0 0
fs 1 0 0
11 2 1 0 0

Table 9.2: The toric data of the ambient space X;; of the smooth Calabi-Yau threefold Y;;
with Hodge numbers are h%!(Y;;) = 8 and h®1(Y;;) = 75.

in twelve inequivalent triangulations of the embedded hypersurface Y7;. Since all of these
triangulations have a holomorphic zero section, we limit ourselves to studying the particular
triangulation whose fan is given by Equation C.4.4. Compared to the previous example,
the main difference lies in the sections. There are now two independent Mordell-Weil group
generators and, conveniently, they are both realized as toric divisors f; = 0 and fo = 0,
respectively. Furthermore, the sections s; = F; and so = F5 do not intersect the zero section
S0 — Fo, i.e. S0 S; —= O, 1= 1,2.

Since the base manifold is again a P2, the shifted base divisor reads Dy = sg + %H as
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before. Applying the Shioda map and rescaling by a factor of five yields the U(1)-generators

Ds =501 —bsg — 156H +3D1 + 6Dy +4D3 4+ 2Dy (9.2.25&)
Dg =509 —bsyg —16H + 1Dy +2Dy+3D3+ 4D, . (9.2.25Db)

By the same logic as before, one calculates that

o~

M(Yrr) = (—e4 = 3ep(1), — €u(1),» €4 — 2eu(1), — deu(1),, €3 + 33ev(), + euq),,
er+es+eya)y — 36U(1)27 e2 +e4 + ey, + 26U(1)2, (9.2.26)

er —ez. —e1+es+ exk, —9ey(1), T 9€y(1), T EKK)-

The matter spectrum turns out to be
594, 521, 531, 1012, 150, los, 155. (9.2.27)

As before, the non-Abelian sector can be determined directly from demanding that the sign
function on the weight space is well-defined. Having determined the set of all possible rep-
resentations, we search for a solution for the match of the five-dimensional Chern-Simons
coefficients in order to determine the number of representations the low-energy effective the-
ory contains. Again, a unique solution exists and it reads

H(5_27_4) :5, H(5_271) :7, H(531) :7,
H(1015) = 3, H(150) =28,  H(lps) =35, H(1ls5)=35.  (9.2.28)

To conclude, we check that all six-dimensional anomalies are canceled for this example. Since
the base is again P? we use Equation 9.2.21 and the brane locations specified by

bsps) = 1 b1y 11 = 120, b1y 12 = 65, br(1)22 = 130 (9.2.29)

to show anomaly cancelation for the spectrum (9.2.28).

9.2.3 Example with Gauge Group SU(5) x U(1)?

Lastly, we present an example with gauge group SU(5) x U(1)2, which, unlike the previous
one, has triangulations in which the zero section is non-holomorphic. Of the 324 different
triangulations admitted by the toric ambient space, only 18 descend to inequivalent triangu-
lations of the anticanonical hypersurface. Half of these possess a holomorphic zero section.
Apart from the holomorphy of the zero section, the only other difference between the different
phases is the sub-wedge of the Weyl chamber that the vacuum expectation value of the adjoint
scalar lies in [94-96]. We therefore concentrate on one triangulation with a holomorphic zero
section and another one in which the zero section is non-holomorphic. Their respective fans
are given by Equation C.4.5 and Equation C.4.6.

Choosing an appropriate basis of divisors is fairly straightforward, since both Mordell-
Weil group generators are realized torically and we again have s; = F; for ¢ = 0,1,2. After
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Homogeneous coordinate z Divisor V(z) | Point n, € VAN
Uy H 3 1 -1 -1
U 0 -3 0 1
€o -1 -1 1 0
€1 D1 -1 1 0
€2 Do 0 1 1 0
es D3 0 0 1 0
€4 Dy 0 -1 1 0
fo Fy -1 -1 0 0
fi F 1 2 0 0
f2 Fy -1 0 0
f3 0 1 0 0
fa 1 -1 0 0

Table 9.3: The toric data of the ambient space Xjj; of the smooth Calabi-Yau threefold
Y777 with Hodge numbers are h''(Yrr) = 8 and h?'(Y7r) = 75.

rescaling by a factor of five in order to avoid fractional charges, we therefore find that the
shifted divisors are

Do = s+ gH (9.2.30a)
DU(1)1 =581 —bsg— 15H +3D1 + 6Dy +4D35 + 2Dy (9230b)
DU(1)2 = bsg — 580 — 40H + 4D1 + 3D2 —+ 2D3 + D4 . (9230C)

Next of all, one calculates that the cones are given by

o~

]\4(}/][[7 hol.) = <€5 - 28(](1)1 — 66U(1)27 es + 36U(1)1 + 46(](1)2,
—e1+ 2ey(), +6ey), +exk, —dey(n), — 15eyn), — exk,
D€y (1), —O€U(1); — D€U(1)y) €3 — €4,

— €1 — €5 — ey(1), — 3ey(1),, €1+ es+ ey, + 3€U(1)2> (9.2.31)

and

—

M (Y111, nonhol.) = (€2 + ey (1), + 4ey(),, €1 — 2ey(), — 6ey), — kK,
—e1+e5 + ek, Dey(1),, —O€U(1); — D€U(1)ys €3 — €4,

— €1 — €5 — ey(1), — 3ey(1),, €1 +est+ ey, + 3€U(1)2> . (9.2.32)

Comparing these two cones, one finds a number of differences corresponding to changing the
sub-wedge of the Weyl chamber [96]. However, there is one additional flop

—e1 + 26U(1)1 + 66U(1)2 + ek el — 26U(1)1 — 6€U(1)2 — eKK (9.2.33)



9.3. F-THEORY ON CALABI-YAU MANIFOLDS WITHOUT SECTION 187

which has the effect that the two weights e1 — 2egy(1), — 6ey (1), + exx do not have opposite
signs anymore. Therefore the contributions of the corresponding Kaluza-Klein modes do not
cancel and must be taken into account when matching their Chern-Simons terms.

The matter spectrum can be determined to be
5 26, 52,1, 534, 1013, Los, 155, 1510- (9.2.34)

Taking the Kaluza-Klein modes into account, one can match the Chern-Simons coefficients
obtained from integrating out matter on the field theory with those given by intersection num-
bers of the M-theory geometry. Once again, there is a unique solution and the multiplicities
one obtains are

H(1g5) =35, H(155) = 28, H(1510) = 35
H(5_5_¢) =5, H(5_5_1) =1, H(534) =7 (9.2.35)
H(10,3) = 3.

One can easily check that all six-dimensional anomalies are canceled for this example. To do
so, we use Equation 9.2.21 and the brane locations specified by

bsus) = 1 bir1y11 = 120, bir(1)12 = 185, br(1)y22 = 380. (9.2.36)

9.3 F-Theory on Calabi-Yau Manifolds without Section

Having studied examples with multiple section, we now turn to the no-section case whose
effective physics were discussed in chapter 8. We illustrate how the physics, and in particular
the transition between a phase with a massive Abelian vector field to a phase with a massless
U(1), work in an especially transparent set of examples. These examples are given by pairs of
Calabi-Yau threefolds (Y, )) related by a conifold transition, where Y has two independent
sections and ) has no section, but rather a multisection. Our discussion begins in subsec-
tion 9.3.1 by keeping the treatment of the (Y,)) pairs independent of the base manifolds.
In subsection 9.3.2 we review some well-known facts about the physics of conifold transition,
before we proceed in subsection 9.3.3 by constructing explicit Calabi-Yau manifolds with base
manifold P2. Finally, we evaluate the Chern-Simons terms of some of the specific examples
in subsection 9.3.4 and give a general argument explaining why they have to match. In fig-
ure 9.1 we give a pictorial description of the essential physical process studied in the following
subsections.

9.3.1 Constructing (Y,)Y) Pairs with General Base Manifold

The basic observation allowing us to construct large numbers of such pairs is that there is a
natural conifold transition implicit in most recent constructions of spaces with two sections.
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M-theory on Y M-theory on Y
Massless sector: Conifold transition Massless sector:
2 gauge fields A¢ 1 gauge field A°
Hyeutrar  neutral hypers H,eutrat + 0 — 1 neutral hypers

Figure 9.1: The two theories obtained by compactifying M-theory on Y and Y, respectively,
are connected by a conifold transition in which § hypermultiplets become light.

As described in [52], for example the generic model with two sections is obtained by taking
a Calabi-Yau hypersurface in IP’112 Let us parametrize IP’llg by the coordinates

(9.3.1)

where here we choose a GLSM representation of the toric variety. For a dictionary between the
GLSM picture and the representation of a toric variety using fans, we refer to subsection A.1.1.
We blow-up the Z, singularity in the fiber to have a nicer ambient space, and to be able to
realize torically the Cartan divisor in some of the examples below. The Stanley-Reisner ideal
(SRI in what follows) is generated by (yiy2,wt). The generic Calabi-Yau hypersurface is a
degree (4,2) hypersurface in these coordinates, which we parametrize as

ng + wtP(y1,y2) + tzQ(yl, y2) =0, (9.3.2)

with P(y1,y2) a quadratic function in y;
P(y1,y2) = oyt + Byrya + 43 (9.3.3)
and Q(y1,y2) a quartic
Q = y1(by? + cytya + dyrys + eyd) + ays = 11Q'(y1, y2) + ays - (9.3.4)

Since the elliptic fiber will be fibered over a base, g and the coefficients of P, ) will be sections
of appropriate degree in the coordinates of the base (we will study some explicit examples
below).! In order to have two sections, we set a = 0, so @ takes the form

Q = y1(byd + cyys + dy1y3 + eys) = 1 Q' (v1,y2) - (9.3.5)

The restricted Calabi-Yau equation becomes

¢ = gw’® + wtP(y1,y2) + 2y1Q (y1,y2) = 0. (9.3.6)

!The models constructed in [52] correspond to taking g = 1, which imposes some restrictions on the allowed

fibrations. We do not impose such restriction.
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When the coefficients are chosen in this way, there are two sections of (9.3.6) that can easily
be found. Take y; = 0. Since y;y2 belongs to the SRI of P112, we can set yo = 1. We end up
with

w(gw+tf) =0. (9.3.7)

We thus find a first section at w = 0 (we can then set ¢ = 1 using C3), and a second section
at gw = —tf. For generic choices of g, f and at generic points of the base, this equation has a
unique solution, giving a second section, but at the zeroes of g, f it will behave in interesting
ways.

Singularities. The hypersurface (9.3.6) will be singular when ¢ = d¢ = 0. It is easy to
check that solutions of this set of equations exist for w = y; = e = f = 0. For two-dimensional
bases of the fibration, e = f = 0 generically has a set of solutions given by points. Close to
one such zero, for generic values of the coefficients, Equation 9.3.6 becomes

/\1w2 + /\wa + Aswyr + )\4y% + My1e =0 (9.3.8)

where )\; are constants,? and one should see w, y1, f, e as local variables for a C* neighborhood
of the singularity in the ambient space. Generically this is a non-degenerate quadratic form
on the ambient space variables, defining locally a conifold singularity. For later reference,
note that the number of such singularities is given by the number of points in e = f = 0, or
slightly more formally by the intersection of the homology classes of the divisors [e] - [f] on
the base. Associated with these singularities there will be massless hypermultiplets coming
from wrapped M2 branes, which will be the essential states in our discussion.

Deformation. Since the singularities are conifolds, we expect that there are two ways
of smoothing out the singularities. The first is by deformation, i.e. changing the Calabi-
Yau Equation 9.3.6. Our only option is to consider deformations away from a = 0. This
indeed modifies the analysis above in that a singularity would require a = f = e = 0,
but for non-vanishing a and a two-dimensional base there is generically no solution to this
system (by simple dimension counting), so there is no singularity anymore. An important
observation for our purposes below is that under this deformation the two sections no longer
exist independently, but they rather recombine into a unique global object. Setting y; = 0 in
Equation 9.3.2 gives

gw? +wtf +at®> =0, (9.3.9)

which no longer factorizes globally. The two sections above still exist locally and can be
found by solving for w, but there is a Zo monodromy coming from going around zeros of
the discriminant ¢2(f2 — 4ag), which exchanges the two roots. This is thus a case with a

2These constants can be easily read from Equation 9.3.6, but we only need that they are non-vanishing
constants.
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bi-section, but no section. In the examples below the non-existence of a section can also be
easily verified using Oguiso’s criteria [49, 212] and we collect some of the relevant details in
subsection C.3.2. All in all, this gives the first element of our pair, the deformed Calabi-Yau
threefold Y.

Resolution. On the other hand, one can do a blow-up of the conifold in order to desingu-
larize the geometry. A simple toric way of achieving this is by blowing up the y1 = w =0
point, which is the point of intersection of the conifolds with the fiber, as done in [52]. More
concretely, we replace the fiber by the following GLSM:

yiywt s
Cil1 1200
Cs50 0110
Cil1 010-1

(9.3.10)

The new Stanley-Reisner ideal is given by (wy1,wt, st, sy2, y1y2). Notice in particular that
w = y1 = 0 does not belong to the ambient space anymore. The Calabi-Yau hypersurface in
this space is of degree (4,2,1) and can be parametrized, matching with the proper transform
of (9.3.6), by

o= gw23 + wtP(sy1,y2) + t2y1Q’(sy1, y2) =0. (9.3.11)

The sections transform naturally under the blow-up. In particular, the w = y; = 0 section
transforms to s = 0. Setting s = 0 in Equation 9.3.11, and setting ¢ = y» = 1 since they
cannot vanish when s = 0, one gets

wf +yie=0 (9.3.12)

so this section maps to (y1,y2, w,t,s) = (—f,1,e,1,0). Let us denote this section by o¢. We
will take it to be our zero section, parametrizing the F-theory limit.

The other section is given by y; = 0. Plugging this into Equation 9.3.11, and setting
w = yo = 1, one gets

gs+tf=0. (9.3.13)

We thus find a second section at (y1,y2, w,t,s) = (0,1,1,—g, f), which we denote by o. We
think of this section as generating a U(1) symmetry in the six-dimensional theory obtained
by putting F-theory on Y, choosing og as the zero section.

So, as expected, deformation does not recombine the sections, but rather we stay with
two independent sections of the fibration. It is also not hard to see that the resulting space
is generically non-singular, as one may have expected from the fact that we are considering
the most general equation over the blown-up fiber. We denote the resulting space by Y.



9.3. F-THEORY ON CALABI-YAU MANIFOLDS WITHOUT SECTION 191

Figure 9.2: Schematic behavior of the fiber geometry over the two non-holomorphic loci. On
the left, the locus {e = f = 0} is depicted. oo wraps the entire fiber component,
while o cuts out a single point. On the right, the locus {f = g = 0} is shown,
where ¢ becomes non-holomorphic and oy cuts out a point in the same fiber
component. Fiber components wrapped by a section are colored dark red.

Holomorphy of the sections. Looking at the sections we just found, we see that they are
ill-defined over some points in the base. In particular, o¢ is ill-defined over f = e = 0, since
over these points o would be (0,1,0,1,0), but yjw is in the Stanley-Reisner ideal. Similarly,
o becomes ill-defined over ¢ = f = 0, since st is in the Stanley-Reisner ideal. This is a
hallmark of rationality of the sections (as opposed to holomorphy): the sections are not given
by a single point in the fiber everywhere, but over some subspaces (where oy and o becomes
ill-defined in our examples) they wrap components of the fiber.

It is not hard to be more explicit about the behavior of these sections at the problematic
points. Setting f = e = 0, and s = 0, the Calabi-Yau equation (9.3.11) becomes identically
satisfied, so the section at this point jumps in dimension. Similarly for o, since at y; = f =
g = 0 Equation 9.3.11 is identically satisfied, so o again jumps in dimension at these points.

Let us study the behavior of the elliptic fiber at these points more carefully. For f = e =0,
the Calabi-Yau equation becomes

s(gw? + wtyy P (sy1, y2) + t243Q" (sy1,92)) = sX =0 (9.3.14)

where P’ = P/(sy1), and Q" = Q'/(sy1), which are homogeneous polynomials when f and e
vanish, of degrees 1 and 2 respectively in the y;. We see that at this locus the elliptic fiber
degenerates into two components, given by s = 0 and ¥ = 0. When s = 0 we can gauge fix
Ci and C§ in Equation 9.3.10 by setting ¢ = y2 = 0, so we end up with the y;, w coordinates,
with relative SRI (wy;), and identified by the C* action (y;1,w) = (Ay1, Aw). This is the
usual description of P!, as one could have expected from the fact that s = 0 was the blow-up
divisor. The curve ¥ defines a degree (4,2,2) divisor on the ambient space, and a simple



192 CHAPTER 9. EXPLICIT SIX-DIMENSIONAL F-THEORY MODELS

adjunction computation gives then that ¥ has genus 0, i.e. it is also a P!. More explicitly
xX(2) = / c(T%) z/(cl(TA) -0z
X A
= _/[0,0, 11N [4,2,2] = 2/ [w] A [s] (9.3.15)
A A

where A denotes the ambient toric space (9.3.10), and on the second line we have denoted
the divisor classes by their toric weights.

These two spheres intersect over a point. Setting s = 0 (and thus yo = ¢t = 1) in the
equation for ¥ we get:

gw? + wy P'(0, 1) + 7Q"(0,12) = 0. (9.3.16)

This is a quadratic on the exceptional P!, which has exactly two solutions. So we recover
the usual picture of the T2 fiber degenerating into two spheres, touching at two points. The
rational section og wraps one of the two sphere components, namely s = 0.

A similar analysis holds for ¢. Setting ¢ = f = 0 in Equation 9.3.11, the Calabi-Yau
equation factorizes as

y1t(wsP' (sy1,y2) +tQ' (sy1,42)) = 1tE=0. (9.3.17)

We find that there are three components in the fiber. By the same kind of analysis as above
we find that they are P's: for y; = 0 and ¢ = 0 this is immediately obvious by looking at
Equation 9.3.10. One also has that Z = 0 is an equation of degree (3, 1,0), and an adjunction
computation gives that it has genus zero.

The intersections between the three spheres can be computed easily, with the result that
any two of the three spheres intersect at exactly one point. Our section o wraps the y; = 0
component. A summary of the fiber geometry is contained in figure 9.2.

9.3.2 Physics of the Conifold Transition

The low energy description of the conifold transition is well understood, starting with the
seminal paper by Strominger [213] (see also [214, 215], and [216] for a treatment specialized
to M-theory on Calabi-Yau threefolds), so we will be brief here.

The basic physics mechanism in effective field theory language is simply a Coulomb/Higgs
branch transition: at the conifold point there are a number of massless hypermultiplets,
coming from M2 branes wrapped on the collapsed S? cycles. We can smooth the conifold
points in two ways: deformation or resolution. On the resolved side the two-spheres take
finite size, and this corresponds to making the M2 states massive. In field theoretic terms,
this mass terms are associated with the introduction of (geometry dependent) mass terms
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for the hypermultiplets. More in detail, in M-theory compactified on a smooth Calabi-Yau
threefold Y, there are ny = h%!(Y) + 1 hypermultiplets, and h'(Y) U(1) gauge fields.
A particular combination of these belongs to the gravity multiplet, and the other ny =
RbL(Y) — 1 U(1) fields belong to vector multiplets. These vector multiplets have a real
bosonic scalar component. The size of the resolved two-spheres (keeping the overall size of
the Calabi-Yau threefold fixed) is precisely encoded in the values of these scalars, so resolving
the conifold singularities corresponds to going into a Coulomb branch of the field theory.

On the other hand, there is a Higgs branch obtained by giving vacuum expectation values
to the massless hypermultiplets. This corresponds to smoothing out the conifold singularities
by complex deformations. Since the massless hypermultiplets are naturally charged under the
U(1) symmetries (M2 branes couple electrically to C3), giving a vacuum expectation value
will make some of the U(1) vector multiplets massive.

There is a simple relation between the counting of massless fields in the five-dimensional
theory and the Hodge numbers of the spaces related by the conifold transition. Assume
that there are P two-spheres degenerating at P conifold points. Typically not all of these
two-spheres are linearly independent, but there are R homology relations between them (so
P — R independent classes vanish). Writing down the low energy effective field theory for the
hypermultiplets at the conifold point, one can easily see [214, 215] that there are precisely
R flat directions of the hypermultiplets, along which one can Higgs them. A generic such
Higgsing will then give mass to P — R vectors. All in all, M-theory on the resolved Calabi-Yau
threefold Y gives rise to a massless spectrum with (ng(Y),ny(Y)) = (h>1(Y)+1, AM(Y)—1).
At the conifold point, P extra hypers become massless: (n%,n?) = (h*1(Y)+1+ P, A1 (Y) —
1). Higgsing then removes P — R hyper-vector pairs: (ng(Y),nv(Y)) = (R*Y(Y) +1 +
R,hY(Y)—1—P+R). On the other hand, these numbers are just h*!(Y)+1 and hH(Y) -1,
respectively, so we learn that the conifold transition acts on the Hodge numbers as

(R*1 V), kM (D)) = (h*(Y) + R,AM(Y) — P+ R). (9.3.18)

This formula will provide a nice consistency check that we are identifying the geometry
properly in our forthcoming examples (in our examples, P — R = 1, so (YY) —rbH(Y) = 1).
A simple quantity to check, in particular, is the difference in Euler numbers

X(Y) = x(¥) = 2(h*1 (V) = h>1(Y)) — 2("1 (V) — V1Y)

9.3.19
_op ( )

giving the number of conifold points involved in the transition.

9.3.3 Explicit Examples with Base P2

Having described the general setup for our main class of examples, we are now ready to
construct a number of examples of conifold transitions removing the section. For simplicity,
we will stay with a P2 base.
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Let us start on the deformed side ). The set of Calabi-Yau threefolds T2-fibered over P2
can be described as hypersurfaces on the toric ambient space described by the GLSM

\w1xzx3y1y2wt
Ci1 1 10ab0
Csl0 001120
Ci0 000011

(9.3.20)

The last four coordinates parametrize the fiber I@, while the first three coordinates parametrize
the base P2. The fibration map 7: X — P? simply “forgets” about the last four coordinates
of any point in X. In principle the last four entries in the first row (the charges of yi, yo2, w,t
under C}) can be arbitrary integers, but it is easy to convince oneself that by redefining (if
necessary) the y; and the C7, any such fibration can be brought to the canonical form (9.3.20),
with a > 0.

The generic equation in these variables is given by Equation 9.3.2. In order to have
a Calabi-Yau threefold, Equation 9.3.2 must be a homogeneous polynomial of degree (3 +
a + b,4,2). Tracing the definitions above, this implies that the interesting coefficients of
Equation 9.3.2 are homogeneous functions on the z; of degrees

deg(a) =3 —3a+b (9.3.21)
deg(e) =3 —2a+10b (9.3.22)
deg(f)=3—a (9.3.23)
deg(g) =3+a—0b. (9.3.24)

There are a finite number of allowed values for (a,b), obtained by imposing that all the
coefficients of (9.3.2) be holomorphic functions on the z; (in particular, there should be no
poles). These conditions define a polygon in the (a,b) plane, as pointed out in chapter 5, and
the different cases, given in table 9.4, correspond to integral points of this auxiliary polygon.

There are some interesting features in this table. Notice that the first three entries have
deg(g) = 0. Taking g a generic non-zero constant, we find that @ becomes a holomorphic
section, since the f = g = 0 locus does not exist anymore. Similarly, for the (0, —3) example
the o( section is holomorphic, and for the (3,6) example both sections are holomorphic. In
the rest of the cases both sections are rational.

The resolved side Y is given by hypersurfaces on toric ambient spaces described by GLSMs
of the following form:

Tl T2 T3 Y1 Y2 Wt S
111110 a b0 0

C3l0 0011200 (9.3.25)
C30 0000110
Ccilo 0 01010-1
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(a,b) |R11(Y) W1 (V) deg(a) deg(e) deg(f) deg(g)
0,3) | 2 128 6 6 3 0
(1,4) 2 132 4 5 2 0
(2,5) | 2 144 2 4 1 0
0,-2)| 3 59 1 1 3 5
(0,-1)| 3 65 2 2 3 4
(0,0) | 3 75 3 3 3 3
0,1) | 3 89 4 4 3 2
0,2) | 3 107 5 5 3 1
(1,0) 3 69 0 1 2 4
(1, 1) 3 79 1 2 2 3
(1,2) 3 93 2 3 2 2
(1,3) 3 111 3 4 2 1
2,3) | 3 105 0 2 1 2
(2,4) | 3 123 1 3 1 1
(3,6) | 3 165 0 3 0 0
(0,—3)| 6 60 0 0 3 6

Table 9.4: Hodge numbers and polynomials degrees for various fibrations over P?

As before, we could in principle have given a charge to s under Cj, but there is always a way
of redefining the fields and C* symmetries in order to set this charge to 0. Imposing that
the coefficients of Equation 9.3.11 are sections of line bundles of non-negative degree on the
P2 base, one finds 31 different possible values for (a,b). All those in table 9.4 are included,
and in addition there are a few models which are only possible on the resolved side, since the
blow-up fixes the coefficient of the y3 term in @ to vanish, so there is one less constraint. We
will only be interested in the ones coming from conifold transitions on ).

Identifying the models in the canonical way, we can immediately compute the Hodge
numbers of the resolved spaces using PALP, for instance, and the results are given in table 9.5.
Computing from here the expected number of conifold points, with the results shown in the
last column of table 9.5, one sees easily by comparing with the values in table 9.4 that in all
cases the expected number of conifold points precisely agrees with the expectation from the
discussion given above:

1Y) = x()) = deg(e) - deg(f) . (9.3.26)

2

In table 9.5 we summarize information about the models obtained by resolving the man-
ifolds from table 9.4, including the chiral spectrum in six dimensions, obtained via the tech-
niques described in [95, 114]. Here H(R) denotes the net amount of chiral matter (six-
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(a,b) [RMH(Y) R2U(Y) P|H(15) H(14) H(21) H(23) H(30)
0,3 3 111 18 144 18 0 0 0
(,4) | 3 123 10/ 140 10 o0 0 0
2,5)| 3 141 4| 128 4 0 0
(0,-2) 4 57 3| 64 3 55 15 6
(0,-1) 4 60 6| 76 6 52 12 3
(0,0) 4 67 91 90 9 45 9 1
1| 4 78 120106 12 34 6 0
02| 4 93 1514 15 19 3 0
(L) | 4 68 2| 72 2 5 8 3
(L1) | 4 76 4| 8 4 48 6 1
(,2) | 4 88 6102 6 36 4 0
(1,3) | 4 104 8120 8 20 2 0
23| 4 104 2|9 2 38 2 0
24| 4 121 3/108 3 21 1 0
(3,6) 3 165 0| 108 0 0 0 0
-3 6 6 o - - - - -

Table 9.5: Hodge numbers and chiral spectra for the resolved versions of the manifolds in
table 9.4. All U(1) charges have been rescaled by 2. P denotes the expected
number of conifold points, obtained from Equation 9.3.19. The last entry in the
table corresponds to a space with many non-torically realized divisors, so we will
not analyze it here.

dimensional hypers) in the representation R. We denote the representation by N,,, where
N is the representation under the gauge group SU(2) (to be explained below), and m the
U(1)-charge. We define the divisor class generating the U(1)-charge as [114]

DU(l) =20 — 2009 — 47T*01(TB) + E. (9327)

We have denoted by 7: Y — P? the fibration map, 7* its pullback to cohomology on X, &, o
denote the extra section and the zero section described above, and F is the divisor associated
with the Cartan of SU(2). The single manifold with h'!(Y) = 6 has three divisors that do
not descend from the ambient space and it is unclear what the full gauge group and matter
spectrum are, so we will not analyze it here. Lastly, let us remark that we find that

H(L) = S(x(¥) ~ x(¥)) = [e] - [f] (93.29)

which strongly suggests that it is precisely the 1, multiplets that are involved in the conifold
transition.
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The existence of an SU(2) symmetry in the cases with h%!(Y) > 3 can be argued for as
follows. Consider the g = 0 locus on the base (this is only possible if deg(g) > 0). Over this
divisor, the Calabi-Yau equation becomes

Blg=0 = t(wP + Q) =tA = 0. (9.3.29)

We see that over this divisor on the base the T? factorizes. The t = 0 piece defines a
P!, and it is not hard to prove that A = 0 is also a P!, intersecting ¢ = 0 at two points.
This is the familiar affine SU(2) structure over a zero of the discriminant, so we expect a
SU(2) enhancement over g = 0. A short computation shows, in addition, that the section
oo intersects A at a point, and o intersects ¢ = 0 at a point. Since we chose og as our zero
section, we interpret the component not intersecting it, namely ¢ = 0, as the one associated
with the W bosons enhancing the gauge symmetry to SU(2). All in all, we learn that E in
Equation 9.3.27 is just {t = 0} N {¢ = 0}, or [{] in brief (abusing notation slightly).

In fact, we are now in a position to compute the charges of some of the multiplets in
table 9.5 from first principles. We start by discussing the 14 multiplets, which are the main
actors in the conifold transition. The other representations can be obtained analogously,
with some extra effort. Since these representations are less directly relevant for the conifold
transition, we demote their discussion to subsection C.3.1.

We claim that the 14 multiplets comes from f = e = 0. We have explained above that
when f = e = 0 the fiber becomes split into two components, given by {s = 0} U {¥ = 0}.
Since st belongs in the Stanley-Reisner ideal, the hyper wrapping s = 0 has no charge under
the SU(2) symmetry. Its charge under the U(1) is given by

Qua) = Cs - (20 — 200 — 12[z1] + [t]) . (9.3.30)

We have denoted by Cs the component of the fiber over f = e = 0 given by s = 0, and we used
the fact that [z1] is the pullback of the hyperplane on P2. Since 1 = 0 will generically not
intersect f = e = 0, we have Cs - [1] = 0. Similarly, since st is in the Stanley-Reisner ideal,
Cs-[t] = 0. We have already determined above that o intersects Cs at a point, so Cs-0 = 1. On
the other hand, oy becomes rational at f = e = 0, so the calculation is less straightforward.
Consider the total class of the (factorized) T2 fiber, given by Cs+Cs, with the last component
being the > = 0 locus. Since the total fiber can move as a holomorphic divisor into a smooth
T?, which intersects oo at a point, it must be the case that (Cs + Cg) - 09 = 1. On the
other hand, on the factorized locus it is clear that Cx - 09 = 2 (the two points where the P!
components touch). So we conclude Cs - 09 = —1. Substituting all this into Equation 9.3.30
we obtain Qp (1) = 4, as claimed.

9.3.4 Chern-Simons Terms

In this final subsection, we confirm geometrically that the Chern-Simons terms of the theory
obtained by compactifying M-theory on ) are in fact related to the Chern-Simons terms of
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M-theory on Y as described in Equation 8.2.9. Instead of delving into concrete examples right
away and showing explicitly that this prescription is correct on a case by case basis, let us
make a general geometric argument first. As the Chern-Simons terms of the five-dimensional
models are given in terms of intersection numbers, we need to understand how the intersection
form on ) is obtained from the intersection form of Y. Fortunately for us, this was studied
long ago, see for example [216]. Denoting by K;, i = 1,..., 1} (Y) a basis of the Kihler cone
on Y and by /El-, i=1,...,h% () the corresponding Kihler cone basis on ), we choose the
K; such that under the conifold transition they are mapped to divisors on ) according to

K; ifi<hbt
Ky R0 IS ) (9.3.31)
0  otherwise.
Then the intersection numbers of the /EZ on ) are the same as of the IC; on Y, i.e.
Ki-Kj-Ki=Ki-K; K. (9.3.32)

Put differently, the intersection form on ) is obtained by restricting the intersection form on
Y. That is, given expressions for the volumes V and V of Y and Y in terms of the Kahler
parameters v* and 7%, one has that

V=V =3, " =" o ). (9.3.33)

Presented with this simple relation between triple intersections on Y and ), let us now return
to the discussion of the Chern-Simons terms of M-theory on ). Given two independent
sections on Y we know that only a certain linear combination Dy (1) is left untouched by the
conifold transition — the other U(1)-divisor is eliminated as the corresponding gauge field
gains a mass term. Identifying the surviving U (1) amounts to making the same clever choice
of basis as for the K; above. Then, Equation 9.3.32 tells us that the intersection numbers of
the surviving U(1)-divisor are precisely the same as on the resolved side. Therefore, we are
left with two questions to examine in our specific examples, namely:

1. Which divisor Dy (1) survives the conifold transition?

2. Why is DU(l) cea(Y) = DU(l) -c2(Y)?

Around Equation 8.3.5 we gave a general argument for how to identify Dy (1) and, in fact,
we will show explicitly that this prescription does in fact select the correct divisor for the
examples below. The second point is more difficult to answer generally, but we can confirm
it on a case by case basis.

Put in a nutshell, we have explained generally that after a clever change of basis the
Chern-Simons terms of the theories corresponding to Y and ) are simply obtained by ”drop-
ping” the massive U(1). Of course, one can also confirm this statement explicitly through
the calculation of intersection numbers and in the remainder of this section we will perform

an example calculation.
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A Close Look at the Model with (a,b) = (0, 3)

For concreteness, let us study the manifold with (a,b) = (0,3) by beginning on the resolved
side. We find that the Mori cone is generated by the three curves

chl T2 T3 Y1 Y2 w S
Cij1 11 -300 3

(9.3.34)
CylO 0O 0O-110 2
C3l0 0OO1 01-1
and we can hence choose
Kl =1, ’CQ =1Y2, ]Cg =w (9.3.35)

as a basis of the Kihler cone satisfying K; - ¢/ = (5{ . Expressing the Kahler form J =
S8 0[] in terms of two-forms dual to these divisors, one finds that the overall volume of
the Calabi-Yau can be written as

21

5 (v3)3. (9.3.36)

V= (vh)%? + g(vl)zv?’ + 6vtv?e’ + ?vl(v?’f + 902 (v3)? +
Let us turn to the two divisors generating the U(1) symmetries in five dimensions. One is
obtained by appropriately shifting the zero section [52, 114], while the other can be computed
by applying the Shioda map to the other section. Naturally, a different choice of zero section
will lead to interchanged results for the divisor expansions. Since the resulting physics remain
unaffected, we choose the divisor s = 0, or g in the notation of subsection 9.3.1, as the zero
section during the rest of this discussion. Note that in this particular basis the divisors
generating the two U(1)s have the expansion

9
Dy = 5/(:1 + 2K — K3, D1 =-24K1 — 6K9 +4K3. (9.3.37)
Now we discuss the deformed manifold ). Its Mori cone is spanned by

Hﬁﬂl L2 T3 Y1 Yo w
111003 (9.3.38)
000T1T12

Ci

Co

and a good choice of Kahler basis is for example given by
Ki=z1, Ko=1ys. (9.3.39)
Then the volume of the deformed manifold is
V= (d4)%2. (9.3.40)

Obviously, the intersection rings of Y and ) are related as in Equation 9.3.33, with I3 the
divisor eliminated during the conifold transition. Up to an overall rescaling, there is hence a
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unique combination of Dy and D; that is left invariant under the conifold map, namely the
one not containing k3. It is?

DU(I) ~ 4D0 + D1 . (9341)

Since we rescaled the six-dimensional U(1) divisor on Y by A = 2, this is precisely the
expression that we expect from Equation 8.3.5. Lastly, we can check by explicit computation
that DU(l) (YY) = DU(I) ().

A Close Look at the Model with (a,b) = (0, —2)

As a second example, we repeat the analysis for one of the models that contain an additional
SU(2) factor to show that the above discussion is independent of the existence of additional
gauge group factors. Again, we begin with the resolved manifold Y, whose Mori cone is this
time spanned by the curves

Hxlxgrcza Yi Yo wos
Cif1 110 0-20 0

CfO OO 1 1 0 0 —2 (9.3.42)
C3l0OO1 01 -10
CsfO O O-10 0 1 1
and we pick
Ki=xz1, Ko=vyy, Ks=t+2y, Kq=w+2x (9.3.43)

as the basis of the Kahler cone. The volume of the resolved manifold is then
E
3

7
+ 50020t + 100030t + 1002030t + 10(03)?0* + ivl(v4)2

V= (v1)20? + 2(vh)20? + 5ulv?ed 4 5ol (v¥)2 4 50 (v¥)2 + —(v¥)% + S (o) %t

+ 502 (vh)? + 1003 (vh)? + §(U4)3 . (9.3.44)

Choosing g = {s = 0} as zero section and expanding the U (1) divisors of the five-dimensional
theory in a basis of KC; one finds

Dy = glCl + K3 —Ky, Dy =-12K1 —3K3+4K4. (9.3.45)

Additionally, there is a third U(1) which is enhanced to the non-Abelian SU(2) factor in the
F-theory limit. We denote it by E and its expansion reads

E=-2Ki+K>. (9.3.46)

3Note that in chapter 8 we denoted the U(1)-divisor remaining massless by Do. Here we call it Dy to
emphasize that it not necessarily a divisor on ).
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Changing to the deformed manifold ) corresponding to F-theory with a massive U(1), we
find that its Mori cone is generated by

a1l 1100 (9.3.47)
C2l0 0011 0 =2
G0 0000 1 1
and we parametrize the Kéhler form in terms of two-forms Poincaré-dual to
]61 =x, 162 =1, ]63 =1+ 2ys. (9.3.48)
The volume of ) is given by
~ 1
V= (01202 4 2(91)?0% + 501 0%0° + 501 (8%)? + 502(8°)? +-4§2(63)3 (9.3.49)

and one can see that it is obtained by restricting the volume of the resolved phase according
to

V= V|yi—gpieii - (9.3.50)

Consequently, we see that the above choice of K; is again a good one in the sense of equations
(9.3.31) and (9.3.33) and one transitions from Y to ) by dropping K4. Since Equation 9.3.46
does not contain K4, we observe that it is left untouched by the conifold transition and does
not take part in the mixing involving the remaining two U(1)s. Requiring again that the
surviving U(1) must not contain K4, one finds that, up to an overall rescaling, it is given by

Dy @y =4Do + D1, (9.3.51)

which, as before, matches the prescription of Equation 8.3.5 with A = 2. In summary, we find
that the discussion of the case with additional SU(2) gauge symmetry is almost identical to
the one of the simpler models with only Abelian gauge groups. As before, we identify a curve
shrinking to zero volume in the conifold limit. The intersection form of the deformed model
is then obtained by dropping the divisor dual to that curve from the intersection form of the
resolved phase. As the SU(2) Cartan divisor does not contain the divisor that is eliminated
in the conifold transition, it does not mix with any of the other U(1)s during the conifold
transition. Finally, one can again confirm that Dy(1) - c2(Y) = 5U(1) -c2(Y), thereby showing
that the Chern-Simons terms corresponding to the higher curvature terms are matched as
well.

Explicit Formulas for the Chern-Simons Terms

Technically, the previous discussion already ensures the matching of the Chern-Simons terms
as discussed in section 8.2. Nevertheless, it may be illuminating to consider the discussion from
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a different angle. Let us therefore evaluate formulas (8.2.13) and (8.2.14) for the examples
at hand and show that they predict the correct intersection numbers. Turning the discussion
around, one can also use these relations to compute the spectrum of Y without making use to

the resolved manifold Y.

(a,0)|V Hpewrat H(12) H(1g)| ko kooo
(0,3)|1 112 144 18 |—168 432
(1,4)|1 124 140 10 |-128 304
(2,5)|1 142 128 4 | —80 208
(3,6))1 166 108 0 |-24 144

Table 9.6: Spectra and Chern-Simons coefficients of A® for the models with two sections
and hb! = 3. Here, the Chern-Simons terms are obtained from the geometry
and can be shown to match the field theory computation. All U(1) charges have
been rescaled by two.

This time, we restrict ourselves to models with purely Abelian gauge group, where we
know the spectrum to consist of 15 and 14 states. Assuming furthermore that

i, =0, I, =1 (9.3.52)

as is the case when Y has a non-holomorphic zero section (corresponding to o as above), the

formulas for koo and ko simplify to
~ m>
kooo=-—(H -V =T —
000 = 750 ( 14 3)

1
+ 7H (1) (—4n®m + 16n° sign(12))

+ %H(Ll) (—4m?® — 208n*m + (384n° + 48nm?) sign(14)) . (9.3.53)
and
ko = %(H—V+5T+15)
+ H(12)(—2nsign(12)) + H(14) (2m — 12nsign(1y)) . (9.3.54)
To be as concrete as possible, we plug in n = —1 and m = 4 as we found above and use that

for these manifolds sign(1s2) = sign(14) = —1 and 7' = 0 to find

kogo = 1‘% (H-V —3)+16H(14) (9.3.55)
ko = g(H —V +15) — 2H(15) — 4H(1y). (9.3.56)

3
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Evaluating the formulas, one easily confirms that they indeed match the intersection numbers
given in table 9.6. Note that table 9.6 contains the spectra of the F-theory models on the
resolved manifolds Y. However, they can easily be translated to the case of a massive U(1)
corresponding to F-theory on ). F-theory on Y has H,cyrqi — 1 neutral hypermultiplets and
V = 0 massless vectors as shown in figure 8.2. In six dimensions, the charged spectrum is the
same on Y and ) with the difference that the U(1) field in F-theory on ) is massive. However,
upon doing the fluxed circle reduction to five dimensions, the 14 states with KK-level n = —1
are neutral under the mixed massless U(1) gauge field A" and must therefore be counted as
additional neutral states not counted by h*!(}).

We remark that these are the same results as one would get by starting with the conjec-
tured six-dimensional F-theory set-up with a massive U(1). In fact, by computing the Mori
cones of Y and X one can show that the sign functions for the states 15 and 14 agree in the
deformed and the resolved phases.

Finally, let us comment on directly computing spectra of F-theory models ) without
section. In the examples studied, we gained an computational advantage by finding models Y
with section that are related to ) by conifold transitions. Ideally, however, one would like to
compute the spectra of F-theory on ) without making this detour. In general, this is going to
be more difficult due to the fact that there are less divisors on Y and therefore less intersection
numbers to extract information from even though the spectra are equally complicated. As
it turns out, for cases with a single U(1) there are generally more unknown variables than
equations obtained from matching the Chern-Simons terms. However, if one also requires
all anomalies to be canceled, it is possible to compute the spectra directly from ) for the
cases presented here. Incorporating these methods into a general approach by extending the
variety of models studied here seems to be a promising direction of study.






Chapter 10

Yukawas in the Presence of Massive

U(1)s

Compared to F-theory compactifications to six dimensions, four-dimensional F-theory models
are considerably richer. Two of the key features present are G-flux, the flux of the M-theory
three-form, and Yukawa couplings in the effective theory that are controlled by geometric
quantities located at codimension three in the base manifold.

G-flux induces chirality in the four-dimensional matter spectrum [95, 217] and integrals
over the flux are thus the quantities that the three-dimensional equivalents of the loop-
corrected Chern-Simons terms in Equation 7.3.10 and Equation 7.3.11 have to be matched
to [95]. In order to compute not only chiral indices, but the actual number of representations
present in the four-dimensional effective F-theory action, one needs more precise information
about the flux data, namely that specified in terms of the Deligne cohomology of the flux
[218].

Compared to fluxes, Yukawa couplings in global compactifications have been much less
studied so far, both those that involve singlets and those that do not. While their assumed
geometrical counterparts, intersections of different matter curves in codimension three in the
base manifold, have received attention [144, 156, 157, 163, 164, 167, 219, 220], it appears
crucial to point out that the relation to T-branes [83, 221], and in particular the low energy
effective theory and local models [66, 70, 222-225] remain to be explored. Since the strength
of a Yukawa coupling is not an integer, one does not expect it to be given by a topological
quantity and its precise value is therefore expected to be much harder to calculate. In this
chapter, we therefore limit ourselves to checking whether a codimension-three intersection
exists in order to determine whether a Yukawa coupling is expected to be realized.

Following this reasoning, we show in this chapter that certain Yukawa couplings allowed
by the continuous gauge symmetry of the four-dimensional effective F-theory action are not
present in F-theory models without section. We argue that this is due to discrete symmetries

205
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surviving as remnants of the massive U(1) vector field that exists in such models as we learned
chapter 8. A similar analysis was performed in [152] and later extended in [204].

Before beginning in earnest, let us emphasize that unlike in the six-dimensional case that
most of this part of the dissertation has dealt with, we do not derive the four-dimensional
effective F-theory action. Instead, we use the results of [53] and focus entirely on extending
the study of F-theory compactifications without section in chapter 8 to four dimensions. In
order to distinguish the four-dimensional case from the six-dimensional one, we use subscripts
to denote the complex dimensions of the Calabi-Yau manifolds.

10.1 The Stiickelberg Axion in Four Dimensions

In a four-dimensional theory with N = 1 supersymmetry the axion ¢ must arise from a
complex field. We take it to be the real part of a complex field G, Re G = ¢. The field G is
obtained when expanding the M-theory three-form as [53, 226]

C3 =iGV —iGV (10.1.1)

where VU is a (2,1)-form on the Calabi-Yau fourfold ). Using this definition of G, one can
derive the four-dimensional effective theory. The relevant U(1) gauging appears in the kinetic
term of G given by

Ly = KseD,GDHG, DG =dG +mAl. (10.1.2)

Upon ‘eating’ the axion Re G, the kinetic term (10.1.2) becomes a mass term for 1211, and the
mass is simply given by K5. Furthermore, it was shown in [53, 226] that for a massless G
K takes the form
Kog=— | JATAT. (10.1.3)
2V Vi
Note that since W is a (2, 1)-form on )y, it depends on the complex structure moduli z* of ).
Remarkably, the moduli dependence of ¥ can be specified by a holomorphic function h(z).
In the simplest situation one finds that [53, 74]

Koa o< (Imh)™t. (10.1.4)

Moving along the complex structure moduli space, the coupling K setting the mass of the
U(1) can become zero.

Let us comment on the points at which the U(1) becomes massless. In order to do that,
we extrapolate the behavior of K,a using the results from a Calabi-Yau threefold. Indeed,
the analogous coupling in a Calabi-Yau threefold compactification depends crucially on the
complex structure moduli and can be specified by a holomorphic pre-potential F(z). In this
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case, the function h can be thought of as a second derivative of the pre-potential F(z). One
then expects that at special points 2z ~ 0, i = 1,. .., neon in complex structure moduli space
one has

h(z) = Z ailogz' + ..., (10.1.5)

where a; are constants and the dots indicate terms that are polynomial in the complex struc-
ture parameter z¢. Geometrically, as we discuss in more detail below, this indicates that the
points z* = 0 are conifold points and a geometric transition takes place. In fact, as discussed
already in the previous chapter, the Calabi-Yau threefold with a bi-section Y3 can transition
to a Calabi-Yau threefold with two sections Y3 by means of a conifold transition. In the
Calabi-Yau fourfold case a similar transition from )4 to Y4 can take place. In this case,
however, one finds a whole curve of conifold points:

Y, twmez yging with conifold points _resolve oy, (10.1.6)
y, ez | yji“g with conifold curve —M 4y, (10.1.7)

We stress that the resolved branch Y can only be accessed in the lower-dimensional theory,
i.e. in M-theory on Y. Nevertheless, the existence of the branch Y naturally leads us to
another interpretation of the setup with a U(1) made massive by a linear Higgs mechanism.

To introduce the linear Higgs mechanism picture, let us approach the singular geometry
from the side of Y4. At the singular point one also finds that there are new matter states in
the four-dimensional effective theory that are charged under the U(1). In other words, these
admit the couplings

Dp = dop+ iGAlp, (10.1.8)

where ¢ is the U(1)-charge of the complex field ¢. This implies that one can also think of
giving a mass to the U(1) by turning on a vacuum expectation value for the field ¢. In the
F-theory compactifications under consideration the field ¢ will be a matter field arising from
the open string sector on intersecting seven-branes. It will further be a singlet under any
additional non-Abelian group and therefore be denoted by 14, where the subscript indicates
the U(1)-charge. Working with the open string matter field ¢ should be considered as the
dual picture to working with the closed string field G. In order to match the charges one
expects an identification

1; (open string) ¢ A(2)e*™"% (closed string), (10.1.9)

where mr = —¢, and A(z) is a coefficient that generally depends on the complex structure
moduli of V4. Working with either 14 or G degrees of freedom should give a dual description
of the same physical effective theory.
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Let us close this section by noting that the fact that the U(1) is massive implies that it
will be absent in the effective theory at energy scales below its mass. In this effective theory
the selection rules originally imposed by the U(1) gauge symmetry will remain as discrete

symmetries.

10.2 Yukawa Structures

In the following we discuss the Yukawa structures of SU(5) GUTSs engineered in an F-theory
compactification without section. Therefore, let us consider a SU(5) GUT with 10 repre-
sentations and 5 representations. Furthermore, we include a number of GUT singlets 1. In
order to make contact with the discussion of section 10.1 we distinguish representations by
an additional U(1); charge, corresponding to the Abelian gauge field A! introduced above.
We indicate the U(1); charges of the 10, 5 and 1 states will by a subscript ¢ as in

10,, 5,, 1, : R, — MR, (10.2.1)

where a gauge transformation of A! acts as A' — A + dA.

Since we are interested in Yukawa couplings, the relevant terms in the U(1)-invariant
perturbative superpotential are

Wert - > 104,104,5,, > 104,5,,5,,. (10.2.2)
q1+q2+g3=0 q1+q2+4q3=0

This generically implies that various couplings are absent. As an example, which we will
realize in F-theory below, let us assume that we have a 4-split, i.e. k¥ =4 in Equation 4.4.3,
with the representations

5 6, 5_1, 84, 103, 15, 119. (10.2.3)

The perturbatively permitted cubic Yukawas are then
103 X 103 X 5_6, 103 X 51 X 5_4, (1024)

plus additional couplings involving the singlet states.

Let us now contrast this to the case in which the U(1) vector field has gained a mass
term. As discussed above, this implies that the low-energy gauge symmetry is reduced to
Zy x SU(5). For our specific set-up we find that the Zs charges are as follows:

Qz,(54) =0, Qz,(5-1) =1, Qz,(5-6) =0,
Qz,(103) =1, Qz,(15) =1, Qz,(119) =0 (10.2.5)
In particular, this means that at masses below the Stiickelberg mass of our U(1) gauge field,

the two curves 5, and 5_g should be indistinguishable. Furthermore, the singlets 119 are not
charged under any massless gauge field anymore.
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Under the remaining gauge symmetry, we expect to find the Yukawa couplings
105 x 103 x 5—6; 105 x 103 x 54, 105 x 51 X 5_4, 103 x 51 X 56 (1026)

plus additional couplings involving the singlet states. It is crucial to point out, however, that
the coupling 103 x 103 x 5_7 is still ruled out by the Zs symmetry and we do not expect it
to be realized in our example geometries.

It is particularly interesting to stress the role of the singlets in the setup. In the example
of section 10.4, we show that the singlet states 119 are involved in the Higgsing described in
section 10.1. In fact, the spectrum (10.2.3) arises in the open string interpretation of the F-
theory setting. The closed string axion appears as the phase of the 11¢ using the identification
(10.1.9). Furthermore, we will find in our concrete example that there are couplings of the
form

119 X 5_¢g X 5_4 . (1027)

Given such a coupling in the open string picture, one may thus wonder whether from the closed
string point of view a non-perturbative superpotential appears that involves the complex field
G. Concretely, inspired by the identification (10.1.9) we have in mind terms of the form

Waon-pert = -+ > A(2)e”™5,,5,, . (10.2.8)

q1+g2—rm=0

As we will explain in section 10.3, some of these couplings are indeed present, and can be
reinterpreted in terms of the classical couplings (10.2.7).

Let us close this subsection with some comments on the non-perturbative couplings
(10.2.8). Superpotential couplings of a similar type induced by stringy instantons have been
studied intensively in orientifold compactifications as reviewed in detail in [227]. Remarkably,
the couplings (10.2.8) appear to be of somewhat different nature. They do not depend on
the Kéahler moduli and therefore are not suppressed at large volume. However, this is not a
contradiction to a de-compactification argument, since these couplings are localized near the
intersection of seven-branes. The instantons give a mass for certain 5-states that will there-
fore be absent in the effective theory for the massless modes only. We will see in our concrete
examples that this picture is indeed consistent. It would be very interesting to perform a
more thorough study of the instantons inducing the couplings (10.2.8). Interestingly, this can
already be done in the weak coupling limit.

10.3 String Interpretation of the Higgsing

Let us now try to understand better the link between geometric quantities on the one hand and
field theory quantities on the other. We emphasize that the fact that a new branch of moduli
space opens up in the M-theory compactification, connecting via a geometric transition our
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Calabi-Yau background to a large network of spaces, is not essential for our discussion. An
alternative, more self-contained, viewpoint is that we are studying the physics of the Higgsed
(i.e. deformed) branch close to a particular point in moduli space where extra degrees of
freedom appear. Nevertheless, we will keep using the M-theory viewpoint for convenience,
since discussions about geometry and M2 brane states can be easily understood there.

Let us start with the case of the five-dimensional transition, i.e. a conifold transition for
a Calabi-Yau threefold in M-theory. This case is well understood by now and we briefly recall
the discussion of the transition given in [213, 214]. Take a Calabi-Yau threefold ). As we
tune some of the complex structure moduli, there are codimension R subspaces in complex
structure moduli space where ) develops conifold singularities. Geometrically, this implies
the simultaneous vanishing of a number of periods

zi:/ Q, i=1,...,P (10.3.1)
I1;

with IT; a set of elements of H3(),Z), and Q2 the holomorphic three-form of )). More pic-
torially, we have P three-spheres contracting to zero size. Not all of these three-spheres are
homologically independent, only R of them are. Our examples all have P — R = 1, and
henceforth we restrict the discussion to this case for concreteness.

Consider the defining equation of the Calabi-Yau fourfold without a section that we will
study later. As in section 9.3, we choose to embed the fiber inside P112 and we saw already
in section 3.9 that this gives rise to a two-section. We call our variables!

p112 = dow? 4 aryiw + Agy1yow + azysw + agyt
+ dsytys + acyiys + aryys + asys (10.3.2)
=0,

with the a; being sections of line bundles of appropriate degree in the base. The conifold
locus in moduli space is obtained by tuning R coefficients in this equation, which allow us
to set ag = 0, modulo local coordinate redefinitions. The same argument as in the previous
chapter then shows that there are conifold singularities at the P points in the base given by
the solutions of ag = ay = 0.

In the five-dimensional effective field theory, as we approach the conifold locus, a massive
U(1) vector multiplet becomes light. When we hit the conifold locus in moduli space the
massive vector multiplet becomes massless, and it splits into a massless vector multiplet and
a massless charged hyper. The physics is thus that of an unHiggsing process. Going in the
reverse direction, i.e. taking ag # 0, corresponds to giving a vacuum expectation value to the
charged hyper, and thus an ordinary five-dimensional Higgsing process.

For our purposes it will be useful to understand the geometric manifestation of this
Higgsing in more detail. (The basic picture was given in [228].) Consider the theory at the

'We changed notation with respect to section 9.3, the most relevant part of the dictionary for comparison
to that section is {as, as,ar} — {a, f,e}.
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conifold locus. We have a massless U(1) vector multiplet?, which in M-theory comes from a
supergravity reduction of the form C3 = A Aw, with A the five-dimensional vector boson and
w a harmonic two-form in the threefold ). By Poincaré duality, we can also think of w as
defining a four-cycle D in ).

As we start making ag # 0, the U(1) should acquire a mass. The geometric manifestation
of this fact is that w is no longer a harmonic form, but rather becomes a low-lying eigenform
of the Laplacian of ), or dually, the four-cycle D becomes a four-chain with boundary. In
fact, the four-chain is easy to describe: as we deform away from the conifold locus, the P
conifold singularities are replaced by P three-spheres S;. There is a relation in homology
between these spheres, i.e. there is a four-chain in homology with boundary on these spheres.
This four-cycle is D.

Coming back to the ag = 0 conifold locus, we have that there are also P hypermultiplets
charged under the U(1). They come from M2 branes wrapping the vanishing size holomorphic
52 at the conmifold singularity. As we deform away from the conifold locus, R = P — 1
hypermultiplets stay massless, and get reinterpreted in the geometry as complex structure
moduli of the R growing classes in homology, plus the integrals of C's and Cg over the same
homology classes. The massive vector boson comes from reducing Cs over the (non-zero)
eigenform of the Laplacian connected to the four-cycle becoming a four-chain in the conifold
transition. From this discussion, it follows that one should identify the closed string axion
entering the Stiickelberg mechanism in the geometric description of the massive U(1) given
above with the phase of the charged hypermultiplet getting a vacuum expectation value and
entering the non-linear realization of the U(1) gauge symmetry becoming massive.

One take-home message from this discussion is that there is a deep interrelation between
the field theory and the geometry, and a duality dictionary of sorts: what we see in the
field theory as a Higgsing of a field appears in the geometry as a particular four-cycle getting
boundaries and becoming a four-chain. There is also a nice interplay between field theory and
string theory when it comes to the corrections to the theory: as explained in [228], and further
substantiated in [229], in order to reproduce the right hypermultiplet moduli space metric
one expects from field theory, one should sum an infinite set of non-perturbative corrections
coming from M2 brane instantons in M-theory.

A similar picture will hold in the case of compactifications on a Calabi-Yau fourfold.
We now have an M-theory compactification down to three dimensions, and there is a U(1)
symmetry that becomes Higgsed as we resolve the conifold singularities. The U(1) vector
boson comes from the reduction of C3 = A A w. Poincaré duality now tells us that we
should be looking for a siz-cycle in the geometry that opens up in the resolution process
and has boundaries on five-cycles. These five-cycles have a simple interpretation: instead of
having conifold points in the total space, we now have conifold curves. As we deform the

2Typically there will be other U(1) vector multiplets in the low energy theory, but one can choose a basis
in which they decouple from the physics of the transition.
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defining equation, we obtain a set of five-cycles given by fibrations of the deformation S3
over the matter curve being Higgsed.> The massive U(1) is associated with the open chain
with boundaries on these five-cycles. The conifold periods analog to Equation 10.3.1 can be
studied using the recent results of [132, 231]. However, the relevant couplings, as discussed
in section 10.1, should rather be encoded by J A ¥ integrated over the five-cycles involved in
the transition.

We now obtain a possible reinterpretation of the perturbative field theory discussion in
terms of geometry: the cubic terms that give rise upon Higgsing to mass couplings between
the two 5 curves that recombine can be understood geometrically as being given by M2
instanton corrections wrapping the contracting three-cycle, as we approach the conifold point
at ag = 0. Notice that the discussion is reminiscent of the N/ = 2 discussion in [228, 229].
It would be quite interesting here, for the same reasons, to elucidate the microscopics of the

instanton viewpoint.

10.4 A Class of Examples with Discrete Symmetries

In this section, we present a class of Calabi-Yau manifolds that realize the effects discussed
in the preceding discussion. To do so, we start in subsection 10.4.1 by constructing a class of
elliptically fibered manifolds without section, with fiber a generic quartic in P112. Next, we
enforce an SU(5) singularity along a divisor of the base manifold and study the low-energy
effective action of F-theory on the Calabi-Yau manifold. In subsection 10.4.2 we find that
despite the absence of massless U(1) gauge factors in the effective action, there are different
matter curves distinguished by a discrete gauge symmetry that is a remnant of a massive
U(1) vector field. Furthermore, we encounter that not all the Yukawa couplings that would
naively be allowed by the SU(5) gauge symmetry are realized geometrically. In fact, we show
that those couplings that do exist correspond precisely to those invariant under the additional
discrete symmetry.

Moving to the conifold locus in complex structure moduli space we note in subsec-
tion 10.4.3 that one of the matter curves becomes reducible and splits into two parts. We
note that this is a manifestation of the U(1) becoming massless at the singular point and the
restoration of the full Abelian gauge symmetry. Resolving the conifold singularities allows
us to confirm that the map between the full U(1)-charges and the charge under the discrete
remnant group left over after the Higgsing process is as expected.

3Note that this kind of setup has been studied before in [230].
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10.4.1 Hypersurface Equation in P15

Following the discussion of chapter 8, we embed a genus-one curve inside P119. The most
general such genus-one curve is given by Equation 10.3.2, which we reproduce here

pr1z = dow? + @yiw + Agy1yaw + Asyaw + syt + asydys + asyiys + aryiys + asys
— O’
(10.4.1)

where the a; determine the complex structure of the genus-one curve. After fibering the
curve over a suitable base, the a; become sections of line bundles over the base manifold. As
discussed before, an elliptic fibration with such a generic fiber does not have a section, but
rather a two-section defined by y; = 0. However, after tuning ag — 0 the genus-one curve
becomes singular and the two-section splits into two independent sections. These can then
be most conveniently described after resolving the singularity obtained by the tuning. Note
further that P115 exhibits an orbifold singularity at the origin and, in general, this singularity
should be resolved. Here, however, we restrain from doing so and instead impose a condition
on ag later on that makes sure that our hypersurface does not hit the orbifold singularity.

Next, let us tune the complex structure coefficients in such a manner that the elliptic
fibration obtains an SU(5) singularity and then resolve this singularity using the methods of
chapter 4. As we saw there, the ambient fiber space P12 has three inequivalent SU(5) tops.
Let us pick the first one, called 74 in figure 4.3, and denote the four blow-up variables and
the variable corresponding to the affine node by e;, i = 0,...,4. Then this choice of SU(5)
top implies that the coefficients a; must factor according to

apg = 6(2)6164 - ap a; = ejes - ay asz = epezey - Az A4 = 6?6%6%64 - ay

a5 = eleSeses - a5 ag = ejededes - ag a7 = egeseq - ay Gy = egegeseld -ag,  (10.4.2)

where the a; are irreducible polynomials and as = a2. Unlike the a;, it is crucial that the qa;
depend on e; only through the combination egejesesey.

10.4.2 Non-Abelian Matter Curves and Yukawa Points

Having tuned the complex structure coefficients in the above manner, the next step is to
verify that this does produce an SU(5) singularity and to examine what sort of matter
representations arise at codimension two in the base manifold.

To do this, let us now compute the Weierstrass form (3.1.2) of the Jacobian of the above
genus-one curve. One finds that the Weierstrass coefficients f and ¢ also depend on the
e; only through the combination egejesesey and we can therefore go to a patch in which
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e1 = eg = e3 = ¢4 = 1 without losing any information. In that case f and g read

1
f= T (a;1 —8ep - aq - a% -as + 86(2) . (2a%a§ — aoa%aﬁ + 3apaiazary)

+ 888 -ap - (3agaszas — 2aiaza6 — 6a%a8)

+ 16¢ - ap - (—3a3aq + apai — 3agasar) + 192€f - a%a4a8) (10.4.3)

and

1

= ol (ag —12ep - aq - a% -as3 + 126(2) . a% . (4a%a§ — aga%ag + 3apajazar)

g
+ 46% . (—16a?a§ + 9a0a§a3a5 + 6a0a1aga3a6 — 36a0a%a2a3a7 — 18a0a%a%ag)
+ 12¢3 - ag - (—6a3a3as — 12a1az03a5 + 8a2aiag + dagaia’
— 6a(2)a%a5a7 — 12a(2)a1a2a6a7 + 18a(2)a%a$ + 24a0a:{’a3a8)
+ 4868 -ag - (6a1a§a4 — 3agpaqazasag + 2a0a1a3a% + 18agpasazagsar
— 3agaiazasay — 12a0a%a4ag + 18agaiasasag — 12a0a%a6a8)

+ 868 . a% . (27@%@% — 72a§a4a6 — 8a0ag + 36agasagar — 108a0a4a$ — 144a;a3a4ag)

+ 288¢} - ad - (—3akag + 8a4a6a8)) . (10.4.4)

From that it follows directly that the discriminant, defined by A = 4f3 + 27¢2, obeys

2

a

A=-2. eg . a% - (—agay + agag) - (—a§a4 + alagag) — a%agaﬁ + a:fa7)
16

- eg : a% : (a%agamg — a1a§a§a5a6 + a%a%a%a% + 11a1ag’a§a4a7

— 1Oa%a§a§a5a7 + 8a?a2a§a6a7 — 8a‘11a§a$ + a0a§a4a$
- aoalag’%a% + aoa%a%aﬁag — aoa?agag — 12a1a%a3a4a8
+ 11a%aga3a5a8 — 10a?a%a3a6a8 + 8aila2a3a7a8 + aéllagag)

5.3 4.3 2 4.3 2.3 3 3.2 3 2
(asa3a4a5 — ajasaza; + 10a1a5a5a4a06 — 8ajasazasas + 8ajasazag

+eq -
+ 4Oa%a§a§a4a7 — 32a?a%a§a5a7 + aoagagagw + 16a411a2a§a6a7
— 12a0a§a3a4a6a7 + 8a0a1a§a3a5a6a7 — 8a0a%a§a3a%a7 — 16ai’a§a%
+ 48a0a1a%a3a4a$ — 41a0a%a%a3a5a% + 46a0a§’a%a3a6a%
— 36a0a‘11a2a3a§ — 50a%a§a§a4a8 + 40a‘z’a%a§a5a8 — agagagag
— 32a§1a%a§a6ag + 16a0aga4a6ag — 12a0a1aga5a6a8 + 12a0a%a%aga8

+ 16a?a2a§a7a8 — 4Oa0a1aga4a7a8 + 34a0a%a§a5a7ag

— 44apaladagarag + 30apatadaag + 8aSadazal) + (’)(e%)) . (10.4.5)

Obviously, there is an SU(5) singularity along the GUT divisor defined by eg = 0. Addi-
tionally, if ag has zeros, there will be a further SU(2) singularity whose Cartan divisor is
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precisely the divisor obtained from blowing up the Zo orbifold singularity of P1;5. Here we
ignore this additional part by making sure later on that ag is in fact a constant, which implies
that the Calabi-Yau hypersurface avoids the orbifold singularity. Furthermore, there are three
different curves on the GUT divisor over which the SU(5) singularity is enhanced, namely

T=ay=0 (10.4.6)
Fy = —dbay + a1a3as — atasag + aday =0 (10.4.7)
Fys = —aszar + asag = 0. (10.4.8)
Since we have that
flr=o = O(cd). glr—o = O(cl) Alr— = O(c}) (10.4.9)
flr=0 = O(ep) glr=0 = 0(e]), Al —o = O(ep) (10.4.10)
flm=0 = O(ep), 9lm=0 = O(eg) , Alp=0 = O(ep) (10.4.11)

we find that there are SU(6) singularities along the curves F; = 0 and that there is an
SO(10) singularity at 7' = 0. Consequently, the F; = 0 curves host fundamental matter
representations, while the 7" = 0 curve is the location of the antisymmetric 10 representation
of SU(5). We denote the representation located at F; = 0 and F, by 5" and 5", respectively.

Before proceeding any further, let us remark here already that without further gauge
symmetries than SU(5), one would not expect to find different 5-curves as we just have. We
therefore expect there to be an additional gauge symmetry that can differentiate the two
curves. However, from the absence of sections we know that it cannot be an Abelian gauge
group. It will, in fact, turn out to be a discrete symmetry that distinguishes the 5-curves.

Next, let us consider the Yukawa points on the GUT divisor, i.e. those points at which
several of the curves meet and the singularity is enhanced even further. We first consider
points that involve the 10 representation. Since we have that

1 .
flr=0 = -3 <eg a3 - a3 —ej - ag-ay - (azag + 3aiasg)
+ef - ag - (—3a2as + apa? — 3apasar) + 12¢ - a%a4a8) (10.4.12)
1
glr=0 = 364 ( — 64¢3 - a} - a3 + 24ed - ap - a3 - (4a3a6 + 9aa? + 12apa;azag)

+ 4868 ~ag - aq - (6a§a4 + 2aoa3a§ — 3apasasar — 12apa1a6as) + (’)(e%))
(10.4.13)

we find the enhancements listed in table 10.1.

Additionally, there are couplings between the two 5-curves and singlets under the non-
Abelian gauge group. We do not give the explicit equation of the singlet curve here, but note
that we find the couplings list in table 10.2.
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Equation Involved curves  Singularity Coupling Multiplicity
{a1 =0} N {az =0} T, Fy non-minimal - 0
{ag = O} N {ag = 0} T, Fy Eg 10 x 10 x 5" 27
{ag = O} N {a7 = O} T, Fl, F2 SO(12) 10 x 5/ X 5” 18

Table 10.1: Yukawa couplings involving only non-Abelian representations. Note that all the
couplings are located on the GUT divisor defined by ey = 0. The multiplicities
were evaluated explicitly for the example manifold given in subsection 10.4.5.

Involved curves Singularity  Coupling ‘ Multiplicity
F, Fy SU(T)  1x5 x5"| 108

Table 10.2: Yukawa couplings involving both non-Abelian and Abelian representations.
Note that all the couplings are located on the GUT divisor defined by eg = 0.
The multiplicities were evaluated explicitly for the example manifold given in
subsection 10.4.5.

10.4.3 Curve Splitting and Conifold Transition

Before going into the details of the particular base we used in order to compute the precise
number of Yukawa points given in the above tables, let us first, in the spirit of chapter 9, go to
the conifold locus in moduli space, where we obtain a model with two sections, or equivalently
an extra massless U(1). This gives a curve of conifold singularities located at a3 = a7 = 0.
As noted above, this corresponds to tuning ag — 0. Interestingly, this transition has an effect
on the 5-curves in the geometry, since F> becomes reducible:

Flag=0 = — a3 - a7 (10.4.14)
— ~~
Fyy Fpo

If we denote the fundamentals at F»; = 0 by 5” and those at F55 = 0 by 5” then we find
the Yukawa couplings listed in table 10.3.

In table 10.4 we summarize the couplings that do not involve the antisymmetric repre-
sentation. We do not give explicit expressions for the singlet curve involved in the first two
couplings, as they are not complete intersections and contain a large number of terms.

At the conifold locus in complex structure moduli space, we can also compute the U(1)-
charges of the matter states using the techniques from section 9.1. After rescaling the U(1)
factor to avoid fractional charges, we find the following charge assignments:

10 = 103, 5 =5_1, 5" =5_¢g, 5" =5, (10.4.15)

Furthermore, we find that the singlet involved in the 1 x 5” x 5 coupling has U(1)-charge
10, while the singlets in the other two 5 x 5 couplings have U(1)-charge 5.
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Equation Involved curves  Singularity Coupling Multiplicity
{a1 =0} N {az =0} T, Fy non-minimal - 0
{ag = O} N {ag = 0} T, F271 Eg 10 x 10 x 5" 27
{ag = O} N {a7 = O} T, Fl, F272 SO(12) 10 x 5/ X 5/” 18

Table 10.3: Yukawa couplings involving only non-Abelian representations. Note that all the
couplings are located on the GUT divisor defined by ey = 0. The multiplicities
were evaluated explicitly for the example manifold given in subsection 10.4.5
after transitioning to the conifold point and resolving the singularities appearing

there.
Equation Involved curves Singularity Coupling Multiplicity
- Fl, F2’1 SU(7) 1 x5 x 5” 54
- Fl, F272 SU(7) 1 x5 x5" 54
{CL3 = 0} N {a7 = 0} F271, F2,2 SU(7) 1 x 5" x 5" 54

Table 10.4: Yukawa couplings involving both non-Abelian and Abelian representations.
Note that all the couplings are located on the GUT divisor defined by eg = 0.
The multiplicities were evaluated explicitly for the example manifold given in
subsection 10.4.5 after transitioning to the conifold point and resolving the sin-
gularities appearing there.

10.4.4 Discrete Charges and Forbidden Yukawa Couplings

Finally, let us move away from the conifold locus again by deforming ag # 0. Looking at the
multiplicities of the Yukawa couplings given in tables 10.1, 10.2, 10.3, and 10.4, the following
picture about the physics of the deformation process suggests itself rather naturally. The
action takes place on the 5” = 5_¢ and 5"/ = 5, curves, since they have the same Zs charge
according to (10.2.5). We observe that precisely where these two curves intersect, they have
a Yukawa coupling with the 11 singlet parameterizing the deformation. As this singlet gets
a vacuum expectation value, the two curves recombine into a single object that we called 5”
in subsection 10.4.2. Since this is a local operation close to the intersection of the two curves,
we expect the rest of the Yukawa couplings involving the 15 singlets to simply come along for
the ride. And indeed, the multiplicities of the Yukawa points are conserved, if one compares
with the results in the previous section.

To finish this subsection, let us quickly summarize the Zo charges of the matter curves
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away from the conifold locus. There one finds that*

Qz,(5') =1, Qz,(5") =0, Qz,(10) =1, (10.4.16)

which is compatible with the couplings we found in table 10.1. Note that this is precisely what
we expect based on the discussion of section 10.2. In particular, we find that the coupling

10 x 10 x 5’ (10.4.17)

is not invariant under the Zs action and is not realized geometrically, although it would be
allowed by all massless continuous symmetries.

10.4.5 An Explicit Example without Non-Minimal Singularities

After keeping much of the previous discussion independent of the actual choice of base man-
ifold, let us now present the toric data of an explicit example here. In doing this, it is
important to recall that as soon as one considers three-dimensional base manifolds, there will
generally be non-minimal singularities corresponding to non-flat points of the fibration. We
took this into account in the above discussion, making tables 10.1 and 10.3 both contain an
entry corresponding to such a non-minimal singularity. The relevant conditions will gener-
ically have non-trivial solutions at codimension three in the base manifold. The fact that
there generically are such non-flat points does not imply that examples without them are
impossible, or particularly convoluted. The condition one needs to satisfy is

{a1 = O} N {CLQ = 0} =0 (10.4.18)

and as we will now show some simple geometries admit solutions to this equation.

Our explicit model is as follows. Take a toric ambient space defined by a fine star
triangulation of the rays given in table 10.5. As can be seen from the defining data, the
generic ambient fiber space is Py1s.

The base manifold is P' x P? and the resolved SU(5) singularity discussed in subsec-
tion 10.4.1 lies on the base divisor {pt} x P? C P! x P2, Note that making the geometric
transition by going to the conifold locus and resolving the conifold singularities corresponds
torically to introducing another ray with entries (0,1,0,0,0) as in section 9.3, which auto-
matically imposes ag = 0.

Given the explicit data of the ambient space in which our Calabi-Yau manifold is em-
bedded, there is an easy way of confirming the absence of non-flat points. As discussed in
chapter 5, at the non-flat points one of the irreducible fiber components grows an extra di-
mension. In the notation of table 10.5, the irreducible fiber components are the horizontal
parts of the exceptional divisors e; = 0. The irreducible fiber component which generically

4Note that since we are not at the conifold locus anymore, 5” corresponds to the matter curve Fy = 0.
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Homogeneous coordinate z Point n, e VAN
Vg -3 -3 0 1 0
V1 0 0 0 0 1
V9 0 0 0o -1 -1
U1 0o -1 -1 0 0
€o 0 0 1 0 0
€1 -1 1 1 0 0
€9 -2 1 1 0 0
es -2 0 1 0 0
e4 -1 0 1 0 0
Yo -1 -1 0 0 0
1 -1 1 0 0 0
w 1 0 0 0

Table 10.5: Homogeneous coordinates of the ambient toric space and the corresponding rays
of the toric fan.

jumps in dimension is the one whose ray does not correspond to a vertex of the top, i.e.
€4 = 0.

Let us therefore examine this component with care. On the divisor e4 = 0 the hypersur-
face equation (10.4.1) reduces to
P112]es=0 = @1 - yPw + s - y%w. (10.4.19)
However, for the above choice of space, one finds that
a) = ejeg - (a1eg + auy) (10.4.20)
al

with a; two generically non-zero constants. In the base, eg and v; are just the homogeneous
coordinates of a P; and in particular eg = v; = 0 is forbidden. As a consequence, there are
no solutions to eg = a1 = 0.
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Chapter 11

Conclusion

In this final chapter we conclude by briefly summarizing the contents of this thesis and
pointing out several open research question that could potentially be relevant to future in-

vestigations.

11.1 A Brief Summary

The work presented in this work can largely be categorized into two subjects, as is reflected in
the structure of this thesis: First, we established a framework in order to systematically con-
struct and analyze genus-one fibered Calabi-Yau manifolds of different dimensions. Second,
we used these manifolds in order to compute the low-energy effective theories that F-theory
compactifications on them give rise to. Given how clearly separated the two topics are in this
thesis, it is important to keep in mind that there is no advantage in pursuing them individually
when carrying out actual research. Instead, many of the advances come through the interplay
of geometric and physical problems. Oftentimes physical questions provide the motivation
to study the “relevant” geometric quantities or give an intuition for what the answer should
be. Naturally, this exchange works in the opposite direction as well: As we have emphasized
repeatedly, much of the computational control that we have over F-theory vacua comes from
the advanced geometrical tools that complex algebraic geometry provides. Nevertheless, let
us adhere to the structure of this thesis and begin by recapitulating the contents of Part II.

The first step in a systematic construction of genus-one fibered Calabi-Yau manifolds is
to identify the building blocks that can be studied separately. Our analysis led to a three-step
procedure: Begin by constructing the genus-one fiber by embedding it into an appropriate
ambient space, use reducible ambient spaces in order to engineer reducible fibers that become
singular in some blow-down limit, and complete the top that one has thus obtained into a
fibered ambient space. Apart from a few exceptions, all of our computational control over
the Calabi-Yau manifolds is inherited from the power that we have over the ambient spaces
in which these are embedded and which can be controlled using toric geometry.
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To understand the geometry of the genus-one fibers, one must essentially control two
quantities: The discriminant and the Mordell-Weil group. While discriminants can always be
computed from a Weierstrass model and every genus-one curve has an associated Weierstrass
model that shares the same discriminant, finding the map to this Weierstrass model is in
general an unsolved problem. In fact, it is the key technical obstacle that we needed to
overcome. To solve this problem for a large range of genus-one curves defined as complete
intersections, we presented an algorithm that uses an old idea of Deligne to embed the genus-
one curve into one of four toric ambient spaces for which the maps to Weierstrass form have
been worked out. Notably, the details of the algorithm are independent of toric methods.
Given the map from a genus-one curve inside a certain ambient space to its Weierstrass
form, one can immediately compute the Mordell-Weil group of the curve. After fibering
the curve over a base manifold, additional generators may appear, but the generators of the
generic genus-one curve in this ambient space will still form a subgroup, that we call the toric
Mordell-Weil group. To assess the effectiveness of our algorithm, we successfully applied it to
the 3134 genus-one curves obtained as complete intersections of codimension two. We used
the Weierstrass forms that we thus obtained in order to classify the toric Mordell-Weil groups
of all hypersurface and codimension-two complete intersections fibers and furthermore also
determined all possible non-toric non-Abelian gauge groups. For the first time, we identified
torsional Mordell-Weil groups, extended the Mordell-Weil ranks that one can construct and
explained in detail the properties of non-holomorphic sections.

In the next step, we carefully studied the formalism of toric fibrations and their degen-
erations that are captured by tops. We computed all possible SU(5) tops for hypersurface
fibers and explained how constraints on the Abelian matter charges can be directly read off
from the combinatorial data of the top. Furthermore, we provided a rigorous proof that
hypersurface fibers will never lead to multiple antisymmetric SU(5) representations in the
low-energy effective theory and that motivates the study of the more complicated class of
complete intersection fibers.

Finally, we suggested the first algorithm to systematically and quickly enumerate all
possible ways in which a given top can be fibered over a base manifold. We explained that
full-fledged fibrations must satisfy at least one additional consistency condition, namely the
flatness of the fibration. To check for flatness, we formulated a combinatorial condition on
the data of the toric ambient space and showed that flatness is non-generic with respect to an
auxiliary polytope encoding the full set of fibrations. As an illustration of our methods, we
constructed a number of example fibrations, showed how to use toric methods in order to com-
pute matter charges, constructed SU(5) models with multiple antisymmetric representations
and explained how to obtain the discrete symmetry group Z,.

Having developed a framework to generate large classes of appropriately fibered Calabi-
Yau manifolds, we turned to computing the low-energy effective actions that result from
considering F-theory on these compactification manifolds. Gauge groups and matter are
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already present in six-dimensional F-theory models and we therefore focused on computing
the six-dimensional effective action in the presence of Abelian gauge groups by extending
the work of [54]. Finding the effective action of F-theory in a given dimension consists
of several parts: First one reduces M-theory on the relevant Calabi-Yau manifold, then one
computes a circle-compactification of a generic even-dimensional supergravity, and finally one
integrates out massive modes to match the quantum-corrected circle theory to the M-theory
compactification.

For the first time, we determined the low-energy effective theory of F-theory on Calabi-
Yau manifolds with multiple and possibly non-holomorphic sections. We found that non-
holomorphy of the zero section can lead to a shift in the Kaluza-Klein hierarchy such that
the zero mode of the Kaluza-Klein tower of a charged field may no longer be the lightest
mode. In the absence of such shifts, we proved that the gravitational and mixed anomalies
of a general six-dimensional F-theory model are automatically canceled.

With the Abelian gauge groups under control, we then proceeded to study the effective
action of F-theory on a genus-one fibered Calabi-Yau manifold without section. We found
that the physical implication of such a model is the presence of an additional massive Abelian
gauge field. In order to carry out the M-/F-theory duality, it is necessary to perform a fluxed
circle reduction, where the Stiickelberg axion of the massive gauge field has a non-trivial
flux background. Furthermore, we showed that one can employ a conifold transition from
the circle-reduced theory of F-theory with a massive U(1) to a circle-reduction of another
F-theory model with a massless gauge field. Geometrically, this process can easily be under-
stood: Under the conifold transition, the two-section is disentangled and transformed into
two separate independent global sections that give rise to a rank-one Mordell-Weil group.

Last of all, we explored another feature of F-theory models without section, namely the
presence of discrete symmetries. Since the axion that gives a mass to the gauge field is
doubly-charged in the models with a two-section', we expect a Zy remnant of the formerly
massless Abelian symmetry to survive. And in fact, a close analysis of the relevant geometry
shows that the only realized Yukawa couplings are those with neutral charges under the
discrete symmetry, leading to the conclusion that discrete symmetries in F-theory models can
be implemented by models without sections. Notably, this is another example of physical
intuition motivating a mathematical result, namely that certain matter curves should be
distinguishable and therefore consist of multiple reducible components. This is a well-defined
geometric property property that one would a priori not have associated with the presence of
a multisection.

In the case of an n-section, the charge of the axion is adjusted correspondingly.
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11.2 Future Areas of Research

There are various exciting ways in which the research presented in this work could be ex-
tended. In addition to the more global long-term research objectives mentioned at the end
of this section, there exist several very specific, albeit somewhat technical projects that one
could initiate immediately. The most obvious objective would be to understand the large
number of complete intersection fibrations that have become accessible with the introduction
of the algorithm to compute their Weierstrass forms. Repeatedly, we have had to revise our
understanding of F-theory models upon encountering more general cases and there is good
reason to expect the same to happen again for the much larger set of models that have now
been unlocked.

In order to carry out the same manipulations for complete intersection fibers that we
can already perform for hypersurface fibers, it might be helpful to first solve two technical
problems: Classifying three-dimensional tops and speeding up star triangulations of poly-
topes. A classification of higher-dimensional tops similar to that of [161] would allow one
to systematically and quickly construct all toric singularity resolutions inside a given fiber.
In the two-dimensional case, the geometry of the tops is closely related to the intersection
matrix of the exceptional divisors. Generalized to higher dimensions, the relation is not as
obvious, but we would expect it to exist nevertheless. Easier and yet possibly of more prac-
tical importance is an efficient implementation of star triangulations in Sage. As suggested
in [179], the type of triangulation relevant to our set-ups can be made considerably faster by
exploiting that they are star triangulations with respect to the origin, since the full triangula-
tion can then be reduced to triangulating the facets. In fact, one could go further and repeat
this step recursively, which should ideally allow for a massive parallelization of the problem.
Another feature ubiquitous in complete intersection fiber models is the presence of product
gauge groups. It would be important to understand their geometry in detail and control the
singularity enhancement along the overlap of different gauge singularities.

Compared to just over a year ago, multisections in F-theory are now much better un-
derstood. Nevertheless, only the simplest examples have been tackled yet and a systematic
treatment of an arbitrary genus-one fibered Calabi-Yau manifold may still prove difficult.
One of the simplest questions concerns the type of divisor basis one can choose for a general
genus-one fibration: Can one possibly have multiple independent multisections but no sec-
tion? Would it be possible to construct models with a two-section and a three-section that
are independent in homology and that do not have a globally defined section? If so, what
is the effective physics of such a set-up? Moreover, we have seen that multisections lead to
discrete symmetry groups. So far, they have all been Abelian — can one also construct non-
Abelian groups? Clearly, this may be less straightforward, as the Abelian symmetry groups
appear to be related to the Mordell-Weil group of the mirror dual of the fiber, which must
always be Abelian. However, it is conceivable that the Mordell-Weil group only captures the
center of the discrete symmetry, similarly to how only the Cartan generators are present in
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the M-theory reduction and the W-bosons are supplied by additional M2 brane states.

Another promising and ambitious direction of research is to improve our understanding
of the entire landscape of F-theory models. It is already known that many F-theory compact-
ifications can be connected to each other by Higgsings or transitions between different wedges
in the Coulomb branch of the field theory. Given how enticing a global understanding of the
set all of F-theory vacua would be, it seems promising to extend the network mapped out in
[144] to complete intersections. A more difficult, but possibly very rewarding question to ask
is whether complicated field theoretic dualities, for example in four and six dimensions, can
be incorporated into such a network of F-theory vacua. A program of this kind was initiated
in [232, 233] and in would be interesting to pursue this further. Insights into such dualities
may also benefit from a better understanding of the duality between F-theory with Abelian
gauge factors and the Heterotic String as well as a better control over the weak-coupling limit
of F-theory. Both are interesting and complex topics on their own and merit detailed study.

Finally, there is a plethora of issues that we touched only briefly on in section 2.6 and
which need to be addressed if F-theory is ever to produce a realistic GUT model. Of all the
problems mentioned here, this is very likely the most complex. And yet, it must eventually
be answered if string theory studied through F-theory is some day to be taken seriously as a
candidate for a theory of everything.
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Appendix A

A Brief Introduction to Toric
Geometry

In this appendix, we would like to briefly introduce a few of the key concepts of toric geometry
used in this work. All of the results mentioned here have long been known in the math
literature and we would like to point out two of the standard works on toric geometry,
namely [234, 235]. There also exists a number of introductions to toric geometry in the
physics literature, such as [215, 236-238] and we draw from all of them here.

Toric varieties owe their name to a very special property that is the underlying reason
for the ease with which many calculations can be reduced to combinatorial problems: A toric
variety X of dimension d contains a d-dimensional algebraic torus T? = (C*)¢ together with
a action of this torus on the variety itself:

T¢x X - X (A.0.1)

Every d-dimensional toric variety can be obtained from a quotient
c"\Z

X=_— 2
(C)m x T’

(A.0.2)

where d = n — m and Z is the union of a set of hyperplanes containing the origin. In
particular, this means that T4 C C™\Z. Then the algebraic torus inside in X is contained in
what survives after quotienting C"\Z by T™. In the next subsection, we will explain how to
encode the explicit torus action and the data in Equation A.0.2 using a set of combinatorial
objects.

A.1 Toric Varieties from Fans

Before making a connection to toric varieties, let us introduce a few conventions and define
the key objects.
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Let N = Z% = Z™ ™ be a lattice and denote its dual lattice by M = Z¢. The tensor
product with R, Ng = N ® R, is the d-dimensional vector space obtained by allowing real
coefficients for the generators of N. By a rational polyhedral cone o in Ng we mean the set

o= <U1 .. .Uk> = {Z a;v;, a; € R>0} (A.l.l)

]

generated by k vectors {v; € N}. We denote by —o the cone generated by {—v; € N}. If
o N —o = {0}, then o is called strongly conver. A cone o’ that is spanned by a subset of the
generators of o and is part of the boundary of ¢ is called a face of o. If ¢/ is k-dimensional,
then it is called an k-face of o.

A collection of strictly convex rational polyhedral cones {o;} is called a fan 3 if it satisfies
the following two properties:

e Every face of a cone is also a cone of the fan.

e Given two cones 0; and o, their intersection o; No; is a face of both cones.

The one-dimensional cones, Y(1), are called rays and the (dim ¥ — 1)-dimensional cones are
the facets of 2.

A fan Y determines a toric variety Xy, completely. Denote by w1, ..., v, the rays of X
and associate a homogeneous coordinate z; to each of them. These z; parametrize the space
C™ appearing in the numerator of Equation A.0.2. Next, to every subset of rays v;,...,v;,
that does not generate a cone of ¥, assign a hyperplane z;, = --- = z;, = 0. The point set Z
excluded from C" in Equation A.0.2 is the union of these hyperplanes. Furthermore, one can
associate to each such subset of rays (or alternatively each such hyperplane) the monomial
H§:1 zi;. The ideal in the coordinate ring Q[z1,...,2,] generated by these monomials is
called the Stanley-Reisner ideal of X and we denote it by SRI(X).

The torus action is also determined in terms of the rays. Consider the map
1 n—m
¢: (CO" = (C)"™, (21, z) = ([[ 275 ][0 ) (A.1.2)
i i

The preimage I = ¢~ ((1,...,1)) = (C*)™ then determines the action that is divided out in
Equation A.0.2. Let us understand how this works in detail: (C*)™ has of course a natural
action on C" simply by componentwise multiplication:

(CH"xC" = C": (A, s ), (21,005 20)) = (A121, 0o Anzn) (A.1.3)

We can abbreviate this by writing A - z. Note that if z € (C*)", then -z € (C*)", too. Now
let A € I. Then ¢(A - 2) = ¢(z) for all z € (C*)". One can hence divide out the group action

J
generated by all elements of I and use the coordinates {[];z*,j = 1,...,n — m} as affine
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coordinates for the resulting space. It is easy to find an explicit expression for the group
action generated by I = (C*)™. By plugging a general ansatz into Equation A.1.2, one finds
that I consists of elements

(AQi, . AQ«?) (A.1.4)
with charges Q] satisfying
n .
ZUz‘QZ =0. (A.1.5)
i=1

Put differently, the m charge vectors ), are the linear relations that the rays v; satisfy among
each other.

The last missing ingredient in (A.0.2) is the discrete finite group I'. Denote by N’ the
lattice generated by the rays of 3. Then
N
If the rays do not generate all of IV, there are thus additional orbifold singularities.

T (A.1.6)

A.1.1 Examples and Connection to GLSM Description

Let us close this section by studying a few examples and by comparing this approach to the
definition of a toric variety as the vacuum moduli space of a gauged linear sigma model.

To understand how this alternative description arises, consider n chiral superfields Z; € C,
i =1,...,n charged under the gauge group U(1)™ and let the charge of the i*" field under
the U(1) factors be Q%, a = 1,...,m. Furthermore, denote by z; the scalar components of
the superfields and by (, € R, a = 1,...,m the m Kéhler (or, in physics language, Fayet-
Iliopoulos) parameters. Now consider the classical moduli space of vacua of this Abelian
theory. As one learns in a lecture on supersymmetry, one obtains the moduli space by a
two-step procedure. First, one has to solve the m real D-term constraints

D QiluP=¢ Ve, a=1,....m (A.1.7)
=1

and secondly, one must fix the remaining U(1)™ gauge freedom. If the choice of ¢, is such that
the resulting space is (n — m)-complex-dimensional, then it is the toric variety corresponding
to this GLSM.!

We thus find the following dictionary between the description via a fan and the description
in terms of a vacuum moduli space of a GLSM:

scalar fields z; <> rays v; (A.1.8)

charge vectors (), <> linear relations between rays v;

'For a general values of (, and in particular ¢, < 0, there exist other non-geometric phases. A very nice
discussion of such phases and the transitions between them is contained in [239].
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The map between the two sides is not as obvious for the excluded set of points Z. In the
fan picture Z can just be read off, while in the GLSM approach it generally depends on the
choice of {,. This difference might appear startling, as the (, seem to be additional input.
However, the same information is contained in the fan. While the @), depend solely on the
rays of the fan, Z is determined also by higher-dimensional cones. In two dimensions there is
a unique fan for a given set of rays. However, in higher dimensions this is no longer true and
in general, there will be many different fans with the same set of rays.

To understand this, we start with the two-dimensional case. Given a set of rays {v;}
i =1,...,n, there is a unique way to order them, for instance by the angle between a ray
and the positive part of the x-axis. Assuming that the rays obey this particular ordering, we

can choose as two-dimensional cones
g; = <1)i’Ui+1> 5 (Alg)

where we set v,41 = v; and together with the rays that gives us a fan 3. For example,

(OO o

The unique fan with these rays is displayed in figure A.1. To illustrate how to obtain a toric

consider the four rays

variety from a fan, let us follow the steps outlined above. Since there are n = 4 rays we start
with four homogeneous coordinate parametrizing a C*. Neither vo and v4, nor vy and v3 are
contained simultaneously in any of the cones, and therefore we must exclude the point set
Z ={z = 24 = 0} U {2z = 23 = 0}. The lattice is two-dimensional and thus there must be
m = n — 2 = 2 independent relations between the four rays giving rise to two independent
C*-actions. Two such relations are, for instance,

v +v3+vg=0, vy +vg4 =0. (A.l.ll)

T
From their coefficients, we see that the two charge vectors are Q1 = (1 01 1) and Qg =

T
(0 10 1) . Put differently, we quotient out the following two equivalence relations:

[21 129 123 1 24] ~ [Az1 22 1 Azg  Azq], [21 1290 1231 24] ~ |21 s 2ot 23t pzyg], (A1.12)

where ), u € C*. Since the rays of Equation A.1.10 generate Z2, there is no additional discrete
quotient.

In higher dimensions, there is no such unique ordering. As a simple illustration, consider
the conifold whose fan has the following four rays:

s =< {ol[o]|1]]|1 (A.1.13)
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Vs

Uy

Figure A.1: Toric fan of dP;.

There are two inequivalent ways of splitting these four rays into two three-dimensional cones,
namely either

E(3) = {{vivovs), (vzvav1)} (A.1.14)

or

3(3) = {(vivava), (vavsva)} - (A.1.15)

Both of them generate perfectly valid fans, but they correspond to different resolutions of the
space defined by

2129 — 2324 = 0 (A.l.lﬁ)

with z; € C, which is singular at the origin 2; = 0. Neither ¥ nor ¥’ contain the singular
point, but they exclude different point regions. We have

ZE == {ZQ = 24 = O}, ZE’ == {Zl = Z3 = 0} (All?)

Since the toric varieties Xy and Xy associated with the two fans have different excluded
point sets, their intersection numbers will generally by different, too. Furthermore, also their
Kahler and Mori cones disagree. In this sense the additional information contained in the (,
in the GLSM construction corresponds to choosing a fan given a fixed set of rays, as it is the
Kahler and the Mori cones that depend directly on the (, in the GLSM picture.
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A.2 Compactness, Smoothness, and Orbit-Cone Correspondence

In this section we further explore the description of toric varieties using fans. We explain how
to map subsets of the toric variety to associated cones of the fan and discuss how to read off
complex properties of Xy such as smoothness and compactness from properties of the fan X.

A.2.1 Orbit-Cone Correspondence

The orbit-cone correspondence provides a neat visual interpretation of a toric fan 3 by asso-
ciating the k-dimensional cones with k-codimensional subsets of Xy. To understand how the
correspondence works, one must consider the orbits under the torus action.

First, recall that given a group GG and an element x € X on which G acts the orbit G.x
is defined as

G.x = {gx,VYg € G} (A.2.1)

and the set of all different orbits is the familiar quotient X/G. Consider now the orbits of
C" under the multiplicative action of (C*)". There is a total of 2" orbits, (}) of which one
obtains by setting k coordinates of C™ to zero. To be explicit, let n = 3. Then the eight
different orbits are given by

(07070)7 ()‘17070)7(07)‘170)7(0707A1)7
——

zero-dimensional one-dimensional (A 9 2)
()‘17)‘270)7(A1707 )‘2)7(07A17)‘2)7 ()‘17A27)‘3)
two-dimensional three-dimensional

with A\; € C*. Put differently, there is always one n-dimensional orbit defined by z; # 0 Vi,
(?) = n (n—1)-dimensional orbits defined by allowing precisely one coordinate to be zero, and
similarly (Z) k-dimensional orbits defined by demanding that ezactly k coordinates vanish.

Next, consider the closure of these torus orbits. The closure of a k-dimensional orbit is
obtained by requiring that at least k coordinates vanish, i.e. one has the same expression as
in Equation A.2.2, but with A; € C. These closures form a poset, a partially ordered set, with
respect to inclusion C. For the above example, the poset structure is illustrated in figure A.2.

After this lengthy introduction, let us make the connection with toric varieties and their
fans. Given a toric variety with n homogeneous coordinates as defined in Equation A.0.2, we
can analyze its orbits under the action of (C*)™. The analysis is essentially the same as for
C"™, with the slight modification that the orbits contained in the excluded set Z are absent.
The orbit closures of P2, for example, are the same as those in figure A.2 apart from the
point (0,0,0) that does not belong to P2. Next, to every k-dimensional cone o = (v;, ... v;,)
associate the orbit closure of codimension k defined as {z;, = --- = z;, = 0} and denote it by
V(o). Conveniently, this map is bijective: There are exactly as many cones in ¥ as there are
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(A1,0,0) — (A1, A2,0)

Figure A.2: Hasse diagram for the poset of the closures of the eight orbits of C? under the
action of (C*)3. An arrow from A to B indicates that A C B. Here ); € C.

orbits in Xy, with respect to the action of (C*)"™. Furthermore the cones of ¥ form a poset
with respect to inclusion as well and once has that V(o) C V(¢') if and only if ¢/ C 0.

Applied to one-dimensional cones, this means that one can associate the torus-invariant
divisors defined by z; = 0 for fixed ¢ with the rays v; of the fan.

A.2.2 Smoothness

Proving that a space is smooth is generally a difficult problem. However, in toric geometry the
smoothness of a variety 3 can be translated into simple conditions on the fan 3. Concretely,
one can show that the following conditions hold:

e If all cones 0 C ¥ are simplicial® and have unit volume?, then Xy, is smooth.
e If all cones o C X are simplicial, then Xy has at most orbifold singularities.

o If there exists a cone o C ¥ that is not simplicial, then Xy has non-orbifold singularities.

We will not prove these statements here, but instead present an example for each case. To
begin with the most singular case, we recall the rays of the conifold given in Equation A.1.13
and this time let the fan be generated by a single maximal-dimensional cone

g = <U1U2’U3U4> . (A.2.3)

2A k-cone is simplicial if it is generated by k rays.

3Here we measure the volume of a k-cone by computing the volume of the complex hull of the cone generators
and the origin. If its volume is the same as the volume of the convex hull of k& of the basis vectors of the lattice
N and the origin, then we say that ¢ has unit volume.
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Clearly, o is not simplicial, since it is a three-dimensional cone that is generated by four rays.
This toric variety is* the hypersurface in C* defined by

p=z122— 2324 =0. (A.24)

Since 0,,p = p = 0 at the origin, the variety has a singularity. Furthermore, it is not
an orbifold singularity. In the previous section we saw how to remove the singularity by
splitting the single three-cone into two three-cones. Each of these cones is simplicial and, as
a quick computation shows, has unit volume and therefore both resolved toric varieties with
fans generated by (A.1.14) and (A.1.15) are smooth spaces. As we have observed before,
the singularity is removed by excluding the origin from the variety. In the unresolved case
the excluded point set Z is empty, since all four rays are contained in the three-cone of
Equation A.2.3. After subdividing this cone into two other cones, there no longer exists a
cone containing all four rays and the origin is removed.

Next, consider the two-dimensional fan generated by the three rays

T 6 R

and the two-cone o = (v1v2). It is simplicial and its volume is

1 2 -1 3

idet (1 5 ) =5 (A.2.6)
which is three times the volume of the unit cell generated by the two canonical basis vectors
of Z2. One finds the same for the other two cones. In fact, we can see directly from the
definition of Equation A.0.2 that this variety has an orbifold singularity. There are n = 3
rays, the excluded point set is Z = {(0,0,0)}, and the C*-action by which we quotient is
z; ~ Az; with A € C*. However, the lattice N’ generated by the three rays of Equation A.2.5
is a proper sublattice of NV of index three. Therefore the discrete subgroup I' appearing in
the definition of the toric variety is Z3 in this case and the resulting toric variety is P?/Zs.

Finally, the toric variety with the fan from figure A.1 is an example of a smooth toric
variety. Obviously, all cones are simplicial and one easily computes that all cones have unit
volume.

Let us remark that the results from toric geometry that we use in order to do cohomology
and intersection theory computations still hold for compact varieties with orbifold singular-
ities, but not for more general varieties such as the conifold. From now on we assume that
the fans of our toric varieties are simplicial and complete.

4Unfortunately, we have not introduced the necessary framework in order to show this here. Roughly
speaking, one can associate an affine patch to every cone of the fan, where the dimension of the patch equals
the dimension of the cone. Since the fan of the unresolved conifold consists of only one maximal cone, the
toric variety is defined by just a single affine patch (i.e. it is an affine toric variety) and one can show that this
affine patch is given by Equation A.2.4.
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A.3 Intersection Theory

A key quantity occurring again and again in F-theory calculations is the intersection form
of the toric variety. Here we first introduce the general notion of divisors and line bundle
in subsection A.3.1 before giving a very loose definition of intersections between divisors in
compact toric varieties in subsection A.3.2.

A.3.1 Divisors and Line Bundles

There are different notions of divisors, but at our informal level we will consider a divisor to
be a formal sum of holomorphic hypersurfaces® with integer coefficients.

In a given affine patch Uy, every holomorphic hypersurface D; is specified as the vanishing
locus of a holomorphic polynomial (p;), = 0. Naturally, (p;) is only determined up to
functions that do not vanish on U,. On the overlap between two patches U, and Ug, Z;—Z
is holomorphic and non-zero, since the vanishing loci of (p;)o and (p;)g inside U, N Ug are
identical. Given a divisor

D=> nD; withn; €Z (A.3.1)

(2

and an affine patch U, one can assign to it a meromorphic function

pa = [J(p)ui- (A32)

7

The zeros (poles) of p, correspond to the positive (negative) components of D. On the
— DPa
= Ie
them as the transition functions of a holomorphic line bundle, which one denotes by O(D).

overlaps U, N Ug, the functions g,z have neither poles nor zeros and one can interpret

To reverse this procedure and obtain a divisor from a given line bundle O(D), consider
global meromorphic sections s, of O(D). By definition, these sections satisfy

(5a)a

@m:%ﬁm%emaﬁ@» (A.3.3)

and therefore their zeros and poles (and their respective degrees) agree on the overlaps.
Here X is the manifold whose divisors we are studying. Hence, we can assign a divisor
D@ = V(s,) to each one of these sections. While the divisors D(® are distinct, they lie in
the same homology class and in particular, they are homologous to D:

[D] = [D'9] = [V (s4)] (A.3.4)

5 A hypersurface is a subvariety of codimension one. As an example, consider P? with homogeneous coor-
dinates [zo Tzt zQ]. Then the equation zp = 0 defines a holomorphic hypersurface and we denote the divisor
consisting only of this hypersurface by V(zo).



240 APPENDIX A. A BRIEF INTRODUCTION TO TORIC GEOMETRY

Let us make a few more remarks. Firstly, a divisor is called effective if all the coefficients
n; in Equation A.3.1 are non-negative. Then the sections of the associated line bundle are
holomorphic. Secondly, since you can add two divisors by adding the coefficients n;, the set
of divisors forms a natural group. Assigning a line bundle to a divisor is a homomorphism
with respect to this group action and the addition is mapped to the tensor product on the
line bundle side:

O(D1 + D3) = O(D1) ® O(D-) (A.3.5)

Finally, let us mention Poincaré duality. Assume that our manifold X is d-dimensional,
compact and has no boundary. Then there exists an isomorphism

H,_,(X) = H*(X) (A.3.6)

mapping homology classes to their dual cohomology classes and vice versa. Denoting by wy
a form representing the cohomology class Poincaré-dual to the homology class [Y] of a cycle

Y C X, one has that
/ w :/ wy Aw (A.3.7)
Y X

for closed forms w. A common case we will encounter is the (1, 1)-form dual to (the homology
class of) a divisor D and according to the conventions above, we will denote it by wp.

A.3.2 Homology and Intersection Theory

The homology class [D] of a divisor D inside a toric variety X is easy to determine. Assuming
that X is not too singular® the homology class depends only on the charges of the polynomials
defining the divisor.

As we just explained, there is a one-to-one correspondence between homologically inde-
pendent divisors and holomorphic line bundles. In particular, the most general polynomial
defining a divisor of class [D] is given by

p= ansa =0, wherec, €C,s, € H'(X,0(D)). (A.3.8)

Hence, two divisors are homologous if their defining polynomials are sections of the same line
bundle. For toric varieties this is the case if and only if the two sections have the same charges
under the (C*)™ action. Note that this immediately implies that the group of holomorphic
line bundles has rank m, as there are only m linearly independent charge vectors. From
Poincaré duality it then follows that %! = dim H%!(X) = m.

SWhenever we do (co-)homology computations, we assume that our toric variety is compact and has at
most orbifold singularities.
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As an example, consider again P? with homogeneous coordinates [zg : 21 : 22]. Since P?
is obtained by quotienting out a single C* action, we have that Hy(P?,Z) = HYY(P?,Z) = Z.
The generator of Ha(IP?,7Z) is usually called [H], the hyperplane class. All three fields z; have
charge one under the C* action and therefore they are all sections of O(H). Now consider
a divisor of class n[H]|. The sections of O(nH) are the monomials with charge n and there

n+2) _ (n+1)(n+2)
2 2

exist ( of them. Then the most general polynomial defining a divisor of

class n[H] reads

p= Z cijkzéz{zlg =0. (A.3.9)
i+j+k=n

Next, let us briefly introduce the intersection product. Given a manifold X of complex
dimension d and d divisors D; = 1,...,d we would like to consider the intersection product

[D1] - ... [Dg) = [D1]N--- N [Dy]. (A.3.10)

Inside a toric variety, this is easy to compute. In fact, using Poincaré-duality, it is simply
[D1][Dd] :/ wp, N+ Awp,, (A.3.11)
X

for which there exists a simple combinatorial formula, implemented for example in many
computer algebra systems. In simple cases, the intersection products yields what one would
intuitively expect: If X has no singularities and one can find representatives D; of the classes
[D;], such that the intersection of all these divisors is only a point set, then the result of
Equation A.3.10 is just the number of these points counted with multiplicities.

In fact, returning to the familiar example of P, we have that

H .. -H=1 (A.3.12)
—

n times

since we can just pick z; = 0 as a representative for the i*! factor. These n equations leave
only zp undetermined and they thus have the single solution [1:0:---:0].

A.4 The Chern Class and the Calabi-Yau Condition

According to Yau’s proof [240, 241] of the Calabi conjecture, the vanishing of the first Chern
class of a manifold implies that there it has a unique Ricci-flat Kéhler metric and therefore
we are interested in computing the Chern class of a given toric variety. In subsection A.4.1
we explain how to do that before noting in subsection A.4.2 that the first Chern class of a
compact toric variety can never vanish.
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A.4.1 Chern Classes

The total Chern class of a rank r holomorphic vector bundle V over X is the sum
(V) =14 c(V), (A.4.1)
i=1

where ¢, € H?"(X). Chern classes (and more generally, other characteristic classes) have

many mathematical applications: For example, two smooth complex line bundles are the

7

same if and only if their first Chern classes agree’. More importantly to us, Chern classes

also appear in the effective actions obtained from compactifying on a Calabi-Yau.

For toric varieties X it is easy to compute the Chern class of their tangent bundle T'X.
Denoting by

Dy = V(=) (A4.2)

the divisor obtained from setting the i** homogeneous variable to zero, the total Chern class
of TX is

o(TX) =@ +wp,), (A.4.3)

7

where the product is the wedge product of forms. In particular, this implies that the first
Chern class is just the dual of the sum of all divisors D;:

a(TX)=> wp,. (A.4.4)

Next, consider a hypersurface Y C X. In order to compute ¢(7'Y"), we split
TX =TY &NY (A.4.5)
and use one of the key properties of the Chern class:
(TX)|ly =c(TY)e(NY) (A.4.6)
Furthermore, one has that ¢(NY) = 1 + wy and therefore one finds that

_dTX)ly _ IL,(A+wp,)
oTY) = = (A7)

As a consequence,

C1 (TY) = C1 (TX)‘Y — Wy . (A48)

"Note that for holomorphic line bundles this need not be true.
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In particular, a hypersurface Y C X defines a Calabi-Yau manifold if its homology class is
Poincaré-dual to the first Chern class of the ambient space.

As an example, let us consider once again P?. Denote by wy the two-form dual to the
hyperplane class generating Hs as in subsection A.3.2. Then we have that

c(TP?) = (1+ H)® = 14 3wy + 3wy Awy +wg Awl Awp (A.4.9)

and in particular ¢;(TP?) = 3wy. The bundle associated with the divisor dual to ¢; is the
anticanonical bundle of B, i.e.

K" = O([e1(TP?)]pp) - (A.4.10)

Finally, let us note that in the physics literature one often speaks of the Chern class of

X, where X is a complex manifold (and generally does not have the structure of a vector

bundle), even though what is meant is usually the Chern class of the tangent bundle TX of
X.

A.4.2 Compactness and the Calabi-Yau Condition

A toric variety is compact if and only if its fan 3 spans the whole lattice N. Such a fan 3 is
called complete. For a proof of this statement see for example Chapter 2 of [234]. Here we
just give examples.

Since this thesis is concerned with F-theory compactifications, most of the examples given
here are by design compact varieties, such as the ubiquitous P2, the dP; whose fan is given by
figure A.1 or the P?/Z3 in Equation A.2.5. Obviously, their fans cover all of Z2. An example
of a non-compact variety is the conifold of Equation A.2.4. Since the z; run over C* without
any additional equivalence relation, it is clearly non-compact and its fan does not cover all of
73.

Next, let us answer a seemingly unrelated question: When does a toric variety’s first
Chern class vanish? After all, we eventually wish to construct compact Calabi-Yau manifolds.
In the previous subsection we found that the first Chern class is Poincaré-dual to the homology
class

(D] =Y [Di], (A.4.11)
=1

where D; is the torus-invariant divisor corresponding to the ray v;. In coordinates it is defined
by z; = 0. Furthermore, we found that the homology class of D; depends only on the charges
of z; under the (C*)™-action. In particular, the class of [D] is trivial if and only if

> Q=0 Va. (A.4.12)
=1
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However, that implies directly that all v; lie in a plane.® Since all rays end on a hyperplane,
toric varieties with vanishing first Chern class can never be compact.

A.5 Reflexive Polytopes and Calabi-Yau Hypersurfaces

In the previous subsection we learned that Calabi-Yau manifolds constructed as toric varieties
can never be compact. To nevertheless construct compact Calabi-Yau manifolds by using tools
from toric geometry, we must look to hypersurfaces, or more generally complete intersections
inside toric varieties.

In subsection A.4.1 we described how to compute the Chern class of a hypersurface using
the adjunction formula and found that

aTY)=ca(TX)—-wp (A.5.1)

where Y is the hypersurface in X cut out by the divisor D. For ¢1(TY) to vanish, the divisor
defining the hypersurface must be Poincaré-dual to the first Chern class of T'X. In other
words, the polynomials defining Y must be sections of K <!, the anticanonical line bundle on
X. One also says that Y must be an anticanonical hypersurface.

While it is easy to find the homology class of the divisor defining a Calabi-Yau hyper-
surface Y inside a toric variety X, ensuring that Y is smooth is much more involved. The
conditions from subsection A.2.2 allow us to check that X itself is smooth, but that still
allows Y to be singular. Fortunately, there exists a convenient combinatorial construction
ensuring that Y is smooth. Proving it is quite involved [242], but its application is not. Ne-
glecting some mathematical details, the essence of the construction is as follows: There exists
a class of toric varieties called smooth Gorenstein Fano varieties whose anticanonical divisor
satisfies a set of regularity conditions, namely that it is Cartier and ample. The generic an-
ticanonical hypersurface inside such a smooth Gorenstein Fano variety can be resolved to be
smooth.? These smooth Gorenstein Fano varieties are specified by reflexive polytopes, which
we introduce next.

A lattice polytope in a lattice N is the convex hull of finitely many points in N, i.e.
P = <U1, ce 7Un>conv. , vieEN. (A52)

If dim P = 2, it is called a lattice polygon. We call set all elements of N lying inside P integral
points of P. The minimal set of integral points spanning P are called its set of vertices and

8To see this, note that if > v:Q% = 0 and > Q% = 0, then also > (v — v1)Q% = 0. Since the shifted
vectors v; — vy still satisfy the same number of relations as before, they span a plane together with the origin.
After shifting back the origin becomes v; and therefore the v; all lie in a hyperplane.

9More precisely, Batyrev’s paper [242] states that the first singularities have at least codimension 4, which
may become relevant in the construction of Calabi-Yau fourfolds.
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Dimension‘ 2 ‘ 3 ‘ 4 ‘25
Reflexive polytopes | 16 | 4,319 | 473,800,776 | 7

Table A.1: The number of reflexive polytopes in different dimensions. Reflexive polytopes
in three and four dimensions were classified in [243] and [244], respectively.

the integral points of P not lying on a boundary are called interior points. Given a lattice
polytope P, its dual (or polar) polytope is defined as

P° =z e Mlz,y)>—1Vyc P) (A.5.3)

conv. ’

where M is the dual lattice to N. Since Equation A.5.3 maps every vertex y of P to an
inequality that defines a facet of P°, there is a correspondence between vertices of a polytope
and facets of the dual polytope. If P° is a lattice polytope, too, then P is called a refiexive
polytope. Note that P and P° really are dual to each other in the sense that (P°)° = P
and hence P° is reflexive if and only if P is reflexive. Reflexive polytopes are very special.
One can show that a reflexive polytope contains only the origin as an interior point and that
up to SL(Z) transformations, there are only finitely many reflexive polytopes in any given
dimension d.

To obtain a smooth Gorenstein Fano variety Xy from such a polytope P, one must take
all of its integral points and compute a fine, regular star triangulation'® with respect to the
origin of this point set. The faces of this triangulation can then be used as generating cones
of the toric fan ¥ of Xx.. Note that if we are just interested in a smooth hypersurface Y
inside Xy and allow Xy to have singularities as long as Y misses them, then we do not need
to use all points of P. Instead, we can restrict to those points that are not interior points of
facets of P, since their rays in 3 correspond to divisors whose restriction to Y is trivial. The
hypersurface equation p = 0 defining Y then reads

p= Z c; H zéyj’xiHl. (A.5.4)

ijPO Z‘iEP

In summary, there exists a straightforward algorithm to construct compact Calabi-Yau
manifolds that are smooth at least up to codimension four. Given a reflexive polytope P, one
must find a regular fine star triangulation of the integral points of P that are not interior to
facets. Then the fan constructed from this triangulation defines a toric variety whose generic
anticanonical hypersurface is the Calabi-Yau manifold we are looking for. If dim P = 2,
then the resulting hypersurface is one-dimensional and has the topology of a genus-one curve,
i.e. a torus. For dim P = 3, the anticanonical hypersurface has two complex dimensions and
is called a K3 surface. Finally, if dim P = n > 3, then the embedded manifold is a Calabi-Yau
n-fold.

0Computer packages such as TOPCOM or Sage provide the algorithms to compute triangulations.
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A.6 Calabi-Yau Manifolds as Complete Intersections in Toric Varieties

Extending his work of [242], Batyrev described in [245] a combinatorial method of construct-
ing complete intersection Calabi-Yau manifolds inside toric varieties. In order to generalize
the construction of hypersurfaces to complete intersections, one must specify additional infor-
mation. In the hypersurface case, the homology class of the divisor defined by the vanishing
of Equation A.5.4 must be Poincaré-dual to the cohomology class of the first Chern class of
the ambient space in order for the hypersurface to be Calabi-Yau. If instead the Calabi-Yau
manifold is to be the intersection of several divisors, then their sum must still be dual to the
first Chern class of the ambient space. However, the classes of the individual divisors are not
fixed anymore.

One such way of additionally specifying the classes of the divisors defining the complete
intersection proceeds by giving a nef partition of the reflexive polytope A°. A nef partition
of A° into r parts is a set of lattices polytopes A; and V; with i = 1,...,r satisfying

A:A1+"'+Ar AOZ<V17---7Vr>conv
Vo= (A1,..., Av)cony V=Vi+--+V, (A.6.1)
with (-, ..., )cony the convex hull, + Minkowski addition, and

where here we mean this to hold for every pair of points from V,, and A,,. Effectively, we
have split the vertices of A° into r disjoint subsets spanning the polytopes V,; and made sure
that they fulfill certain additional constraints. Given such a nef partition, we again define
Xp+r to be the ambient variety obtained from A° as above. Furthermore, the nef partition
specifies the following r equations defining the Calabi-Yau manifold Y,,:

D = Z Am,j ﬁ H zfy"’mwnm , m=1,...,r. (A.6.3)

Y;EAm n=1xz;EV,

Note that one can also interpret a nef partition of A° as a nef partition of V°. In doing so,
one exchanges Y,, by its mirror. Let us point out that the ambient space of a mirror manifold
can differ for different nef partitions of the same polytope.

Finally, we remark that there are two special cases of nef partitions. The simplest one is
a direct product. Given nef partitions of two reflexive polytopes AM? and A(z)o, these define
a nef partition of the polytope A x AR The corresponding complete intersection manifold
is then a direct product of complete intersections inside the direct product of the varieties
corresponding to AM and A®°, The other special case corresponds to projections. If a nef
partition has one component V; that is spanned only by a single vertex v, then the complete
intersection can be reduced to a complete intersection in a toric variety of one dimension less
whose reflexive polytope is obtained by projecting A° along v.
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A.6.1 Ids for Nef Partitions

Since reflexive polytopes of dimension smaller or equal to four have been classified, it is rea-
sonable to assign a given nef partition a unique identifier within this classification. Reflexive
polytopes already have a unique id as assigned by the PALP database. This id obeys

#points(P) < #points(Pl) = Zd(P> < Zd(P/) (A.6.4)
and
#points(P) = #points(P,) A #vertices(P) < #vertices(P,) = Zd(P) < Zd(P/), (A65)

that is, the polytopes are ordered by the number of integral points and the number of vertices.
Sage can be used to compute the PALP index of a given reflexive polytope. To furthermore
identify the nef partitions uniquely, we run nef .x via the

ReflexivePolytope.nef partitions() (A.6.6)

method of Sage on a given reflexive polytope in PALP normal form. This output is uniquely
ordered and allows us to assign ids to the different nef partitions. By a nef partition with id
(4,7) we therefore mean the (j+ 1)th nef partition of the three-dimensional reflexive polytope
with PALP id ¢ as determined by the nef_partitions() method of Sage.

A.7 The Kahler and the Mori Cone

Consider a complex variety X and in particular the set of irreducible holomorphic curves {C;}
on it. Then the cone consisting of the formal expressions

M(X) = {Z a;[Ci], a; € Rzo} (A.7.1)

where [C;] is the homology class of C; is called the Mori cone of X. One can obtain the

generators of M (X) by taking the transversal intersection of all combinations of dim¢(X) —1
divisors on X.

Given the Mori cone, one can also consider its dual cone, the Kdhler cone. It is given by
the following formal expression:

K(X)= Zaj[Dj], aj € R>q, DijZOVCEM(X) (A72)
J

Employing Poincaré-duality the Kéahler cone can equivalently be considered to be generated
by all (1, 1)-forms satisfying

K(X)= {J € H"(X,R), /CJ >0VC e M(X)} : (A.7.3)
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Denoting the (1,1)-form in Equation A.7.3 by J already suggests that we can identify
it with the Kéhler form of the complex variety. In fact, since the volume element can be
constructed by taking powers of the Kéahler form, the above condition can be translated
to demanding that the volume of a holomorphic curve is non-zero inside away from the
boundaries of the K&hler cone. Hence the coordinates a; on K(X) can be interpreted as
the Kahler moduli of the complex manifold. As one approaches the boundary of the Kéhler
cone, the volume of one of the Mori cone generators becomes zero. Since the volume of this
particular curve becomes negative after crossing the boundary, this can be interpreted as the

curve flopping out of the Mori cone.'!

While the Kéhler cone and the Mori cone are defined for more general spaces than toric
varieties, there exist simple combinatorial formulas to compute them for a toric variety. These
are implemented in various computer algebra systems such as [139].

Lastly, let us note that, as the name already suggests, the Kéhler parameters (, used in
the GLSM picture described in subsection A.1.1 are related to the a; used here. Since C™ has
a natural Kéhler form, the toric variety obtained as a quotient of C" inherits this form. The
inherited Kahler form will depend on the (, and by identifying it with an element of K (X)
as in Equation A.7.3, one can find a map between the a; and the (,.

A.7.1 The Kahler and the Mori Cone of Complete Intersections

The Kéhler cone K (Y') of a hypersurface or more generally a complete intersection Y inside a
variety X is not necessarily the same as the Kéhler cone K (X) of the ambient variety. If the
curve that is flopped (i.e. whose volume become negative) as one approaches the boundary of
the Kéhler cone K(X) does not lie on Y, then the neighboring Kéhler cone K'(X’) bordering
on K(X) should still be considered part of the Kahler cone of Y. We therefore define K(Y)
to be the union of K(X) with all Kéhler cones K'(X’) whose X' are related to X via a flop
transition that does not affect Y. Similarly, as M (Y) is still the dual cone of K(Y), M(Y) is
the intersection of all Mori cones M (X') with M (X) for the same set of X'.

Fortunately, it is easy to compute K(Y) and M(Y) for toric ambient spaces X. All
one needs to so is to compute all fine regular triangulations of the rays of the fan of X
with the origin as the star and construct the toric varieties corresponding to the fans these
triangulations define. Next, one computes the intersection form restricted to the complete
intersection Y. The ambient varieties whose intersection form is the same on Y are exactly the
sets of ambient varieties that are related to each other by flop transitions leaving Y invariant.

A.8 Toric morphisms and Toric Fibrations

The Calabi-Yau manifolds Y relevant for F-theory compactifications are genus-one fibrations,
which means that there is a map n’ : Y — B, whose generic fiber is a torus. B is a

'Gee [189] for further discussions on this matter.
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(dimc Y — 1)-complex-dimensional manifold called the base manifold. From now on we will
write Y,, to indicate that dim¢cY = n. In order to construct such Y,,, one can consider
toric ambient spaces X, 1 that are fibered themselves. Then we have the following maps:

ntc — 7 Bn 1

iI/

— Y,

Here F' is the fiber of the toric ambient space fibration w and FE is the genus-one fiber of
the fibration 7’ of the Calabi-Yau n-fold Y;,. Since X, . is a toric variety and hence easy
to manipulate, a good strategy is to focus on X,,1. and the projection map 7’. To this end,
let us review some material on toric morphisms and toric fibrations. For proofs and more
technical details we refer to the original work of [174].

A fan morphism ¢ is a map from a fan ¥’ C N’ to another fan ¥ C N such that for every
cone ¢’ € ¥/ there exists a cone 0 € ¥ with (o) C o, i.e. ¢ maps cones of X' into cones of
3. Then ¢ induces a morphism ¢ from Xy to Xy with the following properties relevant to
us:

e ( is equivariant with respect to the homomorphism TN — T induced by ¢ and maps
the full-dimensional torus orbit of Xsv into the full-dimensional torus orbit of Xs.

e The fiber of ¢ over a point p € X5 depends only on the Tx orbit that p is an element
of.

e Every fiber of ¢ is a (possibly reducible) toric variety.

e The generic fiber (that is the fiber over the full-dimensional torus) is irreducible and its
embedding is a toric morphism.

If all the fibers of ¢ have the same dimension, then ¢ is called a fibration.'?> Note that
this does not mean that all fibers have to be isomorphic to each other. In order to understand
these properties, we present a couple of examples illustrating how toric morphisms work.

A.8.1 The Hirzebruch Surfaces

Consider the Hirzebruch surface F,,, whose fan is generated by the rays

QRO e

12Whether or not ¢ is a fibration is already encoded in the fan morphism ¢: ¢ must be surjective and for

any cone ¢ € ¥ and any primitive preimage cone ¢’ € ¥’ mapped to o the linear map of vector spaces pg
must induce a bijection between o and o’.



250 APPENDIX A. A BRIEF INTRODUCTION TO TORIC GEOMETRY

Denoting the homogeneous variables by z;, the (C*)2-action is
[21:20 023 24) = [Nz1: Azt 230 A\"24], [21:20:23:24] = [21: 20 pzg i pzg) (A8.2)

and the excluded point set is Zp, = {z1 = 20 = 0} U {23 = z4 = 0}. Then a fan morphism is
induced by the following lattice map Z? — Z:

P = (1 0) (A.8.3)

The image ¢(XF, ) is the fan of a PL. To find the coordinate expression of the corresponding
toric morphism @, one must express the images ¢(v;), v; € ¥pp, (1) through linear combina-
tions of rays of ¥p1 with non-negative coeflicients:

p(vi) = Z%’ng‘ , Wy € Xp1 (A.8.4)
J

The toric morphism ¢ can then be written in homogeneous coordinates as

G:Fp =Pl [21:20:23: 2] — [Hzf“,Hsz"z} =211 29]. (A.8.5)

It is easy to study the fibers of ¢ over the different torus orbits of the base manifold P'. P!
has only three torus orbits: The two points [1 : 0] and [0 : 1] and the big orbit [1 : A] with
A € C*. They correspond to the two rays (—1) and (1) and to the zero-cone, respectively.
Evaluating the preimages of (A.8.5) one finds that

GH1:0])=[1:0:23:2]=P
GH[0:1]) =[0:1:25: 2] =P (A.8.6)
G HA:A) =[1:X:23: 2] =P,
To see that z3 and z4 really parametrize a P!, note that we have used the first C* action from
Equation A.8.2 to pick a representative of the P! locus. The remaining C* action is that of

a P! and since z3 = 24 = 0 is contained in the excluded point set, the fibers really are P's.
Since all fibers are P's, we say that ¢ is not only a P!-fibration, but a P!-bundle.

A.8.2 A Fibration with a Reducible Fiber

Next, we examine a toric variety with a fibration that is not a bundle. Its rays are given by

0\ [1\ [/-3\ [-5\ [-1\ [0
s(y=< 1] ol [-2]|-3]|-1|] o : (A.8.7)
0/ \o/ \ o 1) \-1) \-1

but since they are three-dimensional, we must also provide the three-dimensional cones in
order to specify the fan:

(3) = {{v1vovy), (v1V2vg), (V1V3V4), (V1V3VE), (Vav3Vy), (Vav3Vs), (VavsVE), (V3UsVE)}  (A.8.8)
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This time the (C*)? action is given by

[zl222:23:24:25226]:[)\221:)\3,22:)\23:,24:25:26]
[21:20: 23 24: 25 26] = [,u4z1 1820 1 23t s c s 26) (A.8.9)
[21 120123 24: 25 : 26] = [p321 P2yt 2yt p2y 25 : pz6)

and the excluded point set Zx,, is

ZXE :{Zl:,25:O}U{Z4:Z5:O}U{z4zz6:0} (A810)

Similarly to before, the projection onto the last coordinate is a fan morphism given by
07857, @:(100). (A.8.11)

One can check that ¢ is indeed a fan morphism by explicitly computing the images (o)
for every cone o € ¥. It induces a toric morphism from Xy, to P! that has the coordinate
expression

¢ : Xy, — P, [21 12912324 25 : 26] — |24, 2526] - (A.8.12)

Let us now repeat what we did with the previous example and examine the fibers of the three
torus orbits of the base. The generic fiber is

GHL:N)=[21:20:23:1:A:1], (A.8.13)

where we have used the last two C* actions to set z4 and zg to 1. Since the generic fiber
is parametrized by three homogeneous coordinates z;, zo and z3 with a single C* action
[21 : 22 ¢ 23] = [A221 : X329 : A\1z3] and the origin 21 = 20 = 23 = 0 excluded, it is the
weighted projective space Pogi. ¢ is therefore a Pagi-fibration, but as we will see, it is not a
]P’le—bundle.

Over [0 : 1] the fiber is
G H[0:1]) =[z1:22:23:0:1:1] =Py (A.8.14)

due to the same reasons as for the generic fiber. However, things change over the point [1 : 0].
Since the second P! coordinate entry of Equation A.8.12 is a product, we must differentiate
between two cases:

e 25 = 0: We have @ 1([1 : 0])|ss=0 = [21 : 22 : 23 : 1 : 0 : z5]. However, since
21 = z5 = 0 C Zx,, z1 must be non-zero and we can scale it to one. The remaining
coordinates are zo, z3 and zg. The C* action leaving z; = z4 = 1 invariant is

[20 : 23 1 28] = [Mzo : Az3 @ A2zg] (A.8.15)
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and together with the excluded point set {zo = 23 = z6 = 0} this fiber component is a
weighted projective space P112. It can be embedded into Xy via

11 : P = Xy, [u,v,w]—=[l:u:v:1:0:w]. (A.8.16)

Note that this morphism is not a toric morphism, since it does not map the big torus
orbit of P119 defined by uvw # 0 into the big torus orbit of Xs.

e 26 = 0: We have @ ([1 : 0])|,4=0 = [21 : 22 : 23 : 1 : 25 : 0]. This time, we cannot

scale any additional coordinates to one and therefore the fiber over the divisor zg = 0
is parametrized by four coordinates subject to the two equivalence relations
[21 12923 25] = [)\221 X329 0 A2y 5] (A.8.17)
[21: 201 23 25) = [21 s pao : pzg 0 22s).

The excluded point set is {21 = 25 = 0} U {22 = z3 = 0}. The resulting variety F' can
be represented by the fan spanned by the four rays

{olvl&ei) o

and the map embedding this fiber component into Xy, is
:F—=Xy, [z:y:z:wm—[z:y:z:1:w:0]. (A.8.19)

F is a blowup of Py3; at the point y = z = 0,'® as one can see either from the C*-actions
in Equation A.8.17 or from the rays directly: The first three rays of Equation A.8.18
define the weighted projective space Po31. The fourth ray subdivides the cone spanned
by the rays corresponding to y and z and therefore the resulting variety is the blowup
along the closure of the torus orbit dual to this cone.

In summary, @ is a IPa3; fibration over the base P!, which means that the fiber of ¢ is a

[Py31 over a generic point in the base. However, over the point [0 : 1] the fiber changes and

becomes a reducible toric variety consisting of a Pj12 and the blowup of Pog;. In fact, it is

already visible from the toric data in Equation A.8.7 that the fiber splits into two parts over

[1:0]: The number of fiber components over a base cone is equal to the number of primitive

preimage cones'* of that cone. The point [I : 0] corresponds to the ray (—1) and there are

two rays of ¥ that are mapped onto (—1).

If the fan is obtained from a reflexive polytope P, as it often is in practice, there exists

a direct way of searching for a toric fibration. Since the fiber of the fan morphism ¢ must be

13Here we assume that Py3; is parametrized by homogeneous coordinates z, y and z.
"1et ¢ : ¥ — ¥’ be a fan morphism, let ¢ € 3, and let ¢’ = ¢(0). Then o is a primitive cone corresponding

to ¢’ if there is no proper face 7 of o such that ¢(7) = o”.
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the fan of another reflexive polytope P’, P must have a reflexive subpolytope in order for a
toric fibration to exist. In particular, the subpolytope must have the origin as its only interior
point. Software packages such as Sage [139] provide methods for enumerating subpolytopes
of different dimensions.

Finally, let us point out that one can also compute the toric fans of the fiber components
directly. For more information on that construction, we refer to [174].






Appendix B

Non-toric Non-Abelian Gauge
Groups

Here we give a summary of the non-toric non-Abelian gauge groups that the generic fibrations
with genus-one fibers inside three-dimensional Gorenstein Fano toric varieties have. For more
details on how these were obtained we refer to section 3.6 and remind the reader that the
database

http://wwwth.mpp.mpg.de/members/jkeitel/Weierstrass/ (B.0.1)

contains the precise locations of the singularities for each nef partition.
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Generic non-toric Kodaira singularities Occurrences

o
co

No singularity
A%

IV* x I
IV* x Iy x I3
IV* x I?
IV* x 12 x I3
IV* x I3 x I
IV*x I3
IV* x I}
IIT* x I
IIT* x Iy x I3
IIT* x 12
IIT* x I2 x I,
IIT* x I3 x I,
II* x Iy x I3

e e S S e S SN NG R i G N e B0 s BV

Table B.1: List of generic non-toric E- and F-type Kodaira singularities of codimension-two
genus-one fibers and the number of times they occur.
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Generic non-toric Kodaira singularities Occurrences

I 39
I x I 47
IgXIQXIg 15
IG x Iy x I2 4
I x 13 27
It x I3 x I3 17
I§ x I3 x 1y 5
It x I3 x I3 4
I < I3 15
It x I3 x Iy 4
Ik x I3 2
IE x I < 1y 3
I x I3 2
Iy 9

I x I 20
IfXIQXIg 9
I x I3 13
I} x I2 x I3 8
It x I3 x I3 2
I} x I3 4
If x I3 x I3 2
I x I 3
I;XIQXI:} 7
I x I2 5
I x 13 x Iy 2
I x I3 x Iy 2
I x I3 1
I < I3 1
ngfgxfg 2
I x I3 x I3 1
I x I2 x I4 1

Table B.2: List of generic non-toric Gy and SO-type Kodaira singularities of codimension-
two genus-one fibers and the number of times they occur.
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Generic non-toric Kodaira singularities

Occurrences

I
IQXIg
IQXI3><I4
Iy x I3 x I5
IQXIgXIG
IQXI?,XI?
IQXI??
IQXI%XL;
IQXI??
IQ><I4
IQXIZ
I x I}
IQXI5
Iy x Ig
I3
I2 x I3
122><13><14
IQQXI;;XI{)
I%XIgXI(;
IQ2><13><I7
I%XIgXIS
12 x I3
I2 x I2 x 1y
I2 x I2 x I
I2x I3
I2x I3 x Iy
IQ2><I4
I%XL;XIG
IQQXL;XIS
I2 x I?
2 x I}
12 x I}
12 x I
I2 x I
I2 x I

263
141
41
12
32
6
41
15
13
136

26

326
170

Table B.3: List of generic non-toric Sp and SU-type Kodaira singularities of codimension-
two genus-one fibers and the number of times they occur, part I.
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Generic non-toric Kodaira singularities Occurrences

JE] 260
I3 x I3 121
IS X 13 X I4 24
123 X 13 X I5 4
I3 x I3 x Ig 4
I3 x I3 16
I3 x Iy 85
I3 x Iy x Ig 6
I3 x I? 10
I3 x Iy 10
I3 133
I3 x I3 30
Ig X 13 X I4 2
I3 x I3 4
I§ x Iy 29
I3 x I? 10
I x I 2
I3 x I 4
I3 x Ig 2
] 32
I3 x Iy 22
IS X IG 4
I$ 14
IS X I4
I
$ 1
I 93
I2 2
JES 4
I3 x Ig 4
I3 X Ig 2
I3 6
Iél X [6 4
3 2
I 95
I} 1
I 12
_[6 2

Table B.4: List of generic non-toric Sp and SU-type Kodaira singularities of codimension-
two genus-one fibers and the number of times they occur, part II.






Appendix C

Details on the Calabi-Yau
(Geometries

In this appendix, we collect several geometric calculations and results that are too specific
to our F-theory models to be included in the general introduction to toric geometry in Ap-

pendix A.

We begin with a proof in section C.1 of the identities for the second Chern class of an
elliptically fibered Calabi-Yau manifold that we used in section 6.2. Next, we describe in
section C.2 how to compute the sign of a matter curve with a given weight using the Mori
cone of the Calabi-Yau manifold. In section C.3 we examine the pairs of manifolds with and
without section that we studied in section 9.3 more rigorously. Finally, in section C.4 we list
the generating cones of the fans of some of the ambient spaces used as examples in this work.

C.1 Exact identities for the Second Chern Class

Let us show explicitly that an elliptically fibered Calabi-Yau threefold Y obeys
/ wa ANe2(Y) = —12K,, (C.1.1)
Y

where w, = m*(w?) is obtained by pulling back the (1,1)-form w? € H%'(B). To do so, we

(0%
first note that the adjunction formula implies that

c2(Da) = c2(Y)|p, +wa Awa —wa A1 (Y)|p, (C.1.2)
=c2(Y)|p, +wa Awa

since Y is Calabi-Yau. Recalling that triple intersections of vertical divisors vanish, we can
therefore rewrite the above integral as

LWQACQ(Y):/WQACQ(DQ):/[)a e3(Da) = x(Da). (C.1.3)

Y

261
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We are left with calculating the Euler characteristic of the vertical divisor D,. Fortunately,
we can exploit that D, is obtained by smoothly fibering the generic fiber manifold over D2.
In particular, D% is a smooth manifold of complex dimension 1 and we have rid ourselves
of the reducible fiber components that ¥ has. Hence, we can use Theorem 4.3 of [88] and
reduce the integral over D, to an integral over only the base of the fibration. In fact, for
one-dimensional base manifolds one finds that

X(Da) = 12/ c1(B)|py = —12K,, (C.1.4)
Db, «

no matter whether the elliptic fiber is embedded in an Eg, E7 or Eg model, which concludes

our short proof.

For completeness, let us briefly show how to calculate ¢y assuming now that the zero
section is holomorphic. Note that this merely reproduces the calculation in [54]. Using
(C.1.2) for the zero section instead of D,, one finds that

/on Nea(Y) = /on A (c2(B) — wy) = /BCQ(B) —c1(B)ANei(B)

(C.1.5)

= -8+ 2nM(B),
where we have used adjunction for a second time in order to obtain w% = —wy N c1(B).
Inserting (6.1.4), one finds that ¢ = ¢ — 2 KK, and computes

KK, = / c1(B) A ey (B) =10 — hbY(B). (C.1.6)

B

Putting everything together, one finally ends up with

co = 52 — 4hM(B) if 5o is holomorphic. (C.1.7)

C.2 Signs of Matter Curves from the Mori Cone

To compute the sign of a matter curve labeled by a weight w, one can use the Mori cone
M(Y)! of the Calabi-Yau manifold Y defining the F-theory compactification. Given M (Y),
we construct the extended relative Mori cone M(Y") as follows:

e Take the intersection of M (Y') with the cone of all curves that have zero intersection
with vertical divisors D,,.

e Strictly speaking, this is all we need in order to obtain the extended relative Mori cone
of Y. However, it is useful to choose a different basis. Hence, for each element m of
this newly obtained cone do:

"We refer to subsection A.7.1 for more information on how to compute the Mori cone of a complete
intersection inside a toric ambient space.
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— Find the unique weight w of the weight space of g = Lie(Gya) such that
—(ar,w)=Dr-m (C.2.1)
for all simple roots ay. Here, the right hand side is the intersection product between

the exceptional divisor associated to minus the simple root a; and the curve m.

— Determine the U(1) charges (¢xr, gn) of m under the Kaluza-Klein vector A° and
the Abelian gauge group factor U(1)"V® by taking intersection products

kK = Do -m (C.2.2a)
Gn = Dy -m n=1...,nyq)- (C.2.2b)

— The charges (g i, qn) together with the weight w determine an element
m = (W,qKK,qm) € V@ Z"WmHt (C.2.3)
where V' is the weight space of g.

o« M (Y) is the cone spanned by all elements m.

Note that there are
h(Y) — hYY(B) = rank g + ngrp) + 1 (C.2.4)

independent intersection numbers that an element m which does not intersect vertical divisors
can have. It is therefore crucial to include the charge under the Kaluza-Klein vector field A° to
obtain a one-to-one map between fields on the circle reduced side and the intersection number
between the curve m and an arbitrary divisor of Y. In the early calculations of [52, 95, 113], all
fibral curves were assumed to have vanishing intersection with the zero section and therefore
to carry no KK-charge. However, this works only as long as the Kaluza-Klein modes do not
contribute to the loop-induced Chern-Simons coefficients. Given a weight w = (w,¢,), one
can easily define its sign using the extended relative Mori cone M (Y):

1if MY
sign (w,nxg) = +Lif (w, KK an) € M(Y) (C.2.5)
—1 otherwise
Note that the above definition gives an actual sign function, that is one satisfying
sign(w,nxK) = —sign(—w, —ngK), (C.2.6)

only if either the curve associated with the weight w or its conjugate, —w, is contained in
the extended relative Mori cone. Since the Mori cone is convex, they can never both be
contained in M (Y'). However, since physical states correspond to M2 branes wrapping either
holomorphic or anti-holomorphic curves in the fiber [189], one has in fact that either w or
—w is an element of M (Y') as long as these weights belong to representations that actually
occur in the low-energy effective theory and hence the above definition makes sense.
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C.3 Further Details on the No-Section Examples

In this section we include a few more details on the class of examples studied in section 9.3.
First we study in subsection C.3.1 in more detail the loci of the resolved manifolds Y along
which the matter multiplets are located and then we prove carefully in subsection C.3.2 that
the deformed manifolds ) do indeed not have a section.

C.3.1 Geometric Description of the Matter Multiplets in Y

For the purposes of understanding the conifold transition, it was sufficient to understand the
14 states in table 9.5. It is nevertheless interesting and somewhat illuminating to describe
the geometric origin of the rest of the matter multiplets in the six-dimensional theory arising
from F-theory on Y.

We start with the 15 multiplets. In fact, the relevant curves have already been described
in the A = 3 cases explicitly in [52] (under the names 7,, 0 < n < 3). We now review the
discussion in that paper (using a slightly different approach). Let us assume f # 0. We want
to understand under which conditions Equation 9.3.11 factorizes into two P's. This happens
whenever the Calabi-Yau equation factorizes as

¢=(w+B)(ws+C)=0 (C.3.1)
for B,C to be determined. For simplicity we restrict ourselves to the case with deg(g) = 0,
and set ¢ = 1. In this case, an easy argument shows that a holomorphic redefinition of w
allows one to set a = # = 0 in Equation 9.3.3. In what follows we will implicitly perform
such a redefinition.

Expanding Equation C.3.1, and comparing with Equation 9.3.11, we immediately con-
clude that

BC = !
yl? (C.3.2)
C+sB=fy;.
By homogeneity and holomorphy, the most general form for B is given by
B = Fyis+ Gyiyo (C.3.3)

with F,G polynomials in the x; variables of the appropriate degree. (A term linear in w is
also possible, but this can be reabsorbed in a redefinition of w.) Expanding the equations,
and comparing order by order, we arrive at the equations

b=—F? (C.3.4)
c=—2FG (C.3.5)
d=Ff—-G° (C.3.6)
e=fG ( )
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which can be solved by

a_®
! (C.3.8)
Lo o h
as long as
b= — L (d2f + 2% + &)
! (C.3.9)
c= —F(dee—i—e?’).

The 15 multiplets live at the points in the base where this equation is satisfied. In order to
count these points, we multiply the whole equation by appropriate powers of f (recall that
f # 0 by assumption), obtaining the equations

Pr=bfS+d?f 4+ 2df?e*> +e* =0

C.3.10
Py = cft + 2df?e + 2¢3 = 0. ( )

This set of equations has (3 deg(e))(4 deg(e)) = 12 deg(e)? solutions. Not all of these solutions
correspond to 1g states, though, some solutions come from f = e = 0, which as discussed
in section 9.3 correspond to 14 multiplets instead. Each one of the solutions of f = e =0
contributes deg,(Res¢(P1, P»)) = 16 spurious solutions to (C.3.10) (see [157]), so the final
count for 1o multiplets is given by

H(15) = 12deg(e)? — 16 deg(f) - deg(e) . (C.3.11)

It is easy to check that this formula gives the right values for the entries with deg(g) = 0 in
table 9.5.

Over the solutions of (C.3.10) with f # 0 in the base, the elliptic fiber factorizes into the
curves

cp = {w+ Fy}s + Gyryo = 0}
co = {ws + fy% - F(sy1)2 — G(sy1)y2 = 0} .

The claim is that the hypermultiplets coming from wrapping M2 branes on these curves have

(C.3.12)

charge two under Equation 9.3.27. Notice first that, since we are assuming f # 0, both
sections are holomorphic, and in particular (¢ + ¢¢) - 00 = (¢ + ¢¢) - 0 = 1, since the two
components of the fiber, taken together, span the class of the elliptic fiber. By the same
token, the intersection is transversal, so necessarily one of the intersections vanishes, and the
other is equal to one. More explicitly, an easy calculation gives

CB'O'():CC‘O':l, (0313)
cg-o=cc-o90=0. (C.3.14)



266 APPENDIX C. DETAILS ON THE CALABI-YAU GEOMETRIES

In addition, it is clear that cp - [z1] = c¢ - [x1] = 0, since the curves are localized over points
in the base P2, and for the g # 0 case that we are considering there is no intersection with
the non-Abelian divisor. All in all, we obtain that Q1) = 2.

We now consider H(23). We claim that these hypers come from the contracting spheres
at f = g = 0. As discussed above, over this locus the T2 fiber decomposes into three P!
components. We denote these components by C;, Cy, and Cz, and claim that the 23 hypers
come from Cy, and Cz (the M2 states wrapping C; are rather associated with W bosons of

SU(2)).

Consider first C=. From the discussion above, we know that Cz -0 =1, Cz - 09 = 0
(since oy intersects the o rational component), Cz - [z1] = 0 (by genericity) and Cz - [t] =
Plugging into the charge formula, we conclude that Q1) = 3. In addition, the SU(2) Cartan
is associated with [t], so this is a charged state in the fundamental, with charge one under
the Cartan.

Similarly, for C,, we have that Cy, -09 =1, Cy, - [z1] = 0 and Cy, - [t] = 1. The intersection
with o is again somewhat subtle, since ¢ is non-holomorphic, wrapping the whole C,,. By
the moving fiber argument, (Cy, +C= 4+ C;) - 0 = 1, and from (Cz + C;) - 0 = 2 we conclude
that Qp(1) = —1. Plugging these values into the charge formula, we obtain Q1) = —3. This
state is also charged under the SU(2) Cartan with charge one. Taking the conjugate state,
we can complete the 23 multiplet, as advertised.

Let us now consider the 21 states. We consider factorizations of the form
5 = t(boy1s + blyg)(bgy:{’ + b3y%y28t + b4y1y§t + bsy1ws + beyaw) . (C.3.15)

Here the b; are coefficients to be determined, and will depend on the coefficients b, c, ... of
the Calabi-Yau equation. Such a splitting exists whenever

g(z;) = Ii(z;) =0, (C.3.16)
with I1(z;) = b2f3 + ... a certain polynomial of the P? coordinates x;.2 This will hold at

deg(g) - deg(I1) = deg(g) - (2deg(b) + 3 deg(f))

) 5 (C.3.17)
= —a” + 3ab — 2b* + 12a — 9b + 45

points in the base. Comparing with table 9.5 one easily sees that this expression repro-
duces the H(27) multiplicities, so we expect that these hypermultiplets come from M2 branes
wrapping these degenerations. Let us check this claim explicitly.

Over a point satisfying Equation C.3.16 we have that the fiber degenerates, and in addi-
tion, generically b; # 0 in Equation C.3.15, since otherwise we would have three polynomials

We computed (C.3.16) by computing the elimination ideal associated to solving for the b; variables
in (C.3.15) in terms of the Calabi-Yau coefficients, using SAGE [139].
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intersecting over a point in P2, which is non-generic. We can thus locally redefine 45 in such
a way that Equation C.3.15 becomes

gg = tyg(b282y% + b3y%y28t + b4y1y§t + bsy1ws + beyaw) . (C.3.18)

(This redefinition of yo is not necessary, but it simplifies the presentation of the analysis.)
Furthermore, comparing with the generic form (9.3.6) we can immediately identify by = e,
b¢ = f, and similarly for the other coefficients. We see that the fiber degenerates into
three components: C; = {t = 0}, Cy, = {y2 = 0} and C=r = {boy; +...}. Computing the
intersections amongst the components, and between the components and the sections, is a
completely straightforward exercise. The resulting non-vanishing intersections are

Ci-Cypp=Cy-Cz=Ca -G =1 (C.3.19)
Cz-P=C-Q=1. (C.3.20)

Plugging into the charge formula (9.3.30), we obtain that the M2 branes wrapped on C,, C=/
form a doublet under SU(2) (since they are charged under the Cartan) with U(1) charge one,
as expected from the counting above.

The last remaining set of states is 35. These have a somewhat different origin. Notice that
they are adjoints of the SU(2) group, this suggests that their origin comes from Wilson lines
on the SU(2) divisor, which we will call G. Recall that this divisor is given by {g = 0} C P2,
so its Euler character is, by adjunction:

(@) = [ a(r6) = [ ol Bie] - o)

(C.3.21)
= deg(g)(3 — deg(g))
or, equivalently, in terms of the genus gg of G
deg(g
gc=1-— 2( )(3 — deg(g)) - (C.3.22)

From the SU(2) Wilson lines on the (two) one-cycles associated with each element of gg,
together with scalars coming from reduction of Cs5 on the same set of one-cycles (plus the
contracting Cartan divisor), one obtains exactly gg five-dimensional hypers in the adjoint
representation, which lift to gg six-dimensional hypers in F-theory. This reproduces precisely
the count displayed in table 9.5.

As an aside, let us highlight a small subtlety in checking six-dimensional anomaly cancel-
lation. If one naively plugs the matter content in table 9.5 into the six-dimensional anomaly
cancellation conditions, one will see that the examples with 3¢ multiplets do not satisfy gravi-
tational anomaly cancellation. The explanation is simple: deformations of G can be described
by complex structure moduli variation of the total Calabi-Yau, i.e. elements of h%'(})), but
they are also encoded in the values of the Wilson lines over G. In particular, since the gauge
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group is SU(2), there is a single Casimir invariant, and each Wilson line degree of freedom
encodes one deformation modulus. We can see this a bit more precisely: as emphasized in
[56], for instance, deformations of the G locus are counted by sections the anticanonical bundle
K¢ of G, and using Serre duality

dim H°(K¢) = dim H'(Og) = h*!(G) (C.3.23)

which is precisely equal to gg for a connected Riemann surface, such as G. All in all, in order
to avoid overcounting one should subtract gg neutral hypers from the contribution of h21())
to the gravitational anomaly, or alternatively count the 3y multiplets with a multiplicity of
two, instead of three.

C.3.2 Non-Existence of a Section for Y

We would now like to show that the deformed spaces ) considered in section 9.3 do not admit
a section, but rather a bi-section. That is, there is no rational embedding of the base P? into
the total space such that the fiber is generically intersected at a single point. The best that
we can do is to find divisors of the total space that project down to the base, but generically
intersect the fiber twice, i.e. a two-section or a bi-section. The basic idea was described in
[49, 212].

In order to prove this, we need to identify the fiber curve first. This is easy, it is simply
given by T = [z1]?> N Y, which is is intuitively easy to understand: the fiber is obtained by
taking the preimage of a point (with class [21]?) in the base P2

Now we need to prove that there is no section S. In all of our examples, the Kahler cone
of the Calabi-Yau ) can be generated by the restrictions of the toric divisors [z1], [y1], and
in the cases with h'"}()) = 3, also [w]. We thus parametrize

S = alz1] + bly1] + c[w] (C.3.24)

with coefficients (a priori not necessarily integral) to be determined. The generic intersection
between the T? fiber and the section is given by

T-S=2b+4c. (C.3.25)

Showing that this can never be equal to one would follow if b, ¢ € Z. This is indeed the case,
as we now show. Consider first the case with h*'()) = 3, since it is somewhat simpler. Over
a locus in the base given by

g(x;) = Ia(x;) =0 (C.3.26)
with?
Lz) = f4% = Bf3bc + af3c® + B2 f2bd — 2a.f3bd — af f2ed + o* f2d? — 33 fbe
+ 3a8f%be + af?fce — 202 f2ce — &*Bfde + o fe? + BYba — 4af?fba  (C.3.27)
+ 202 f%ba — af3ca + 302 Bfca + o f%da — 203 fda — o Bea + a*a?,

3 As in subsection C.3.1 this is obtained using SAGE [139].
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the Calabi-Yau equation (9.3.2) factorizes into three factors
¢ = t(boyr + blyg)(bzyi5 + bgy%ygt + b4y1y%t + b5y§’t + bgy1w + bryow) . (C.3.28)

The important part for our analysis is that this defines three holomorphic curves in the
Calabi-Yau: C; = {t = 0}, Cy = {boy1 + b1y2 = 0} and C= for the other component. (The
notation is intended to be reminiscent of that used in subsection C.3.1. Indeed, the matter we
just found is precisely the 21 and 23 multiplets on the resolved side taken together, since after
the Higgsing of the U(1) they cannot be separated anymore.) Computing the intersection
numbers with the generators of the Kéhler cone chosen in (C.3.24) is an easy exercise, we get

Ct- [yl] =

1
¢ =1 (C.3.29)

with all other intersections vanishing. Since the intersection between a divisor and a curve
in a smooth space has to be integral, by intersecting S with these curves we conclude that
b,c € Z, and thus T - S € 2Z. In conclusion, there is no section, but rather a bi-section.

This argument fails for the cases with h1'1())) = 2, since g = 0 has no solutions. From the
previous discussion it is nevertheless clear what to do, though: the 15 states on the resolved
side Y that we described in subsection C.3.1 will survive the conifold transition, and appear
on the deformed side ) as loci on the P? base where the fiber degenerates as

¢p=(w+B)(w+ D). (C.3.30)
Computing the intersection numbers one gets

Cp -] =Co-|

Cp-[m]=Co-|

1
bl (C.3.31)
x1] =0
and since a putative section S = a[x1] + b[y1] has intersection S- 7T = 2b with the fiber T, this
shows that indeed we have no section, but rather a bi-section.

C.4 Fans of various Ambient Spaces

Toric varieties whose dimension is larger than two are not uniquely specified by the rays of
the fan, since there are usually many different ways of obtaining a regular fan with these rays.
In this part of the appendix we therefore provide the generating cones of the fans for the toric
ambient spaces of some of the Calabi-Yau geometries studied in the main text of this work.

C.4.1 Fan of the Threefold with Non-Toric Section

In table 5.4 we listed the rays of the fan defining a Calabi-Yau threefold with non-toric section.
Different choices for the fan will result in different intersection numbers, but not in different
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U(1) charges. Nevertheless, we give the fan to be as concrete as possible. For the threefold
hypersurface, we pick

Y= {<u1fou2f1>, (u1 faug f1), (eour f3fo), (eofsfouz), (w1 fsfous),
(u1fsfaes), ( fafaesua), (ur fsfous), (urerea f1), (ui faea f1),
(w1 faesea), (eruseafi), ( fousea f1), ( foesuzes), (equien f1),
(C.a1)
(eou1 fof1), (eoureres), (eo foua f1), {eoerua f1), {eoeruzes),
(u1faeseq), (eou faea), (eofauzes), { faezuses), (equiezes),
) 2

<U163€2€4 , (€3U2€2€4 <€0U262€4>}.

C.4.2 Fans of the Threefolds with Abelian Gauge Groups

Here we display the fans of the three Calabi-Yau threefolds presented in section 9.2. Note
that two of the varieties had phases where the zero-section was either holomorphic or not. In
those cases, we provide fans for both phases. We denote the generating cones by listing the
homogeneous coordinates corresponding to the rays that span the cone.

X7 hol. = { uyug fof1), (uiuz fof3), (uirua f1 f2), (uruz f2 f3), (uieger f1),

{ )

( ), (ureo fof1), (ureo fofs), (ureo fafs), (uierfifa),
(uzeper f1), (ugeper fa), (uzeq fof1), (uzeo fofz), (uzeo fafs),
( )

ureper fo

(C.4.2)
uger fi fo }
27, non-hol. = {<u1u2fof1>, (wrua fo f3), (uiua fifa), (wiua fa fs), (uieoer fo),
(ureper fa), (ureo fof3), (ureo faf3), (urer fofi), (uier fif2), (C43)
(ugeper fo), (uzeoer f2), (uzeo fof3), (uzeo fafa), (uzer fofi), o
<U2€1f1f2>}
Y= {<U1U2f0f2>7 (urua fo f3), (wiua f1f3), (wiua fi fa), (wiua fa fa),

(urepereq), (ureper fo), (ureoea fo), (urerezes), (urerea fo),

(uregeses), (urezesfi), (urea fofs), (urea f1f3), (u1eseq fa),

(ures fifa), (ureafofa), (ureafafa), (uzeoeres), (uzeper fo), (C.4.4)

(uzepea fo), (uzerezeq), (ugeres fo), (ugeseseq), (uzeses f1),

(ugea fofs), (uzea fifs), (usesea fa), (uges fifa), (usea fofa),

<U264f2f4>}
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XI11,hol. = { uyuz fo f2), (urua fofa), (urua f1f3), (uruz f1fa), (uruz faf3),

EIII7 non-hol.

(

(uregeres), (ureoer f2), (ureoeafo), (uieo fofa), (urereses),
(urereafa), (ureiezes), (urezes fr), (ureafifa), (uieafafs),
(ureseq fu), (ures f1fa), (ureafofs), (uzeoeres), (uzeper fa),
( ) ( ) ( ) ( ) ( )
( ) ( ) ) ) )
( )

uzepea fo), (uzeo fof2), (uzeieaes), (useiea fa), (useiesey),

ugezes f1), (uzea f1f3), (uzea fof3), (uzeses fa), (uzes f1fa),

ugeq fofa }

{<U1U2fof2>, (urua fofa), (urua f1f3), (urua f1fa), (urua f2f3),
(uregeres), (ureper fo), (ureoea fo), (urerezes), (ureres f),
(urereses), (urer fofa), (urezes f1), (urea f1fs), (ureafafs),
(uresea fr), (wieafofa), (ureafifa), (uzeoerea), (uzeper fo)
(uzeoeafo), (uzeiees), (uzeres fa), (uzereses), (uzer fof2)
(ugezes f1), (uzea i1 f3), (uzeafafs), (uzeseafr), (uaeafofs),
<U264f1f4>}
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Appendix D

Representation Theory

In this appendix, we briefly state the group theory conventions used in this paper and then
proceed to prove three identities used to match one-loop Chern-Simons terms from five-
dimensional F-theory with intersection numbers on the M-theory side in section 7.3. For the
sake of brevity, we denote the roots of the non-Abelian group by « instead of aya. For an
introduction to the theory of Lie algebras and their representations, we refer for example to
[246].
Let us begin by defining the coroot intersection matrix as
1 1 2
——laf,ay) = = 7——Crs, (D.0.1)
Ag) M) (g, o)

where (), aY) denotes the inner product between two coroots of the Lie algebra g and «;

Crj=

are the simple roots of g. We also define

2

<amax , amax)

Ag) = , (D.0.2)

where g, is the root of the Lie algebra g with maximal length. The Cartan matrix is
referred to as Cyy. Note that for the simply-laced groups of ADE-type, C;; and the Cartan
matrix Crjy coincide. Throughout this work the conventions for the normalization of the
Cartan generators T are chosen such that

tr (TMTN) = MV | (D.0.3)
where the trace is taken in the fundamental representation of g. Note that this also fixes the
normalization of the roots and weights.

Having fixed all notation, we proceed by proving the second equality in Equation 7.3.14b.
To do so, we show that

AaqiM0)Crs = D (af, a)(ay, @) (D.0.4)

roots
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AR)‘(Q)CIJ = Z <a\I/7w> <a\}vw> > (D'0'5)
weR

where the second equation is a generalization of the first. These hold for any simple Lie
algebra g and for all non-trivial, finite-dimensional irreducible representations R.

Following [246] we first define an inner product on the Lie algebra g

k:gxg—C (D.0.6)
x,y — tr(ady oady) , -

where the trace is taken in the adjoint representation of the Lie algebra. The above product
is called the Killing form and it is bilinear and symmetric. It was proven by Cartan that for
finite-dimensional semi-simple Lie algebras the Killing form s is non-degenerate and, hence,
S0 is its restriction to any Cartan sub-algebra g, C g. We can therefore use the Killing form
to identify the Cartan sub-algebra g, with the dual space g}, the space spanned by the roots.
In particular, we identify « € g% with T* € g, such that

a(T) =corw(TT) VT E g, (D.0.7)

where ¢, is some normalization constant. If one then chooses a basis of the Cartan sub-
algebra {TM} M=1,....dim(go) generating the non-Abelian gauge group, one can expand every
T as

T =a$,T™ | (D.0.8)
In accordance with Equation D.0.3 we have normalized the Cartan generators as

R(TMTN) = Anqy0MN . (D.0.9)

Identifying g, and g} enables us to define a non-degenerate product on g} via the Killing form
by setting

(a, B) = cacsr(TT?) = cga(TP) . (D.0.10)

for any two roots a, 5 € gi. By bilinearity, this extends to all of g.

*

Let us now use the following identity from [246] for any \, u € g&:

M) =D (o, N (e, p) - (D.0.11)

roots
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The right hand side of this equation can be expanded as

Z (o, N) (v, ) = Z cac k(T TN coc (T, TH)
roots roots
= Z cac)\a%/[aj\V/e(TM,TN)cac“a%(a‘L%(TK,TL)
roots
1 1
= o ™ MNTM) Aygio6MN
Z ; C)\CozAadj a( )CAAadj ( ) di .
1 o 1 ; . (D.0.12)
Cal a(T T")A,q4:0
'uCOcAadj ( )CuAadju( ) @
1
= Z ATQ(TM))\(TM)Q(TK)M(TK)

roots = ad]

=3 o fa M)

roots ~ad]

roots

Similarly, the left hand side can be rewritten as

1
(A 1) = exeus(TA, T) = exepanydyn(TY, TV) = exey M) ——p(T™) Aagy ™
CAAadj CuAadj
1 1
= NI (TM) = A )
L AT = )
(D.0.13)
Combining the two equations then yields
Aagi (N i) =D (o, Ao, p) (D.0.14)
T0o0ts
Now note that
4<a1 OéJ)
af,ay) = : = A(g)C D.0.15
< I J> <Ck[,CV]><OéJ,OéJ> (g) 1J ( )
and insert the coroots o} and a for A and p to obtain
AagiM9)Cry = Y (o, af ), o)) (D.0.16)

roots

which is exactly Equation D.0.4.

Let us now proceed and prove Equation D.0.5. As shown in [246], for any simple Lie
algebra g and any finite-dimensional, non-trivial irreducible representation R, the trace over
R is proportional to the trace in the adjoint representation. Hence,

rr(2,y) = tr(R(2)R(y)) = Krr(z,y) (D.0.17)
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for all z,y € g with the proportionality factor Kr depending of course on the representation
R. Using the definition of the inner product in Equation D.0.10, we then have for A\, u € g}
that

1
(A, 1) = excyukiaqy (T4, TH) = Cxcua%a’fv?RHR(TM’ ™)

1 1 1
A e\ A ( )cuAadj”( e %W( Jw(T™) (D.0.18)
_ 1 My, Ny _ L MygpNy - 1 1
= MTUT) o 3w W(Y) = o S (v w i w)
adj weR ad) weR

In the third equality we used that the weights can be chosen to form an orthonormal basis of
the representation space. Inserting Equation D.0.13, one then finds

KRAadj <)‘7 :U’> = Z <)‘7 W> <M7 W>

weR
(D.0.19)
= Ar(A ) = Y (A w) (W),
weR

which, after plugging in the coroots, finally yields Equation D.0.5:

ArN@)Crs = > {af , w)(ay, w) . (D.0.20)
weR

Last of all, we prove the identity

> (o, w) =0 (D.0.21)

weR
for any root o and any highest weight representation R.

Given a representation R of a Lie algebra g and a simple root «, g always contains an
5[(2,C) subalgebra defined as

Sa = 0o D g-a ® [ga, 90l - (D.0.22)

Here, g, is the linear subspace of g spanned by elements [ € g such that [TM J = aM,

where T™ form the basis of the Cartan subalgebra of g. Now, the idea is to decompose R
into chains of representations of s, in order to reduce the problem to dealing with sl(2,C)
representations. And in fact, this can easily be accomplished as follows. Given any weight w
of R, acting with g4, either annihilates w or gives another weight w/ = w 4 o of R, since
Sa 1s a subalgebra of g. The different orbits under the action of s, therefore form a partition
of the weights w € R. For each such orbit, we pick the highest weight v with of the sl(2,C)
representation associated with s, and denote its dimension by d,. Then R decomposes as

R=PVveVea.. @V @g-1a) (D.0.23)



277

where v ranges over highest weights of s, orbits and V4, is the subspace of R spanned by
w. One can now rearrange Equation D.0.21 into sums over s[(2, C) representations and take
advantage of the fact that the representation theory of highest weight representations of
5[(2,C) is very simple. Since the weights of a such a representation with dimension d are just
integer numbers given by

d—1,d—3,...,—(d—1),—(d - 3), (D.0.24)

one can evaluate

D (wa)=)

weR

dv—1 dy—1

(v—io,e)=> > (d—1-2i)=0. (D.0.25)
0 v =0

7=l






Appendix E

Circle Reduction of the
Six-Dimensional Action

In this appendix we explicitly carry out in section E.2 the circle reduction of six-dimensional
N = (1,0) supergravity as sketched in section 6.3 and provide in section E.3 some of the
necessary formulae for the loop calculations that one encounters when integrating out the
massive states of the circle-reduced theory. First, however, we summarize our conventions.

E.1 Supergravity Conventions

For all spacetime dimensions d, let us adopt the mostly plus convention for the metric g,
and the (+ + +) conventions of [247] for the Riemann tensor. Furthermore, we denote the
Levi-Civita tensor by €, ..., and use the above metric to raise its indices. With this definition

we have in any coordinate system (z°, 2!,..., 2971) that

€01...(d—1) = +/—det gy (E.1.1)

Then the following identity is satisfied for arbitrary k =0, ..., d:

6#1--~uk>\k+1-~~>\d6ulmuk}\k+lm>\d = _k!(d - k!)(sﬁtl1 o '6:21 ’ (E'1'2)
We expand differential p-forms as
A= ;%)‘m---up Azt A - ANdztr (E.1.3)
such that the wedge product of a p- and a ¢-form satisfies
+q)!
(Oé A /8)H1~~~/»Lp+q = (I;'qq') a[ﬂl---ﬂpﬁﬂp+1---ﬂp+q] : (E14)
Next of all, exterior differentiation of a p-form yields
(da)uou-up =(p+ 1)8[#0am~~up] : (E.1.5)

279
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In real coordinates and arbitrary spacetime dimension d, we take the Hodge dual of a p-form
to be defined by the following expression:
() s gy = %!Oéyl'"Vpﬁul...ypm...ud,p ) (E.1.6)

As a consequence,
aN*B = oy, B K1 (E.1.7)

is satisfied identically for arbitrary p-forms «, 3.

E.2 The Circle Reduction

To perform the circle reduction, we closely follow [54]. Upon compactification on a circle of
radius 7 the six-dimensional metric is reduced to

ds? = g datdz” + r*Dy? (E.2.1)
where
Dy =dy — A°, A% = Agdx“ FY=dA°. (E.2.2)

Here g, is the five-dimensional metric and the tilde indicates that one still has to perform
a Weyl rescaling to obtain the Einstein-Hilbert term in the canonical form. Recall that six-
dimensional quantities and indices are denoted by a hat and that five-dimensional fields do not
depend on the circle coordinate y. The Kaluza-Klein vector A? enjoys a U(1) gauge symmetry
from S!-diffeomorphisms and has the usual Abelian field strength F9. The reduction of the
Vielbeine is found to be

e =éhdat, & =rDy. (E.2.3)
The spin connection reduces to
Gab = @ap + 80Dy, @as = b + 0Dy, (E.2.4)

where we have introduced the functions afl?}, E((ZO) and the one-form 6((11) given by

0 1o ~ 1 . NS
agb) = §r2€g€bF3u ) bl") = i?”eéFgudx“ ; (0 = _&MV,r. (E.2.5)

At leading order, the reduction of the Ricci-scalar is
R=R+..., (E.2.6)
where we neglect higher curvature contributions.! The vectors are reduced according to

A=A+(Dy, Am=A"4+("Dy, (E.2.7)

'We stress that for the moment we approach only a two-derivative reduction and therefore higher curvature
contributions are omitted in the following. This affects the Green-Schwarz term, the tensor kinetic terms and
the Einstein-Hilbert term, see also section 6.3.
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where A, A™ are five-dimensional vectors and (, (" are five-dimensional scalars. The reduc-
tion of the tensors reads
(0%

) 1 b
BY = B* — [A4° — —a®tr(a®p) — 2
AT G

tr(CA) — 262 C™A™)] A Dy (E.2.8)

with a five-dimensional tensor B and a five-dimensional vector A%. While the Abelian vector
A? has the usual field strength F'* = dA®, the gauge invariant field strength for B® turns
out to be

1 b
G* =dB® — A“ AN FO + §a%g}§U + 2W)w05 + 262, WESmn (E.2.9)

As already mentioned in section 6.3, the six-dimensional scalars reduce trivially to five-
dimensional scalars.

One can now insert these reductions into the six-dimensional action (6.3.17). We show
the results for the different terms separately. The Einstein-Hilbert term is reduced to

(6 1. 1 -
S© — / I = / STRFLA Dy. (E.2.10)
Me M

To obtain the corresponding term in the five-dimensional effective action, one has to integrate
over the circle direction, which is just a trivial integration of Dy. Now the reduction of the
Green-Schwarz terms takes the form?

e . . . ~ ~ N
S©) — / ~Qup~——~Ba ANtr FAF — Qupb%, B Atr F™ A F™ (E.2.11)
Ms Ag)

1 bo
_ / 10,56 A (FP — FP) A Dy + Qug—— AP Ate(F A F) A Dy
Me 2 Ag)
b b8

CcSs
Y R [2/\(9)

bs
_ w tr(CC)FO + ngmcan — bfnnCanFO] A Dy — Qﬂagb?lwcs’kl/\

b8 b3
29— tr(CF) — —— tr(CO)FY + 208, ¢™F™ — b2 ¢™(¢"F°| A Dy
25 TP ~ 3 €9 }
b P
—20u3~————trCAA [tr FAF +tr (CFOANF° —2tr CFAFY A D
DIERCRR « CFAFT]ADy
— 2Qa5;zg)bfjm<mm A[tr EAF +tr(CFONFY —2tr (F A F°] A Dy

bo
— QQagb%mw trCANA [FAF" + ("¢"FONF° — 2" F" A F°] A Dy

— 20,508, b, CFAL A [F™ A F™ 4 ¢ FO A FO — 2¢™F™ A FO] A Dy.

+ Qb2 AP A F™ A F™ A Dy — 2Q tr(CF)

2In the following we omit terms without a Dy-factor, since these forms are integrated to zero along the
circle direction.
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The kinetic terms for the Abelian vectors are reduced to

/ — 20,5505 ™ N RFT (E.2.12)
Mg
= / —2rQaf b2, (F™ — (MFO) A R(F™ — ("FO) A Dy
Ms
— 2r 71055705, dAC™ A FAC™ A Dy,
while the reduction for the non-Abelian vectors was found in [54] to be

/ — 20057V tr FF A RF (E.2.13)
M

— / —2rQ 7V tr(F — CF°) A #(F — CF°) A Dy
Mg

— 2r 1 Q550 tr D¢ A ¥DC A Dy,

where we have introduced the covariant derivative for the adjoint scalars in the vector mul-
tiplets as

D¢ =d(+[A, (] . (E.2.14)
The kinetic terms of the six-dimensional tensors are found to reduce to
1 ) .
/ — —gapG* A %GP (E.2.15)
Mg 4

1 - 1 -
= / —zrgaﬁGa A¥GP A Dy — Zr_lgag]:a AN¥FP A Dy,
Ms

where F* was defined in (6.3.18). While terms involving neutral six-dimensional scalars
reduce trivially to five dimensions, this is not true for terms with charged scalars. One
computes

/ — hyv DY AsDqY (E.2.16)
Ms

- / —rhyvDqY A %DqY A Dy
Mg
—r hov (KR + ¢l g") (R gY + (el " )¥1 A Dy .
The expression DqV encodes the five-dimensional covariant derivative
DV = dqV + ARv U — iU gm U (E.2.17)

and the (RU denote the scalars from the five-dimensional vector multiplet in the representation
Ry of the Lie-algebra, where Ry is the representation ¢V transforms in. The last line in
(E.2.16) only contributes to the five-dimensional scalar potential. It is completed by reducing
the six-dimensional scalar potential, which we did not carry out. Finally, the combination
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of all of these terms makes up the full circle reduced classical bosonic two-derivative pseudo-
action.

As in six dimensions, there is still some redundancy in this five-dimensional pseudo-
action. In contrast to the six-dimensional case, we are nevertheless able to write down a
proper action without any additional duality constraints. This works by dualizing the action,
in particular replacing all tensors G by the vectors F'*. The connection between the vectors
and tensors can be seen by reducing the duality constraint (6.3.16) to

rgap*G’ = —QapF" . (E.2.18)
We can safely modify the Lagrangian by adding a total derivative
ASOF = / —lﬂaﬁdBa/\FB (E.2.19)
Ms 2

1 1 b
— / —QuGONFP 4 ZQup(— A AN FO 42— w09 4 2b% OS5y A FP
M 2 2 Ag)

Varying the new action with respect to G% gives precisely the reduced duality constraint
(E.2.18). The terms in the five-dimensional action that change in the dualization procedure

are
1 a A =B 1 -1 a A =B
— 790G N*G” — —17 " gagF" N *F (E.2.20)
My 4 4
1 b
— 003G N(FP = F5) 4+ Qug——AP ANt (F A F
ften G NTE ) Sy AT A )

1
+ Qb2 AP NF™ A F - 5 QG A P

1 p
— 5(zagAa ANFONFP 4 Qaﬂmwcs A FB 4 Qogbl, wCSmn A B

1 _1 ~ ba
= | —Zr g s FNFFP +2Qu5—AP ANt FAF
/M5 2 9P o)

1
+ 20,508, AP A F™A FT — igagAO ANFYNFP

where we inserted the reduced duality constraint (E.2.18).

The Einstein-Hilbert term is not in its canonical form yet. Performing the Weyl rescaling
Juv = r*Q/BQW turns out to give the right result

1
SS}{FZ/ SR*1. (E.2.21)
Ms

Note that the Hodge star operator scales as xa = r_5/3(r2/3)p * o , where « is a p-form.

The final step is to push the theory onto the Coulomb branch, which means that we give
a VEV to the scalars in the five-dimensional vector multiplets. The W-bosons get massive
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and break the gauge group to its maximal torus. Additionally, the charged hypermultiplets
acquire a mass and do not appear in the effective action. Including only massless modes,
one obtains the final form (6.3.23) for the classical five-dimensional action on the Coulomb

branch.

1 2 1
SO — / +-Rx1— =r2dr A xdr — =Gapdj® N #dj® — hypdg™ A xdg® (E.2.22)
s 2 3 2

_ . i Pl 1
—2r QQaﬁjab?j d¢t A sd¢” — Zr8/3FO AxF0 — 5" 4/3ga/3 FoN«FPB
= 2230005 L (FT — (TFO) A w(F7 — (T F?)

1 a a
— 5 Qg A" AN FA FP 4+ 2Qub%, AP NP A F!

— 200502 b2 KL AT A FO A FO

1J°1J
Rrbogl p
+ 20050 b7 5 + 2637 )¢CKCEAT A FT A RO

o 18 a B NrL Al J K

where we have chosen the Cartan generators to be in the coroot basis and used the notation
introduced around (6.3.22). In order to obtain the full quantum effective action one has
to integrate out the massive modes. This is partly done in section 7.3 and induces new
Chern-Simons couplings.

E.3 Zeta Regularization for the Loop Calculations

In this section we explicitly derive expressions for the infinite sums appearing in the loop
calculations of section 7.3. Since the n'" Kaluza-Klein-mode carries charge n under the
Kaluza-Klein vector A°, the infinite sums over the KK-towers take in principle one of the

following four forms

+o0 +o0
Z sign(z +n) Z nsign(x + n)
— = (E.3.1)
+o0o +o0o
Z n?sign(z 4 n) Z n3sign(z + n).
n=-—oo n=-—oo

Here, the parameter x is the ratio of Coulomb branch mass and Kaluza-Klein mass, that is

. {m < (B.3.2)

rw - .
Let us now define the floored ratio of Coulomb branch mass and Kaluza-Klein mass

L=z, (E.3.3)
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as much depends only on this quantity. Then the first equation in (E.3.1) reads

400 +1 +00 —l-1
Z sign(z +n) = Z sign(x 4+ n) + Z sign(z +n) + Z sign(x + n)
n=—00 n=—l1 n=l+1 n=-—00
" . L (E.3.4)
= Z sign(x) + Z sign(n) + Z sign(n) = (20 + 1) sign(x) .
n=-—1 n=I[+1 n=-—00
Next, we calculate
+o00 —l-1
Z n?sign(z 4 n) Z n? sign(z Z n?sign(n Z n?sign(n
n=-—00 n=—1 n=[+1 n=-—00 (E 3 5)

!
=2 Z n?sign(zx) = l(l+1)§2l+1) sign(z) ,

where we performed the sum in the last step. The remaining two sums require zeta function
regularization. Using

1) = —— —3) = — E.3.
we compute that
Z nsign(z +n) = Z nsign(z) + Z nsign(n) + Z nsign(n)
n=-—00 n=-—| n—l+1 n=-—00
+00 —1-1 —1 -1
= Zn—{—Zn—Zn—f— Z (—n) + Z(—n)—Z(—n) (E.3.7)
n=I[+1 n=1 n=-—00 n=— n=—
-2 e ey
n=1
and
400 +1 400 —l-1
Z n3sign(z +n) = Z n3sign(z) + Z n3sign(n) + Z n3 sign(n)
n=-—o00 n=-—1 n*l—&—l n=-—00
+o0 —1-1 -1 -1
= Z n +Zn —Zn + Z (—n3) + Z(—ng)— Z(—n?’)
n=[+1 n=-—00 n=—1 n=-—1
l
1 12(1+1)
=2¢(-3) -2 .
((=3)-2) n*= 2

(E.3.8)
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