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Zusammenfassung

In dieser Doktorarbeit werden wir verschiedene neue Methoden entwickeln, um Symme-
trien, mit Hilfe von maschinellem Lernen, zu erkennen und auf Probleme der theoretischen
Physik, insbesondere der Stringtheorie, anzuwenden.

Diese Arbeit ist in zwei Teile unterteilt. Im ersten Teil konzentrieren wir uns auf die
Entwicklung von, auf maschinelles Lernen gestiitzte, Werkzeuge zur Symmetrie-Erkennung,
wahrend wir uns im zweiten darauf fokussieren, die Effekte bereits bekannter Symmetrien
der Stringtheorie zu untersuchen.

Im ersten Abschnitt dieser Arbeit geben wir eine kurze Einfithrung in die wichtigsten
Bereiche und Methoden des maschinellen Lernens. Im Anschluss an diesen Review stellen
wir die verschiedenen von uns entwickelten Tools vor. Die erste Idee verwendet Strukturen
in den verborgenen Schichten des neuronalen Netzwerkes, die bei dem Trainieren des Neu-
ronalen Netzwerkes entstehen. Datenpunkte, die durch eine Symmetrie verbunden sind,
werden in den verborgenen Schichten gruppiert und kénnen dadurch benutzt werden, um
zusammengehorige Punkte zu finden. Der zweite Ansatz ist die direkte Suche von Erhal-
tungsgrofien eines Systems durch eine Koordinatentransformation zu , teilweise“ zyklischen
Koordinaten und damit die direkte Bestimmung von Erhaltungsgrofien. Die dritte Idee ist
die Konstruktion von Lax-Paaren fiir verschiedene Systeme. Durch die Definition einer
geeigneten Verlustfunktion kénnen wir ein neuronales Netz konstruieren, das analytische
Formeln fiir Lax-Paare bestimmen kann. Lax-Paare sind die definierende Eigenschaft in-
tegrierbarer Systeme. Diese Operatoren-Paare ermoglichen es uns, Erhaltungsgrofien zu
berechnen und Informationen iiber die Stabilitat eines Systems zu erhalten.

Im zweiten Teil dieser Arbeit untersuchen wir die Effekte von Dualitédten in der String-
theorie. Wir geben einen Uberblick iiber die Symmetrie-Gruppen der S-Dualitit und der
T-Dualitéat, sowie ihre Vereinigung, der U-Dualitdt. Im nachsten Schritt betrachten wir
die exzeptionelle Feldtheorie, die manifest invariant unter der U-Dualitat ist. Durch diese
finden wir neue lokal nicht-geometrische Raume der M-Theorie, die bisher unbekannte lokal
nicht-geometrischer R-Fliisse enthalten. Im Folgenden konstruieren wir Dualitatsketten,
die Informationen iiber jene neuen Raume enthalten, die fehlende Impulse in Verbindung
mit den neuen nicht-geometrischen R-Fliissen aufweisen. Im letzten Kapitel untersuchen
wir den Phasenraum offener String-Endpunkte. Fiir einen lokal nicht-geometrische String-
Hintergrund zeigen wir, dass der Phasenraum nicht-assoziativ ist.
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Abstract

In this thesis, we will develop new machine learning based methods to detect symmetries
and use these tools on different problem settings in theoretical physics, specifically in string
theory.

This work is divided into two main parts. One is focused on the development of machine
learning tools for symmetries, whereas in the second part we focus on examining the effects
of already known symmetries of string theory.

In the first part, we give a light introduction to the most important areas and methods
of machine learning. Following this review, we present the different tools we developed.
The first idea uses structures in the hidden layers of a neural network. Data points linked
by symmetries are clustered in the training process of the neural network and therefore can
be used to find points connected by a symmetry when examining the representation of the
data points in the hidden layers. The second approach is the direct search for conserved
quantities of a system through a coordinate transformation to “partially” cyclic coordinates
and thus, the direct search of conserved quantities. The third mechanism constructs Lax
pairs for various systems. By defining a suitable loss function, we can construct a neural
network which gives us an analytical formula for a Lax pair. Lax pairs are the defining
property of integrable systems. These pairs of operators allow us to compute conserved
quantities and provide information on the stability of a system.

In the second part, we investigate the effects of dualities in string theory. We give
an overview of the symmetry groups of the S-duality and the T-duality, as well as their
unification, the U-duality. In the next step we introduce exceptional field theory, which
is manifestly invariant under the U-duality. Through this theory we find new locally non-
geometric spaces of M-theory, which contain previously unknown locally non-geometric
R-fluxes. In the following we construct duality chains that provide information about those
new spaces that have missing momentum modes in connection with the new non-geometric
R-fluxes. In the last chapter we examine the phase space of open string endpoints. For
locally non-geometric string backgrounds we show that the phase space is non-associative.
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Chapter 1

Motivation

Before outlining the main ideas of this thesis, let us motivate the central idea of the thesis:
Using machine learning techniques to discover symmetries within datasets. We give an
overview on the recent success of machine learning showing above human performance
in many different fields. Then, we motivate the focus on symmetries due to the large
impact these had in the development of modern high energy physics, and conclude with an
overview on string theory, the leading candidate for a unification of gravity and particle
physics. We will conclude with the outline of this thesis.

1.1 The Success of Machine Learning

The idea to create a computer with a kind of intelligence comparable to humans is an old
dream of computer scientists. For this reason, Alan Turing created the Turing test in 1948
to classify what artificial intelligence is [I]: A computer has to be able to convince a human
that it is a human and not a computer. The first definition of a neuron was already given
in 1943 [2], and lead to the development of the first perceptrons [3]. In combination with
the first back-propagation algorithms [4], which were applied to multi-layer perceptrons
in 1980 [5], they lead to the development of different tools for image recognition and
natural language processing. One of the biggest break-throughs was the development of
convolutional neural network by AT&T Bell Laboratories for digit recognition [6]: Applied
at the US Postal service, it was the beginning of the wide spread use of deep neural
networks. After this success, the interest from computer scientists increased with the
availability of computing power and in 2006, the Netflix prize was launched to improve
the recommendation algorithm from Netflix [7]. The release of the database “ImageNet”
in 2009 led to an increasing publicity and further accelerated research [8]. In 2016, it
was the first time a computer program — the program AlphaGo — was able to beat an
unhandicapped human player in the game of Go [9]. Together with the development of
the package TensorFlow, machine learning approaches became common. They improved
existing solutions in the fields like natural language processing, face recognition as well as
image and video generation, and showed above human-level performances in all of these
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fields. After the success in computer science, machine learning provided the tools for many
problems in natural sciences, specifically in physics. A good overview over the recent
progress in the different fields of physics can be found in [10].

In this thesis, we focus on the development of methods to detect and identify symmetries
because they play a crucial role not only in string theory but all over physics.

1.2 Symmetries as General Guideline in Physics

Solving problems in physics is often connected to finding a symmetry of the system and
therefore, using redundancies of the problem. A typical example is the use of spherical
coordinates which simplifies the notion of many systems.

The idea of using symmetries to improve the understanding of nature drives the era
of modern physics from the beginning. Galileo Galilei can be seen as the founder of this
approach. He realized first that physical laws should be the same, independent of the
reference frame, as long as they differ only by a constant relative motion. Transformations
between such two reference frames, together with spatial rotations and translations, are
known as Galilean transformation. The insights in moving reference frames led to a first
notion of a basic principle of relativity and allowed him to understand the physical laws
of nature and resulting for example in the development of the laws of the free fall. This
principle of no absolute motion or absolute rest provided the framework for Newton to find
“Newton’s laws of motion”. Additionally, his idea of equivalence of the gravitational forces
on earth and between planets and the sun can be viewed as an extension of the idea that
laws should be generalizable over different physical systems that are related by symmetries.

The next important step towards a modern physical understanding of the world was the
unification of electrodynamics and magnetism. They are described by Maxwell’s equations
and show the symmetry between the two different forces (up to sources of the fields).
This symmetry led to the claim of the existence of magnetic monopoles. Those monopoles
would explain for example the quantization of charges as shown by Dirac [I1] and are a
good example of the power of symmetries to conjecture new phenomena, even though they
have not been discovered as real particles.

An extension to Galilei’s basic principle of relativity led to the next big step in the
development of modern physics: At the end of the 19th century, it was known that light
has a finite speed. Albert Einstein combined this knowledge with conjecturing the basic
principle of relativity, namely that the speed of light should be the same, independent of
the reference frame [12]. As a consequence, time and space were no longer independent
from each other, but merged into a single entity called space-time described by the Lorentz
symmetry group. This resulted in the theory of special relativity.

Again, we notice a close connection between unification and symmetry group. A uni-
fication is often physically motivated. To describe them properly and understand the
consequences of it, it is necessary to find the underlying symmetry of a unified system.

The next idea of unification was to include gravity to the basic principle of relativity.
Inspired by the E6tvos experiment [13], which measured the correlation between the inertial
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mass and the gravitational mass, Einstein included the gravitational force to the basic
principle of relativity and developed the “Gedankenexperiment” of a free-falling elevator in
a gravitational field. Assuming the equivalence of vacuum and the free fall in a gravitational
field, nowadays called (strong) equivalence principle, this “Gedankenexperiment” led to the
development of general relativity [14].

The theory is the key building block to explain many phenomena of gravity in the
universe, and an important starting point to build new theories.

The second building block of modern physics is quantum mechanics. Here, every force
is mediated by particle interactions. Max Planck noticed that energy of the radiation
emitted by a black body takes discrete values [I5]. Albert Einstein understood that these
can be understood as particles [I6]. The development in the field of quantum mechanics
and the understanding of the interaction between photons and electrons eventually resulted
in the first example of a so called quantum field theory — quantum electrodynamics — with
the symmetry group U(1)g. In these theories classical fields and particles are combined
into a single fundamental object, namely a quantum field. In the following decades the
theoretical background of gauge theories and the other fundamental forces was developed.
It turned out that all of them can be described by quantum field theories where each
is based upon a certain symmetry group. For the electroweak force, a combination of
electromagnetism and the weak force, the underlying symmetry is U(1)y x SU(2), for the
strong force it is the symmetry group SU(3).. As a result, we find the symmetry group of
the U(1) x SU(2) x SU(3) for the Standard Model of particle physics. After the discovery
of the Higgs boson in 2012, all particles of the Standard Model are now found [17].

Parallel to the search for the remaining particles, physicists tried to further unify the
electroweak and strong interaction while also focusing on a top-down approach to unify
gravity with the other forces.

For the unification, a sufficiently large symmetry group has to be chosen which then
gets spontaneously broken to the symmetry group of the Standard Model. These theories
are called Grand Unified Theories (GUT). The simplest symmetry group for a GUT is
SU(5). It is the smallest group which contains the symmetry group of the Standard Model.
Unfortunately, these theories predict an instability of the proton which requires the scale
of symmetry breaking to be very high, i.e. at 10'° - 10'® GeV, way out of the observable
range of today’s colliders [18].

The top-down approach, namely string theory, is described in more detail in the next
section. In string theory, the fundamental element are strings, one-dimensional objects
which exist in ten dimensions and therefore the additional dimensions have to be “removed”
which leads to many different low energy theories.

Overall, we hope this short review of the history of modern particle physics shows the
importance of symmetries in theories in the development of modern physics. It is not
only important in the development of modern physics, but also the key building block to
examine new theories. Therefore, it is a necessity to develop the new tools to find such
symmetries easier and faster.
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1.3 String Theory

Let us give an introduction into String theory (we follow the textbook material of [19]):
Originally an idea to explain quantum-chromodynamics, it soon turned out that it contains
not only additional massless particles leading to other forces within the theory but also
spin-2 particles which lead to a graviton within the theory.

Therefore, a good candidate was found which connected the two main building blocks
of high energy physics: general relativity and the Standard Model of particle physics.

The general idea is quite straight forward: we expand the zero-dimensional point par-
ticles to one-dimensional strings. In contrast to the one-dimensional world line of a point
particle (the trajectory within the spacetime), strings have a two-dimensional worldsheet
described by the Nambu-Goto action:

SNGz—T/ dA
by

) 9XH XV 1/2 (1.1)
= —T/E d“o <— det af (WW”’“’)) s

with 3 being the worldsheet and 0® = (o, 7) are the coordinates parameterizing the world-
sheet. The fields X* = X" (0,7) embeds the worldsheet into the flat target space with
metric n,,. T = ﬁ is the string tension, a constant of mass dimension two. ' is the
so-called Regge slope and connects the string tension with the string length scale and the
string mass scale:

l, = 2rval and M, = (al)il/Q ) (1.2)

To remove the square-root in the action and quantize it, we introduce the Polyakov action
in conformal gauge:

T
SP = — 7/ d20' naﬂaaXMaﬁXu

2 (1.3)
— 9 T/ dotdo= 9, X -0_X .

In the second line, we use the light cone gauge with left and right moving coordinates
ot =140.

The Polyakov action and the corresponding string solutions can be canonical quantized.
An important consequence of the quantization is that the bosonic string has a critical
dimension of D = 26 for the target space making it necessary to find a mechanism to
reduce the number of dimensions. With this number of dimensions, the proposed graviton
becomes massless and is therefore a valid candidate. Additionally, the bosonic string theory
contains scalar tachyons, objects with negative mass-squared which lead to an unstable
theory.

The next step towards a consistent theory is to construct a string containing bosonic but

also fermionic fields. This leads to the superstring action. Quantizing the superstring leads
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Figure 1.1: Connection between the different string theories by different dualities. S-duality
is an inversion of the string coupling g, T-duality is an inversion of the radius of one of the
compactified directions, and compact. on I/ or St is the compactification over an interval
or respectively a circle (in the section [7.3|we explain the details of these dualities ). Taken
from [21].

to an interesting effect on the spectrum of the string: We get two different sectors of the
string for left movers and right movers, namely the NS-sector and the R-sector. It can be
shown that a string theory containing all combinations is inconsistent. Therefore, we have
to truncate the spectrum to find a consistent supersymmetric theory. The GSO (Gliozzi-
Scherk-Olive) projection [20] ensures that while demanding supersymmetry the tachyonic
states get truncated, and we end up with two consistent, supersymmetric tachyon-free
string theories: the Type ITA and Type IIB string theory. For those theories the critical
dimension is D = 10.

Additionally to the two Type II string theories, we can construct other string theories
in ten dimensions.

e Type I string theory describes an unoriented string in 10 dimensions. It not only
contains closed strings but also necessarily open strings. It is an N/ = 1 supergravity
which couples to SO(32) supersymmetric Yang-Mills theory.

e Heterotic string theory couples a superstring in D = 10 dimensions as right mover
to a bosonic string with D = 26 dimensions as left mover. To couple those, we have to
compactify 16 dimensions of the bosonic string to match the number of dimensions.
For the compactification two symmetry groups are possible, the SO(16) symmetry
group as well as the Fg x Eg-group resulting in two additional symmetry groups.
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e Type 0A and Type 0B string theory describes two non-supersymmetric and un-
stable theories. Therefore, they are not consistent and therefore, cannot used to
construct a suitable theory containing the Standard Model of particle physics and
general relativity.

In 1995 Witten suggested in a talk that these string theories are all connected to each other
by dualities between the theories. Including the eleven-dimensional supergravity theory,
which is a classical description of a supersymmetric theory in the maximal allowed number
of spacetime dimensions, we find a web of theories which are connected to each other.
The underlying eleven-dimensional theory is called M-theory. Unfortunately, there does
not exist a complete non-perturbative formulation of it. Therefore, it is object of current
research to better understand the structure and the phase space. Figure (1.1 shows the
different theories and how they are connected to each other. A detailed description of the
different dualities can be found in section Note that from the perspective of M-theory
those dualities would be symmetries within the theory. In part [[TI] we examine the effects
of those symmetries on the phase space.



Chapter 2

Outline and Summary

In this thesis, we focus on both sides of symmetries: In part[[I} we focus on the identification
of symmetries in different physical systems using machine learning to develop different
frameworks. In part [Tl we examine the effect of symmetries and dualities in string theory.
We are able to identify consequences for the phase space only detectable using duality
chains to examine non-geometric spaces. We conclude in part [V] with an outlook.

The results are based on the author’s publications [22, 23], 24] 25| 26], the individual
chapters are organized as follows:

e We start with an review of the basic ideas and methods from machine learning.
At first, we start with a general overview of the different concepts within machine
learning and continue with the most important ingredients which are necessary to
define neural networks. Here, we focus on the parts of machine learning which are
necessary to understand the other chapters of this thesis.

e In the chapter, we present a method which is able to identify symmetries and
other similar structures within a dataset. When training a neural network on a clas-
sification task, the hidden layers of the neural network encode structure information
of the dataset. This knowledge is used to identify the presence of a symmetry and
find invariant points under those symmetries. We present applications on different
potentials, as well as a class of Calabi-Yau manifolds. In a second step, we develop
an algorithm to explicitly identify the symmetry group.

e Next, we construct a neural network which automatically finds conserved quantities
from trajectories of particles. As a prerequisite we describe how to find the Hamil-
tonian, then we build a neural network which provides coordinate transformation to
cyclic coordinates. In these coordinate systems, the generalized momenta are con-
served. Identifying conserved quantities allows us to understand the symmetries of
such systems by Noether’s theorem.

e After identifying conserved quantities in classical mechanics, chapter [0] is dedicated
to integrability of field theories and, as a direct effect, their conserved quantities. In
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field theories, we focus on computing Lax Pairs, which are necessary to compute the
infinite tower of conserved quantities of such theories. We are able to distinguish be-
tween integrable and non-integrable perturbations of integrable systems and provide
a framework to scan over different types of perturbations. In general, the frame-
work provides a method for the search of highly constrained systems of differential
equations.

e In the third part, we start in chapter [7| with a review of the different types of du-
alities between the different string theories and their mathematical formulation as
symmetry groups. Following the idea of making theories invariant under symmetry
transformation we review the construction of exceptional field theory, an extended
theory which is invariant under S- and T-dualities. We describe the construction of
the transformation laws of U-duality, the analogue to the Buscher rules of T-duality.
We conclude with the known duality chains for non-geometric backgrounds in double
field theory and in four-dimensional exceptional field theory.

e Chapter 8] is based on the results of [25]. We focus on the construction of high-
dimensional duality chains and find previously unknown non-geometric fluxes using
exceptional field theory. Lying in the R-R sector of string theory these non-geometric
fluxes go beyond the previously known R-fluxes from the NS-NS sector. Constructing
those non-geometric backgrounds from twisted tori, we find missing momenta modes
in the phase space associated to the non-geometric R-fluxes.

e In the last chapter of part 3, we focus on the phase space of the open string. Previ-
ously, it was only known for closed strings that their phase space is non-associative in
non-geometric spaces. Starting from a D0-brane on a three-dimensional torus with
H-flux, we compute the commutation relations for the end points along the T-duality
chain. For non-geometric R-flux backgrounds, we find a non-associative phase space
for the end points as well.

We also want to point out the author’s recent publication [27]. Although not part of
this thesis, it yields additional methods how to examine the structure of the string vacua
landscape and can therefore provide additional methods to search for suitable string vacua.
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Chapter 3

Introduction to Machine Learning

In this section, we give an overview over the different techniques of machine learning and
the components necessary when training a neural network. For an extensive review, we
refer to the text books [28] 29] for a general introduction and to the reviews [30, 31] for an
introduction for physicists.

This section is organized as follows: First, we give an overview over the different seg-
ments of machine learning. Then we describe the different parts of a neural network as
well as optimizers and loss functions, and end up with the example of convolutional neural
networks in section [3.5

3.1 Basics of Machine Learning

Machine learning can be broadly categorized into three concepts: supervised learning,
unsupervised learning and reinforcement learning. They differ in the underlying ideas and
it depends on the type of problem setting which one to use and how the model has to be
trained. A characterization of each of them is given below, later, we are going to focus on
unsupervised learning to find unknown structure in data.

e Supervised Learning: The model is trained on examples where the output is
known. The goal of the training process is to learn a map which finds the correct
output for the different inputs and should be as general as possible. The performance
is measured on an unseen test set. We distinguish between regression, where the
target is a number (or a vector), and classification learning. Here, a typical example
is image classification, for example MNIST (see figure for more information).

e Unsupervised Learning: The model is trained purely on input data, and no output
labels are given leaving the neural network the task to structure the data. Typical
tasks are discovering patterns in data, but also finding meaningful features in feature
learning.

¢ Reinforcement Learning: The model interacts with an environment and performs
different actions while trying to achieve a goal (e.g. playing a video game, driving
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a car etc.) The model navigates through a (usually) high dimensional phase space,
while it gets rewards from the environment. It is a mixture of supervised and un-
supervised learning: the goal is known, but it is unclear how to achieve it. A good
introduction to this method is [32] ]

In this section, we give an example how to train a neural network using supervised learning
in a linear regression task — to detect symmetries, we are mainly using unsupervised learn-
ing. In most physical problem settings the symmetries are a-priori unknown and have to
be found by the neural network itself. Therefore unsupervised learning is the best choice,
but compared to supervised learning the main building blocks remain the same. The only
exception is chapter [4; Here, we use a side effect of the supervised learning in a neural
network to find symmetries in a neural network.

Let’s start with the rough idea of the training procedure in the case of supervised
learning, where we will get in touch with all important components which will be explained
in detail in section .2

e We start with the dataset: Every data point (typically denoted by z) we want to
classify comes with a label §. The label 7 is the target value. A typical example is
MNIST, where = are images of hand-written digits, the label ¢ is then the number
represented on the pictures. Such a data set usually has between 10* and 10° pairs
of input data and labels. Due to the fact that this is too large to use them in a
network all at once, we divide the data sets into shuffled batches of a fixed size and
use the batches instead of all inputs for the training. One period is a training run
with all batches. After each period, the batches are re-shuffled. Typically, we split
the data set into two parts: the training set, on which the neural network is trained,
and the test set, which the network does not use for training, but only to measure
the performance of the neural network.

e These batches are fed into the neural network. We will later explain how these
networks are constructed, and which ingredients play a role. For the moment, it is
important that they are functions fy(z), which map the input x to the output space.
The computation of fy(z) is called the forward pass because the information is going
forward through the neural network. These functions fy(z) depend on a high number
of (depending on the problem 103 - 10?) parameters denoted by 6. The goal is to
optimize these parameters such that the neural network is able to predict the right
class labels as output.

e After the forward pass, we calculate the error between the predicted class and the
true value (i.e. the label). A typical loss function for regression tasks is the Mean
Squared Error (MSE):

1

Lyse =1

> folws) —aill3. (3.1)

Npatch i€batch

Tt is typically used for games or robots, but the author along with others showed in [33] that it can
also be used in the context of string theory to navigate through the string vacua landscape.
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Figure 3.1: Examples of the MNIST dataset [34]. Tt contains 70,000 images of hand-written
digits and was one of the first benchmark datasets for image recognition.

where Npatcnes denotes the number of samples per batch. Other typical choices are
the mean absolute error for regression tasks and binary/categorical cross-entropy for
classification tasks.

o After computing the prediction error of the neural network, we have to optimize the
weights of the neural network to improve the results. The simplest ansatz for the
optimizer is gradient descent: we compute the derivative of the loss with respect to
the weights itself and change their values in this direction:

0, =0, —nVy L, (3.2)

where 7 is the learning rate which defines the step size of the gradient descent. As
a hyper parameter the value of n has to be fixed before training. There are many
improvements for the optimizer such as using momentum or an adaptive learning rate.
The whole process is called back-propagation due to the fact that the information
is now going backwards through the neural network. The last three steps describe
one complete training step. For one episode, we have to repeat these three steps for
every batch of the data set.

e After the training process is completed (or even between two episodes) we have to
test the performance of the neural network. Therefore, we compute the output of the
neural network on the test data set and compares it to the true labels. The difference
gives you the performance of the neural network.

This general framework can be also used for unsupervised learning. Here, one has to use
an abstract definition of the loss function. Let us demonstrate this procedure with a simple
example.

Note that in general two different types of problems exist when fitting a neural network.
One is called underfitting. In this case, the neural network is not able to find the right
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function because the number of weights is too small or because of other reasons (wrong
activation function, wrong layers or a badly designed loss function). In this case, the
training loss is a good guidance, and it should go to zero in the training process (or at
least become very small). A typical example from statistics is trying to fit a third order
polynomial with only a second order polynomial. We won’t be able to find a suitable fit
because we used the wrong function. The opposite problem is overfitting. When fitting a
polynomial with little noise and NV data points, we are able to find a degree N —1 polynomial
which passes every data point, but the generalization would be quite bad because of the
oscillation between the data points. This problem exists for neural networks as well: when
the neural network has too many free weights, it might be able to fit the training dataset
with perfect accuracy, but shows a bad performance on the test dataset. For this thesis, we
deal with this problem in two different ways: In chapter [ we have to solve this problem of
finding the right number of generators. Here, we use a principle component analysis to find
the right number of generators. In the chapters [5| and [6] we are using a synthetic dataset
with an arbitrarily large amount of data to avoid this problem. Additionally, we start
there with a small number of free parameters and take more parameters into account up
to the point where the error converges to zero. This slow raising in the number of degrees
of freedom is possible because we are actually looking for analytical solutions, which is not
expected to be a high order polynomial.

3.1.1 Linear regression

We apply the presented procedure to a simple example of linear regression. The goal is to
fit the function

fl@)=2z+1. (3.3)

As data points we use all integers 0 < x < 10. Therefore, we have the dataset with the
points:

z |0
1

4 5 6 7 8 9 10
] 9

1 2 3
3 5 7 11 13 15 17 19 21

Because the dataset is quite small, we use the whole dataset as one batch. As toy neural
network we take a neural network with two parameters § = (w,b) and perform a linear
regression on the equation

f9 (xinput) =w J:input + b . (34)

The weights are chosen from a normal distributions N (0,1). As loss function we take
the mean-squared error , and use gradient descent to update the weights with
n = 0.01.

We can now start the training. Note that every training looks different because we
draw the weights from a normal distribution. The function fy before the training is shown
in the picture below as a solid line, the points represent our data points:
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After 10 steps, we can see a clear improvement of the function fy:
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To get a higher precision of the numbers, we have to increase the number of epochs. With

gradient descent we get a nearly perfect result after 1000 epochs:
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After 1000 epochs

® True data ®
Predictions ]

The formula we found is
fo (Zinput) = 2.0006 Zinput + 0.9956 . (3.5)

In this simple example, the run time per episode is short, but for larger networks and
data it becomes unfeasible to use such a high number of training epochs. We have to
improve the efficiency of the algorithms by choosing appropriate layer structure, adjusted
learning rates and activation functions (see the next chapters). Gradient descent becomes
inefficient at points close to a local minimum of the function because here the gradient
becomes really small. Later in section [3.4] we present more sophisticated optimizers to
avoid this problem. After this short example to present the basic concept, we move on to
the different components used nowadays in machine learning.

3.2 Network Architecture

As previously mentioned, neural networks are highly-parameterized functions and the chal-
lenge is how to construct those functions. It turned out that the human brain is a good role
model to abstract certain properties and construct neural networks from those. In brains,
synapses and neurons are the smallest building blocks. They get information from previous
neurons, combine it linearly, and then perform a non-linear operation (called activation
function or non-linearity) on the value of the function. Finally, the information is passed
on to the next row of neurons.

Feed-forward neural networks are the most common type, where the information is only
passed in one direction in the neural network. Feed-forward neural networks consist of a
set of layers, where each layer has multiple neurons and they only take information from
the previous layer and pass it to the next layer. Therefore, no information between neurons
can be exchanged within one layers. We distinguish between the input layer, the hidden
layer and the output layer (see Figure for an example of a neural network with labeled
layers).

e The input layer is the first layer of the neural network. Here, no computation is
performed - it is used to pass on the information to the hidden layers.
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e Hidden layers are all layers inside the neural network. The values of the nodes are
not visible from outside. In these layers he neural network extracts the essential
information and passes them from the input layer to the output layer.

e The output layer is the final layer of the neural network. It depicts the results of the
computation from the neural network and passes it to the user.

The simplest layer is the linear layer. It is also known as fully-connected layer or dense-
layer. As the name indicates in this layer any neuron is connected with all neurons in the
previous one. All the weights of the connections are independent, which allows us to write
the value of the u-th neuron of the i-th layer in the following way:

ni—1

Z w@yl= + b0 (3.6)

Here, w ) and b are trainable weights of the neural network, and n; is the number of
neurons 1n the - th layer. Afterwards, we have to apply the activation function o; to each
neuron:

yi) = 0; ( ff)) for all ¢ and p . (3.7)

Note that the activation function might be different for every layer, but we do not use
different activation functions within the same layer as this leads to different scales in the
back-propagation. Additionally, we define the “zero-th” layer as the input and the final
layer as the output of the network function fy. Therefore, the defining equations for a
neural network with s layers are:

y(O)

= Zinput »

MNi—1
=0, <Z wyl=1 + bf?) , (3.8)

f@ (Iinput) - y(S) .

In Figure we can see a simple example of such a feed-forward neural network. Com-
bining equations (3-8), we get the complete output function of the neural network with
parameters wu and by () We might think of this network function as some interesting
basis for the function Wlth complicated weight constraints. In this thesis all of the neural
networks are constructed using linear layers, but there exist a vast range of different neu-
ral networks, such as Convolutional layers and Pooling layers (described in for image
classification and long short-term memory layers (LSTM-layer) and transformer layers for
natural language processing. We will continue defining the different activation function.

3.2.1 Activation Functions

Typically, a layer consists of linear transformation. If we would only use such linear trans-
formations, the whole network could be represented by a single linear transformation and
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Figure 3.2: A simple schematic Multi-layer Perceptron (MLP) with the different layers.
Here, we have one input, one output and three hidden layers. Tmage from [31]

no hidden layer would be necessary. Therefore, it is necessary to add non-linear functions.
There exists a rich variety of non-linearities. It can be shown that all non-polynomial func-
tions are sufficient for approximations within a neural network [35]. Typically, one uses
unary function (functions with only one input value) which acts on each neuron individually
to speed up the computations within a neural network (except for the softmax-activation).
Typical choices are:

e ReLU: o:R— R, o (x) = max (0, )

e Leaky ReLU: c:R—R, o (z) = max (cz,z) with ¢ > 0
e Logistic sigmoid: o : R+~ (0,1), o(z)= H%

e Tanh: o:R—(-1,1), o (z) = tanh(z)

e softmax: o:R"— (0,1), o(z;) = Ze]zey]

The softmax function is used to normalize the output with respect to the other neurons.
Due to this normalization the neurons sum up to one, which is used for classification. The
value of the neurons gives the probability for the individual class. We give now a more
detailed descriptions for the different activation functions.

e (Leaky) ReLU: ReLU stands for Rectified Linear Unit. Nowadays, it is the most
popular activation function due to its easy computation of the function itself, as well
as the derivative which speeds up the calculations. One disadvantage of the ReLLU
activation is that for negative values no information is passed at all and therefore,
important information might get lost. This can be solved by using the Leaky ReL.U-
activation: It is the same for positive numbers, but instead of being 0 for all negative
numbers it has a small constant slope (usually smaller then 0.01). Note that the
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ReLU-activation is only non-zero for first order derivatives. Higher derivatives, often
required in physics, always vanish.

e Logistic sigmoid: One of the first activation functions and the typical representative
of the sigmoid activation functions: It maps the input in the interval between 0 and
1 and is monotonically increasing. The advantage of the logistic sigmoid is that the
derivative can be represented using the logistic sigmoid function as well:

d
e () =0 (x)(l —0o(x)) . (3.9)
x
It is not only used as an activation function, but also often used for binary classifica-
tion due to the fact that it maps to values between 0 and 1 which can be interpreted
as probabilities.

e Tanh: The tanh-activation function is a shifted and rescaled sigmoid function, and
therefore, has similar properties as the logistic sigmoid function.

e Softmax: The softmax-function is usually not used within a neural network. It is
mainly used to normalize the values of the output layers in such a way that they are
summed up to 1 and can be interpreted as probabilities. Therefore, it is commonly
used in neural networks for classification and can be viewed as a “multi-dimensional
sigmoid function”.

3.2.2 Multi-Layer perceptron

One of the basic neural networks is the Perceptron [3]. In its most simple form it has no
hidden layers and takes an n-dimensional input x;. Then the output value o; is defined by:

(3.10)

. 1, Ziwijxi+b>0,
= 0, else.
Here, the activation function is defined using a threshold b. Such a perceptron is actually
able to learn the functions AND, OR and NOT, but for example it cannot represent the
function XOR. Replacing the threshold by a sigmoid function, and using 0.5 as threshold,
we can represent the one-layer perceptron using a combination of a linear layer and the ac-
tivation function sigmoid. Extending this idea to multiple hidden linear layers of arbitrary
size with activation functions, we call it a multi-layer perceptron which is represented
by the function . Such multi-layer perceptrons are now able to learn functions like
XOR. A mathematically interesting property is that already a multi-layer perceptron with
one hidden layer and an infinite number of neurons can fit any function [35], which makes
neural networks universal approximators. This theoretical result can be extended to an
network with arbitrary depth [36]. These results give a theoretical understanding of the
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power of neural networks. We are going to use multi-layer perceptrons in most of our appli-
cations (with a finite number of hidden layers and neurons). Even though they are one of
the simplest neural networks, multi-layer perceptrons have the advantage of not assuming
any bias for the the input data, unlike convolutional neural networks for example do (see
section [3.5]).

3.3 Loss Functions

Another key element is the loss function: This function defines the punishment of the
neural network in the training process. It is usually defined in such a way that for a
perfectly correct answer the loss function is zero. Note, that negative values as reward are
also possible, but not common in supervised learning in contrast to deep reinforcement
learning. Therefore, in most cases we could simply use a mean-squared error (MSE), but
it turns out that often there exist much more efficient choices. We will present the most
common choices for loss functions in supervised learning. In the formulae we are going to
use ¥; as target value and y; = f(z;) as the output of the neural network. The index 4
labels the sample in the batch, npaien refers to the batch size.

e Mean-Squared Error (MSE): The most simple choice which can be used in nearly
every situation. Typically, it is used in regression tasks. The loss is given by

1 Mbatch

A

Lyse (y,9) =

(i — 0:)° . (3.11)
Mbatch ;—1

It has the advantage that it tries to minimize outliers and is therefore a good loss
function for a clean data set where it is known that there are no mistakes within the
data set.

e Another loss is the Mean-Absolute Error (MAE). It is computed by

Mbatch

>y — 9l - (3.12)

nbatch i=1

Lyrae (y,9)

It has the advantage that it is more robust to outliers and tries to minimize the
error of as many points as possible rather than minimizing outliers. One of the
disadvantages is that the norm of the gradient does not correspond to the distance
to the minimum, but it always has the same size. Therefore, using MAE as a loss
function often leads to an oscillating behavior around the minimum. One alternative
is the Huber loss. It uses for small values of the loss a quadratic loss term, whereas
it is linear for higher values.

e Cross entropy losses are typically used for classification problems: Both the target
value and the output value are seen as probability distribution. Therefore, the target
is usually encoded as a one-hot vector (zeros everywhere except for a single one which
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labels the correct class). The output probabilities describe how certain the neural
network is regarding a specific class label. In general, the cross entropy between
two probability distributions P and Q can be computed as

S(P,Q) = Ex~p[—1log, Q)] , (3.13)

where x ~ P denotes that x is drawn from probability distribution P. In the discrete
case, this reduces to

S(P,Q) = Zpi In (¢:) , (3.14)

where p; and ¢; are the probabilities for the discrete class ¢. In the case of a binary
classification where y € {0, 1} (a yes or no answer) we can use binary cross entropy
(BCE) as loss function

Lece (4,9) = = (yIn(9) + 1 —y)In(1 = 7)) . (3.15)

Note that one of the terms always vanishes for a specific choice of . This notion can
be extended for multi-class classification to the categorical cross-entropy, given
by

LCCE (ya ?j) = - Z Yeo,x In gca,m 5 (316)

where y., » denotes the probability value ¢, for a given input z, whereas g, , is the
network output (usually normalized using a softmax layer). Also for the categorical
cross-entropy all terms except for one vanish due to the one-hot encoding.

Modifying loss functions allows us to restrict the output of the neural network and to define
abstract properties within the set of solutions. Therefore, we are going to define specific
loss functions in section [f| and [f] to find symmetries.

3.4 Optimizer

After introducing the most important layers and defining typical loss functions for neural
networks, let us introduce the last part of the training algorithm: The optimizer. In
the beginning the weights of the neural network are randomly initialized. To learn a
good approximation function fy (Zinput), the weights have to be updated in the right way.
Optimizers provide a mathematical algorithm how to update the weights and find a solution
to the given problem in a finite amount of time. In total, we can think of the problem as a
high-dimensional landscape in the parameter space where we try to find the minimum in a
fast and reliable manner. Here, we will describe the basic and most used ways to navigate
through this landscape.

e The most straight forward method is the gradient descent. The idea is to go always
in the steepest direction downhill with finite step size, so going along VL where L
is the total loss. The free parameter is the learning rate n which is the proportional
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constant of the step size. Mathematically, the change for parameter ; with learning
rate 7 is

A(f‘-}t = VQtL (9t7 iL‘(l), y(l)) ) (317)

Ory1 =0 — 1 Aw; .
The loss L depends on all parameters at step ¢ as well as input values x(i) and target
values y(i). Challenging problems are the existence of local minima and saddle
points where the algorithm might get stuck. One solution for these problems is the
stochastic gradient descent (SGD): Due to the usage of randomized batches of
samples, where the composition of samples changes per episode, the derivative is
always computed for different samples. Therefore the exact position for local minima
and saddle points changes. This avoids getting stuck over multiple time steps.

Another problem are slopes with a small gradient. The SGD might need too long to
traverse through such a slope. The solution is to add a momentum term to the SGD.
This allows the optimizer to get some speed when multiple steps are going in the
same direction. It also helps not getting stuck in local minima or at saddle points,
even though it does not avoid this problem in every case. The mathematical notation
for the stochastic gradient descent with momentum is

Awy = B Awy—1 + Vg, L (0, x(i), y(1))

3.18
Or1 =0, —n Awy . ( )

7 is again the learning rate, while § controls the influence of the the momentum.
Typical choices are § ~ 0.9 and Awy = 0.

Another option is to adapt the learning rate for the individual parameters depending
on the properties of the parameters. For flat directions, we want to use a large
learning rate whereas for steep direction a smaller one is better. A way of enableing
this is to use higher momenta and to normalize the learning rate accordingly. There
exist multiple optimizers using this method. The most well known are AdaGrad [37],
AdaDelta [38] and RMS-Prob [39]. The mathematical notation for RMS-Prob is:

gt = V@,gL (etax(l)7y(l)) )
se=0 51+ (1-p)g;, (3.19)

gt with e ~ 1078 .
Sy + €

9t+1 =0, -7

[ is usually around 0.9 and controls the averaging time of the second momentum
whereas € prevents divergence.

Nowadays, the most common optimizer is Adam (Adaptive Moment Estima-
tion): it combines the two approaches above and uses first and second momentum
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to optimize the weights [40]:

gt = V@tL (eta‘r(z)7y(7’)) )
my = B my—1 + (1 — 51) g,

~ my
my = ————,
1= (B
sp = P2 521+ (1 — 52)91527 (3.20)
~ St
§p = ————,
BN AL
Qt—l—l = Qt —1n Amt with € ~ 10_8 .
S¢ + €

1 and (B, are the control factors for the averaing over time of the gradients and
the second moments of the gradients, respectively. Typical values are $; = 0.9 and
B2 = 0.999.

3.5 Example: The CNN

In this thesis we are going to use the previously presented multi-layer perceptron, but we
want to give an impression over another type of neural network.

Convolutional Neural Networks (CNNs) [4I] are widely used for image recognition.
Even though more elaborated neural networks exist nowadays, such as ResNet, CNNs are
an interesting starting point to get an understanding of the development of neural networks.

When applying simple feed-forward neural networks to images with 28 x 28 = 784 input
neurons, we run into the problem that the neural networks generalize pretty badly because
even shifting the image by one pixel results in a completely different situation for the neural
network. An alternative here are Convolutional Neural Networks. Here, the structure uses
the spatial information of the input data (e.g. which pixels are close to each other) as
well as the shift symmetry of images. Generally, it consists of two parts: a convolutional
layer, followed by a pooling layer. The idea is to move a two-dimensional kernel with
weights over the input, performing locally a matrix multiplication (See Figure for a
graphical example). This keeps the structure of the input after the convolution intact
while we are moving to more abstract features of the picture. Using the same weights on
every position of the image ensures that a feature only needs to be learned at one position
and can be generalized to any other. Afterwards, we apply an activation function to each
neuron.

Pooling layers on the other hand reduce the number of existing neurons. For example, a
2 x 2 Pooling layer takes the maximum or the average sum of each 2 x 2-cluster, and there-
fore, helps to filter out specific features from the image, while reducing the computational
cost.

After several layers of alternating convolutional and pooling layers, one uses linear
layers combined with activation functions to find the right classes for each picture. A
sample architecture can be seen in Figure |3.4]
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Figure 3.3: Left: The operation mode of a convolutional layer. The filter is moved over the
input image and is trainable. There exist several ways how to pad the boundary regions.
The visualisation is taken from [42]

We stop here with the review of the fundamental components of machine learning,
however the interested reader is encouraged to find more explanations and examples of the
vast variety of different neural network architectures in [28] 29, [30, BI]. We will conclude
with an example of the training of such a convolutional neural network.

3.5.1 Training of an exemplary network

As next step, we train a sample neural network to classify MNIST to see the simplicity of
the structure which is necessary to construct an accurate image classifier. The first layer
is a two dimensional convolutional layer with 10 kernels, each of size 5 x 5 with a ReLLU-
activation. Then, we use a MaxPooling layer with a pooling size of 2 x 2. The second
block is again a convolutional layer with 20 kernels with size 5 x 5 with a ReLLU-activation,
followed by a MaxPooling layer (again, with pooling size of 2 x 2). After this, we use
two fully connected layers, the first one with 50 neurons and Rel.U-activation, the second
one with 10 neurons and softmax-Activation. This is the output layer used to classify the
images. As loss, we used categorical cross entropy, and trained the network using stochastic
gradient descent with momentum and a learning rate of 0.01. As performance on the test
set we find an accuracy of 98.5 percent. The loss can be seen in this graph:

my

Input Convelution Pooling Convolution Poaoling  Fully Output
confected

Figure 3.4: Right: A sample architecture for CNNs. The visualisation is taken from [31]
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In each epoch the neural network is trained on 60,000 images. Therefore, after 3 epochs
it already reaches an accuracy of 97.7 percent. This small example explains the success
of neural network: With this simple structure and fast training neural networks solve
complicated problems which would be hard to implement using classical algorithms. For
our problem settings, finding the right definition of the loss function might be much harder
in the beginning, but once they are defined it should be straightforward to apply them to
more difficult systems.
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Chapter 4

Detecting Symmetries with Neural
Networks

In this chapter, we describe a general method how we can find symmetries and identify
them using neural networks. In the first part, we describe how we are able to identify
orbits connected by a symmetry. The idea is to train the neural network on a classification
task and use the structure of the data within the embedding layers of the neural network.
Data points connected by a symmetry are mapped together in the embedding space. This
allows us to identify the orbits of the points under the symmetry transformation. In the
second part we present an algorithm how to identify the generators using the points from
the orbits found in the first section. Knowing the generators enables us to identify the
symmetry group itself. We are going to present several examples on the rotation group
SO(n), as well as SU(2). Additionally, we use the method presented in the first section to
classify Complete Intersection Calabi-Yau manifolds. This section is based on the results
of [22].

This chapter gives a first way to identify symmetrical structure within datasets. It is based
on the idea that similar points are mapped together in the embedding space and that we
can utilize this structure.

4.1 Finding Symmetries

As first step, we present the method how to identify previously “unknown” symmetries
within a dataset by examining the clustering behavior in the embedding layer. Our tech-
nique is suitable for data questions where we have an input point i,p,; Which is linked to
a fixed target f (Zinput). The presence of a symmetry denotes that we have a map S which
maps

S xS, (4.1)

which leaves the value of the function f invariant, e.g.

f (minput) = f (S (xinput)) . (42)
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The key idea which we utilize to find symmetries is the property of neural networks that
the embedding structures in the hidden layers often possess meaningful representations.
The most well known example is described in the word2vec-paper [43], where it was shown
that the neural networks learn meaningful relations between different words, so for example
it was able to learn the equations

Vemb (“King”) — Uemp (“man”) = Uemp (“queen”) — Uy (“woman”) | (4.3)

Uemb (“Germany”) — Uemp (“Berlin”) = vy, (“France”) — Vg, (“Paris”) |

where v, (“word”) denotes the embedding vector of the word “word”. An anologous idea
was used in [44] to find similarities between chemical elements. The authors were able to
rediscover the periodic table of chemical elements by training the neural network to predict
the binding energy of chemical compounds. As a result elements of the same group are
clustered together.

We are going to use a similar approach to detect symmetries: We train a neural network
on a supervised learning task to predict the value of the potential at a given position. Our
key finding is that neural networks map points together which are linked by a symmetry.
Such points are clustered together in the embedding space (i.e. the second to last layer in
our neural networks). Points with the same value in the classification but not connected
by a symmetry are not clustered together. This is a first step to identify the presence
of a symmetry. We are going to discuss two types of symmetries here: at first, we are
going to examine two problems with underlying continuous symmetries, namely the Mexi-
can hat potential (which has an SO(2)-symmetry) and an SU(2)-invariant superpotential.
Then, as an additional example, we study discrete symmetries in the context of Complete
Intersection Calabi-Yau manifolds (CICYs). The procedure is in both cases the same:

e We construct a classification problem for the given problem setting.

— For the potentials, we define classes which are defined by a respective value
(plus a certain width of the class). Note, that the distance between the classes
should be larger than the width of the classes.

— For the CICYs, we use the Hodge numbers %! and h'? as classification targets.

In our experiments we find that this technique functions only in classification tasks,
but not in regression tasks.

e We are going to sample points for the different classes from a uniform distribution.
A balanced dataset is preferred.

e As next step, we train a neural network for the given classification task. Here, the
neural network needs the capacity to train up to a reasonable accuracy (above 95
percent). In our examples, we use multi-layer perceptrons as neural networks.

e As last step, we analyze the representation of the data points the neural network is
trained on. In all of the examples we find a gap between the data points connected by
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a symmetry and points not connected by one. Note, that we use different strategies
to find those clusters. For the potentials, we are using a dimensional reduction like
t-SNE [45] to visually find the structures, whereas for the CICYs this is not possible
due to the large number of different classes. Here, we analyze the structure given by
the distances between the individual clusters.

4.1.1 Continuous Symmetries
Mexican Hat Potential

The first problem we look at is a two-dimensional Mexican hat potential which has an
underlying SO(2)-symmetry:

V(z,y) = —a- (2> +y*) +(@* + ) = —a-r* +1*, (4.4)

where we use a = 2.3 for our numerical experiments. Here, two types of points with the
same value of the potential appear: points, which are connected by a symmetry, but
also points which belong to a different cluster and are not connected to the first type of
points by a symmetry. A visualization can be found on the right of Figure

The next step is to formulate a classification problem for the potential. We define
eleven classes for the value of the potential. The values of these classes are defined by

ﬁ—10—3,E+10—3 k=-5..,5. (4.5)
5 5

Note the ratio between the width of the potential and the distance between the classes.
This enables a well converging training process. The larger the width of the classes is the
more complicated is the training process.

The sampling process can be implemented in a straight forward way: We randomly pick
points (z,y) and check the values of the potential, whether they belong to one of the classes.
We construct a balanced training set with ~ 1000 representatives per class. We use a multi-
layer perceptron with 7 linear layers each consisting of 80 neurons with ReL.U-activation
and a final layer with 11 output neurons with a softmax activation function. We train the
weights using the Adam optimizer, as a loss function we use categorical crossentropy. Note
that the neural network is rather oversized but this enables a fast convergence. We train
the network to an accuracy above 95 percent on the training set. For our analyses we are
only interested in correct classified points and therefore, we do not use a test or validation
set.

Using only correct classified data points, we analyze the representation of these points
in the 80-dimensional representation space. This space can be visualized using t-SNE [45]
which is a method to find local structure in high dimensional spaces. Therefore, we are
able to project the structure of the space in a two-dimensional plane. See Figure for
the projection of the representation.

Comparing specific classes, we find only one specific cluster for values larger than 0 (the
yellow points) . Therefore, all of these points are connected by a symmetry. This is exactly
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Figure 4.1: Left: Structure of the embedding layer using t-SNE representation (perplexity
of 50). Some of these classes (indicated by the same color) have two distinct point clouds.
Right: The Mexican hat potential with the different classes. The classes have the same
color scheme as in the left picture. Using this color scheme we can match the classes with
two distinct point clouds on the left to the classes on the right with two types of points.

what we expected: Looking at the right side of Figure we only have data points of the
same class for large values of the potential. For classes with values smaller or equal than
zero we find a different picture: For those points we find two distinct clusters, separated
by the norm of the points. This point can be made very precise: points bigger than the
norm of the minimum of the potential are separated from points with a norm smaller than
r = m. Comparing the left and the right side of Figure , one can clearly see this
split.

SU(2)-invariant Superpotential

After demonstrating this technique for the well-known Mexican hat potential, we demon-
strate the method to find symmetries on an example with an SU(2)-symmetry. For this,
we use the function

2

where x = (21, 22),y = (y1,2) € C? and transform in the fundamental representation and
the anti-fundamental representation of SU(2). Such holomorphic functions for instance
appear in supersymmetric field theories and are used in many places in theoretical physics.
Note, that we have two scaling symmetries in the dataset which are an additional symmetry
of our system

(4.6)

W (z,y) = (192 — Tat1) + = (T1Y2 — T2y1)”

1 — axy Ty — bxg

1 1 (4.7)
Y2 — — Y2 Y1 — 7 Y1,

a b

where a, b # 0.
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Figure 4.2: Left: The t-SNE representation (perplexity of 40) of the 60-dimensional em-
bedding space. The colored clusters in the plot highlight the same classes as in the plot on
the right. Gray dots mark the other points in the embedding space. Note that due to the
large number of different clusters the structure is less explicit than in Figure [1.1, Right:
Plot of the SU(2) invariant quantity z; - yo — @2 - y;. Some of the classes have only one
distinct representative (for example the yellow and the light orange class), others have two
distinct classes (the dark blue/violet classes). This structure is revealed in the embedding
space as we can see on the left.

The procedure is similar as for the Mexican hat potential: We start by defining classes
for the values of the potential. Because the potential is complex, whereas most neural
networks are built only with real numbers we work with the real and the imaginary part
independently (so basically working rather with R? than with C) and define classes for
both parts. Our classes are distributed symmetrically around zero:

k=102 k+1072]  k=-5.5. (4.8)

Note, that the ratio between width and distance between the classes is of the same order
as for the Mexican hat potential.

The next step is the sampling process. Again, we use a uniform distribution to sample
values for z!, 22, y' and y?, compute the values of the potential and check whether they
belong to one of the classes. We sample ~ 1000 representatives per class to have a balanced
data set as well. The neural network consists of 7 dense layers with ReLu activation with 60
neurons each, followed by two independent output layers with a softmax activation which
are trained to find the class labels. The second to last layer (which both output layers
share) is the embedding layer of the neural network. We again use the Adam optimizer
combined with a categorical crossentropy on both outputs. We trained the neural network
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to a precision above 95 percent. To analyze the structure in the embedding space we used
the t-SNE framework to reduce the 60 dimensional embedding space to a two dimensional
plane which we can analyze visually. In Figure we can see the results of the experiment:
In this case we have 121 distinct classes which makes it tough to see the structure completely
such as for the Mexican hat potential. Therefore, we highlighted only some of the classes.
In the picture on the right we plotted the real and the imaginary part of the SU(2) invariant
quantity x1 - yo — x2 - y1 of the different points from the dataset. The colors display the
value for the potential. We can see that some data points share the value of the potential,
even though they have a different value of x - yo — x5 - y; (and therefore are not connected
under a SU(2) transformation). On the left hand side, we see the t-SNE projection. We
colored the same classes as on the right. Comparing the two pictures we can see that the
structure in the embedding layers reveals the symmetry structure of the problem. Note
that we performed this check for all the different classes (not only the colored ones). We
are able to find the conserved quantity of the dataset and therefore of the potential.

As a consistency check we applied also the t-SNE projection on the input space to check
whether such structures exist already there, but we are not able to find those in the input
space.

4.1.2 Discrete Case: Identifying distinct string theory vacua

After these two continuous examples we now discuss a discrete problem arising from string
theory: finding relations between string vacua and whether they are physically the same.

In this section we examine a broad class of Calabi-Yaus, so called Complete Intersec-
tion Calabi-Yaus (CICYs). These manifolds have been already classified in three dimen-
sions [46], as well as in four dimensions [47]. Even though they have been classified it is
unclear how to generalize these results to higher dimensions. It took roughly one hour
to classify all three-dimensional CICYs, whereas the time needed for four dimensions was
7487 hours (roughly 312 days). Therefore, it is unfeasible to classify the five-dimensional
CICYs using such classical algorithms. Here, we use the three-dimensional CICYs to test
our method and show that we can extend this method from continuous potentials to much
more challenging discrete problem setting. Let us start to give a short review on CICYs
with the basic information we need for our analyses. Note, that we do not need a deep un-
derstanding of the exact structure, therefore it can be skipped while still understanding the
purpose of this part. A much longer review can be found in [48] with more mathematical
details.

Configuration matrices of CICYs

CICYs are described using configuration matrices. They describe classes of polynomials in
projective spaces where the manifolds itself are the zeros of those polynomials. To give a
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basic introduction on them we follow [47]. An example of such a configuration matrix is
111 1
211 2. (4.9)
310 4

The first column denotes the dimensions of the projective spaces. Here, in this example the
equations are in the product space P! xP?xP3. Each of the other columns denotes the multi-
degree of one polynomial in these projective spaces, and the zeros of these polynomials
define hypersurfaces in the projective spaces. To write the polynomials explicitly, we use
the following definitions: P! is denoted with 2%, were a = 0, 1, the P? coordinates by
with i = 0, 1,2, and for P? we have 2™ with m = 0, 1,2, 3. Then, the two polynomials are

_ a,i _ 0,0 0,1 0,2 1,0 1,1 1,2
P11 = Z CaiZ Y = CooT Y + Co1T Y + Co2Z Y~ +CroX Y +cnx Y + ek Yy,
a=0,1
i=0,1,2

_ Ay iy J M NP g
P2 = Z daijmnpqx yyz = =2z,
a=0,1
4,j=0,1,2
m,...,q=0,...,3

(4.10)

where ¢, and dgijmnpg are complex coefficients. Therefore, the configuration matrices
themselves do not describe explicit spaces but rather families of projective spaces, which
share some features. The strength of the notation of the configuration matrices is that
the most important features are independent of the prefactors, so for example the Euler
numbers, the Hodge number, intersection numbers etc. Therefore, we are only interested
in finding equivalent configuration matrices than looking on explicit polynomials. (Note
that the configuration matrices are independently of permutations of columns (except the
first one) and rows.)

There are various constraints on the coefficients of such a configuration matrix: To be
a Calabi-Yau manifold each row has to satisfy the relation

n+1=> ¢, (4.11)

where we use the general description of the configuration matrix as

molg - G
Dol (4.12)
N [ @1 - qK

The condition (4.11)) is equivalent to a vanishing second chern class and therefore crucial
for any Complete Intersection Calabi-Yau manifold.

Additionally, we want to fix the dimensionality of our manifold to d dimensions. To
reduce the number of freedom given by the sum over the dimensions of the projective
spaces we find the constrain:

S np=k+d, (4.13)
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where k denotes the number of equations. In [49], it was shown that there can only exist a
finite number of independent configuration matrices within this set of rules. Additionally to
those constraints, there exists a set of identities which link different configuration matrices
to each other. These connected CICYs are equivalent to each other and therefore, they
have to be singled out when classifying the CICYs. A summary of the identities, along
with explanations, can be found in [47]. In our problem setting we use them as symmetry
transformations our method has to find.

Identities — discrete symmetries

As stated above, the simplest transformation which leaves the manifold itself invariant are
permutations of rows and columns. Additionally, there are five identities where it was
mathematically proven that they leave the manifold invariant. These five identities are:

212 al [1]2a 1|1 a 1lath
nl o | n ’ 11b:n ’
q q nl0 q q
- [ 1]c 112 0 1]c
[3zc:1c, 211 c¢|=|1]¢c], (4.14)
ni 0 q
- |njq ni 0 q n
212 1 0 112 0
211 1 a|=|2|2 a
ni 0 0 q | | n|0 g

The vectors a and b are vectors, with zeros everywhere, expect for one entry, the vectors n
and c are arbitrary vectors, whereas q is a matrix. Note, that these vectors and matrices
have to be chosen in an appropriate way to fulfill the defining properties of a configuration
matrix in d dimensions.

CICYs as graphs

To simplify the training process we used a permutation invariant representation of those
configuration matrices. Therefore, we use a graph representation of the configuration
matrices. Using graph representations has shown great success in many applications of
machine learning, so for example in classifying properties of moleculs (c.f. [50]). Here, we
are going to use a simpler approach: We rewrite each configuration matrix as a graph,
where we mapped the right side of the configuration matrix to a graph (which is sufficient
to reconstruct the whole matrix). In Figure , there is an example of such a map. We
assign different weights to the connections corresponding to rows and columns to make
them distinguishable. After this step, we have a representation of the CICYs which is
invariant under permutation. As next step, we have to manipulate the data in such a
way that we can feed them into the neural network. Therefore, we look at the different
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Configuration matrix Graph representation Next neighbors
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Figure 4.3: Example for one CICY and the different representation we used. Left: The
configuration matrix of the CICY. Middle: A graph visualisation of the CICY. Note the
different weights for horizontal and vertical edges. Right: The nearest neighbours of each
node of the the graph in the middle.

types of nodes, how they are connected and what kind of neighbors they have. This gives
us 285 different types of nodes, and therefore, we can construct a dictionary of types of
nodes. Now, we can construct a 285 dimensional feature vector for each configuration
matrix. Additionally, we compute the eigenvalues of the adjacency matrix of the graph for
each configuration matrix which leads to an additional 30 dimensional vector (for smaller
matrices we padded the vectors with zeros. These information are together sufficient as
input for the neural network [[]

Training of the network

For the neural networks, we need to find a suitable training task which can be computed in
a straightforward way from the configuration matrix. We use the topological invariants k!
and h'? which were obtained in [51]. From here on, we can pursuit just as in the previous
examples: We start constructing 500 representatives of each class by randomly applying
permutations and identities to the known representatives of the different classes. As
next step, we compute the feature vector and the the eigenvalues of the adjacency matrix
to get the 315-dimensional input vector. Note that the number of possible representatives
might differ, depending on the number of identities applicable. In general, we obtain
between 100 and 300 different representatives per configuration matrices, but there are
examples where only one representative exists (e.g. the so called quintic hypersurface). The
structure of the neural network can be found in Table it is a multi-layer perceptron
with two distinct output layers which enables the neural network to learn both Hodge
numbers. (This is analogous to the example of the superpotential where we learned the
classes for the real and the imaginary part.) As in the cases before, we trained the neural
network with an Adam-optimizer and a categorical crossentropy loss. After reaching a
training accurancy above 95 percent we stopped the training process.

'Nowadays, we would be able to feed the graph directly to the neural network, but at the time of the
project it was unfeasible to construct a graph neural network because no accessible framework existed.
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Type Dimension Activation Initializer Regularization
Input 315

Dense 315 ReLU glorot_uniform

Dense 315 ReLU glorot_uniform 12(107°)
BatchNormalization

Dense 100 ReLU glorot_uniform

Dense 100 glorot_uniform 12(1073)
Output 1: Dense 102 softmax

Output 2: Dense 20 softmax

Table 4.1: The architecture of the neural network architecture for Hodge number classifi-
cation. The last layer before the output layer is called the embedding layer.

Analysis of the results

For the analysis, we only use distinct representatives of each data point. This leaves us
with ~ 600,000 data points to compare. As we have to compare 7890 different classes it is
unfeasible to analyze the structures using t-SNE. Instead, we analyze the distance of the
nearest neighbors in the embedding layer.

For each data point, we find the 250 nearest neighbors (with respect to their Euclidean
distance). All of these plots of these distances show a similar structures. We presented
two examples in the plots in Figure 4.4 Those lines always have several plateaus in the
distance curve and several big jumps between two points which are shown in yellow. We
are going to use the biggest jump as a threshold, which appears as a natural choice to us.
CICYs which are closer to the original data point are assumed to be of the same class as
the original data point. Our requirement is that we always at least consider the closest
point as a neighbor. This prediction is pretty successful, given the fact that we are only
able to decide whether two configuration matrices are the same by comparing them with
the full list of classified CICYs. We want to point out the fact that the neural network is
only trained on the Hodge numbers (which are often the same), and not on the class labels
of the matrices. A quantitative analysis of the performance can be found in Figure We
can see that the method is able to correctly classify most of the CICYs correctly. We reach
an accuracy rate above 95 percent for 86.6 percent of the CICYs without any additional
input, for example, that we do not removed any data points which are prone to fail (such
as the quintic) or used any other biases we would normally use.

As next step, we analyze only data points which share the same Hodge number h! = 10
and hb? = 20, there are 292 distinct CICYs. The analysis works in this regime as well,
as one can see on the right side of Figure 4.5} The majority of CICYs — 80.6 percent — is
correctly classified. Such a small drop of performance is expected because the complete
dataset consists of many classes where the combination of the Hodge numbers is unique,
and therefore, the presented method should perfectly work for those CICYs.
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Figure 4.4: Two examples of the method used to define a cluster in the embedding space.
We plot in blue the Euclidean distance in the embedding layer of the 250 nearest neighbours
to the two fixed CICYs displayed below. The difference between the distances for the points
1 and 7 + 1 is plotted in yellow. The red line highlights the largest difference and defines
the threshold for the cluster. Below are the configuration matrices for the representatives
of the CICYs as they have been classified.

Interpretation

To ensure that two CICYs are mathematically equivalent, we have to compare several
topological quantities, such as Euler number and the Hodge number, as well as the inter-
section number. Due to the basis dependence of the intersection number, we cannot tell
whether two CICYs are distinct, unless we compare it to the full list of classified CICYs.
It is unclear how the neural network is able to map different representatives of the same
class together in the embedding space. A deeper understanding would help to understand

Wall’s theorem [48], and finally lead to a calculation rule how to construct a sufficient basis
for each CICY.

4.2 Finding Generators

After we presented a way how to detect the existence of a symmetry, we continue in
describing an algorithm how to find the generators and therefore we are able to identify the
underlying symmetry. Our starting point is a point cloud, like for example the coordinates
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Figure 4.5: Accuracy of our method on the CICY dataset. Left: We plotted the distribu-
tion of the accuracy for all 686,464 data points. Right: Examining the subset of CICYs
with Hodge-numbers h'' = 10 and h'? = 20, we find the distribution for the accuracy in
the plot on the right. We still perform the analysis of finding nearest neighbours with all
data points.

used in the previous examples. We use general considerations how one would usually
compute the generators in theoretical settings, and develop an algorithm which is able to
identify those generators in points clouds. To demonstrate this method, we construct noisy
point clouds in various dimensions and apply the algorithm to these point clouds. After
presenting the detected generators, we apply the same method to images and note that a
modified method is able to find those in such high dimensional data as well. We conclude
with a few remarks on discrete symmetry groups.

4.2.1 Algorithm

The fundamental idea is to apply the methodology used to calculate infinitesimal generators
from continuous point cloud P,.,, which is related by some symmetry group and generalize
it to discrete point clouds. Two infinitesimal close points p and p’ (from the point cloud
P.on) are linked by a symmetry group as follows

P=p+eT, (4.15)

where T'* are the generators of the group, while ¢, is a vector consisting of small numbers
which lead to a connection of the two points. The symmetry group is specified from the
generators T, therefore, finding them is enough to identify the symmetry group.

The prime example of demonstrating our idea is the case of SO(2), which describes a
perfect circle. We take two points pairs on the circle, namely

pe(3) o) ne(2) we(3). e
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which are enough to completely restrict the generator. Applying the equation (4.15) to
those points we get an equation system and we find for the generator

T' = ( ? _01 ) : (4.17)

This can be identified as the generator of SO(2). It is important to note that there are
several advantages working with a continuous point cloud compared to a discrete point
cloud:

e We are able to choose points which are in the same plane.
e We know a suitable basis to choose the correct points.

e We have chosen the points in such a way that the orientations of the transformation
is correct.

e Compared to a discrete point cloud we have an infinite number of data points, which
can be arbitrary close to each other.

Those points are the main reasons for complications when defining the algorithm for a
discrete point cloud. The goal is to take a suitable subset of points and their neighbors
which all lie in a plane. Then identify the correct orientation of the point pairs and use
them to constrain the generator of the subset. After finding one specific generator, we
repeat this process multiple times. It is more appropriate to look for arbitrary generators
rather then orthogonal ones. As last step, we find the “basis” for the generators which
then allows us to identify the symmetry group itself. The algorithm for a discrete point
cloud P itself is described in [22] in the following way:

1. As first step, we can remove redundant dimensions and center the dataset to the
origin. For this pre-processing we can for example use principle component analysis
(PCA). This can be also used to perform a dimensional reduction, and gives you
information on how many dimensions are necessary to keep.

2. As next step, we generate an orthonormal basis (b1, ...,b,): We pick two arbitrary
points pi,po € P from the dataset. Then, we normalize the vector p; and use the
normalized vector as first basis vector by = p1/||p1||. The second basis vector is in
the direction of the orthogonal components of the vector ps, given by the normalized
version of vector py — (p2 - b1)b;. Then, we can add arbitrary orthonormal vectors to
complete the basis of the space.

3. We have to filter out points which are close to the hyperplane H spanned by b; and
by. We want to find the generator which acts in this hyperplane. As condition we
use

p-bi] <0 for2<i<n, (4.18)
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where 0 > 0 is a hyperparameter we have to choose by hand. The larger § the
more points are included, but then it also becomes harder to find appropriate gen-
erators. Note that in this ‘thick’ hyperplane points might possess also neighbors
which are orthogonal to the plane of interest. Those contribution are removed using
condition (4.22)).

. As next step, we want to find point pairs p,p’ € H which are close enough to each

other to be usable as neighbors. The condition we use is
llp—p'|| <€ forVp,p' € H, (4.19)

with € > 0 being a hyperparameter as well. Note that we do not only include next
neighbors but also other points which are close enough.

. These point pairs (p,p’) are now used to find constraints on the generators in equa-

tion (4.15)). This equation becomes

. oup,p)

e TR 1y —pll Tp, (4.20)

where T denotes the generator we determine. The distance ||p’ — p|| is the same as
the €, in equation (4.15)). The normalization factor 1/||p|| generalizes the results to
point clouds with points p where ||p|| # 1. og(p,p’) denotes the correct direction
between the points (p,p’) within the hyperplane. It is defined as:

on(p,p') = sign((p-01)(p"-b2) — (p-b2)(p - b1)) - (4.21)
All components of T' which are perpendicular to the hyperplane are constrained using

T b =0 fori>2. (4.22)

This condition removes also false directional information arising from point pairs
which would actually point in the wrong direction (perpendicular to the hyperplane).

. The equations (4.21]) and (4.22) give us a well defined system of equations, we can

solve using linear regression. Note that we weigh the constraints (4.22)) higher then
the constraints from equation (4.21]), and do not enforce it as a hard condition.

. By applying the steps 2-5 multiple times, we find different generators for ’all” present

directional combinations. To filter out the main components of this generator space,
we can apply a PCA on all generators. As next step, we analyze the standard
deviation in these components. This gives us the right number of present generators
of the underlying dataset. Additionally, the PCA also gives us also a basis for the
generator space, allowing us to identify the underlying symmetry group.
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Figure 4.6: We show three examples of point clouds for SO(2). To display the performance
of the algorithm for different difficulties, we vary the number of points and use different
noise. The respective parameters are shown in the plot title. In the scatter plots, we also
display the generator corresponding to the first PCA component which is found by our
algorithm.

8. Finally, we have to make a remark on distinguishing unitary from orthogonal groups,
so for example between SU(2) and SO(4). The problem is that the orbits are not
necessarily distinguishable: Considering the orbit of a point on a unit sphere S3, it
might by generated by both symmetries, because every point of the sphere S® can
be mapped to the point (1,0,0,0), with SU(2) as well as SO(4) transformations.
To distinguish them, we always have to use a pair of point pairs to see a difference
between the two transformations. In realistic physical situations, we usually have
such point pairs (for example the SU(2) superpotential in section and we can
use these point pairs to distinguish between the symmetry groups. To use the upper
example of an S*: When an SU(2) symmetry is present all generators are fixed when
one of the points is moved to the north pole (1,0,0,0), whereas when we use an
SO(4) symmetry half of the generators is not fixed yet.

Let us now discuss several experiments for this algorithm. Here, we mainly focus on SO(n)
as well as SU(2), but also other symmetry groups are suitable for this algorithm.

4.2.2 Examples

We start our experiments with the most simple example: the already known SO(2). Here,
we perform several stability checks and vary the number of points as well as the noise. We
construct our noisy point clouds in the following way: We randomly sample distributed
points on the circle with radius » = AN (1,0). Results are shown in Figure Even for
a small point clouds which one would not necessarily identify as a circle the algorithm is
able to identify a matrix which is recognizable as the generator of SO(2). The analysis is
performed with 0 = 0.5. Note the large difference in the standard deviation of the PCA.
This clearly indicates that only one generator is present. This holds even in the case with
only 20 data points. We continue with higher dimensional problems.
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Figure 4.7: Left: We display the standard deviation of the PCA components for different
examples of SO(3) point clouds. Right: The standard deviation of the PCA components
of the SO(4) example.

As next steps, we discuss examples in three and four dimensions. We use our algorithm
on different point clouds modeling a noisy S?® and S*. The results for SO(3) and SO(4) are
displayed in figure 4.7} In both setups, we see a steep drop of the standard deviation of the
PCA independently of the specific choice of hyperparameters. Note that with increasing
dimensions the number of points needed increases because the hyperplane used becomes
relatively smaller compared to the total volume of S¢. In three dimensions, we find three
generators whereas in four dimensions, we find six. Our numerical results for the generators
of SO(3) using 1000 points (red curve in Figure are:

—0.00 0.04 0.59 —0.01 —0.98 —0.13
Gi=| —006 001 078 |, Gy=| 098 004 014 |,
—0.59 —0.82 —0.01 0.16 —0.18 0.01
(4.23)
0.00 021 —0.81
Gs=| —021 000 055

0.78 —0.61 -0.03

From the red curve in four dimensions, we get for the generators of SO(4) the formulae
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0.02 050 —0.11 0.25 0.00 0.08 041 —0.07

G —0.52 —0.00 0.39  0.60 G —0.09 —0.00 —0.31 —0.29

L= 0.10 —041 —-0.00 —0.38 | > 27 | —048 024 —0.02 —0.78 |’
—0.28 —0.59 0.38 —0.02 0.06 029 0.81 0.02
0.02 0.13 042 —0.29 0.03 055 050 0.42
—0.09 004 0.78 —0.32 —0.57 —0.00 —0.30 —0.08

Gy = —0.45 —0.76 —0.02 0.13 , Ga= —0.45 0.31 0.02 044 , (4.24)
0.31 033 —0.13 —0.03 —0.40 012 —0.43 -0.03
0.0l 0.63 —0.48 —0.50 —0.02 —0.01 —0.37 0.62

G — —0.64 0.01 —0.16 —0.29 G — 0.01  0.02 024 —0.61

57— 0.48 0.14 —0.00 0.03 » 6 — 0.40 —0.24 —0.03 —0.13
0.51 032 0.02 —0.01 —0.67 059 0.14  0.02

For the next steps, we focus on the four dimensional space and discuss subgroups of the

SO(4), namely SU(2) and SO(2) x SO(2).

Our method is able to identify the subset of

generators of SO(4) which defines the searched symmetry group. Again we tested our
method on different hyperparameters. The results can be found in Figure . For SU(2),
we find the following generators for the red curve (5000 points):

—0.01 052 047 —0.11 —0.00 —0.24 0.43  0.46
Q. —0.52  0.00 0.08 0.49 G 0.26 0.00 —052 0.39
L= —0.47 —-0.08 001 —-050 |> 72~ | —043 051 —0.00 0.35 ’
0.12 —0.48 0.50 0.00 —0.45 —0.39 —0.34 —0.01
0.00 —0.39 0.30 —0.50
0.37 0.0l 051 0.32
Gy = —-0.31 —0.50 0.01 0.39 (4.25)
049 —0.31 —0.40 0.00

Note that it was necessary to use point pairs (x,y) to distinguish SU(2) from SO(4). This

is described in bullet 8 in section in more detail. For
points (black curve in Figure the generators:

-0.03 0.14 0.03 -0.01 0.00

Gy — —-0.31 0.01 0.03  0.01 G, — 0.78
1= 0.04 001 -—-0.01 0.95 ’ 271 0.03
-0.1 -0.06 —-0.98 0.04 0.08

SO(2) x SO(2) we find for 100

—-1.13  0.09 0.01

—-0.04 -0.03 —-0.03

0.04 -0.02 0.19 (4'26)
—-0.02 -0.23 —-0.00

4.2.3 Applications to the Mexican hat Potential and the Super-

potential

To connect the algorithm to section we apply our presented algorithm to the point
clouds resulting from the analysis of the embedding layer for both problems, the Mexican

hat potential (4.4) and the superpotential (4.6)).

For the Mexican hat potential we use the radius r =

1.45. This class has 497 point

clouds and can be seen in Figure 4.9 on the left. This point cloud has nearly no noise and
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Figure 4.8: Left: We display the standard deviation of the PCA components for different
examples of SU(2) point clouds. Right: The standard deviation of the PCA components

of the SO(2) x SO(2) example.
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Figure 4.9: The analysis for the Mexican hat potential in section Left: The point-
cloud found in section .1.1 Middle: The standard deviation of the PCA components of
the Mexican hat example. Right: The standard deviation of the PCA components of the
superpotential example.

therefore, the algorithm is able to find one dominant generator for this data set (see Figure
in the middle).

We proceed with the superpotential and apply the same analysis here. In contrast to
the Mexican hat potential, we use every class (each with ~ 1000 representatives) found
by our analysis of the embedding layer and apply the described algorithm on these clases.
The results can be found in Figure [£.9 As we can see, we get the same structure as for
the SU(2) point clouds. Therefore, we conclude that the combination of both parts gives
us a good method to find the underlying symmetries of a potential.

4.2.4 Rotated MNIST

The final application of our algorithm is connected to the well-known dataset of hand-
written digits MNIST. The goal is to rotate the images and find the generator of SO(2).
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Figure 4.10: Left: Point cloud of the first three PCA components of the rotated MNIST
dataset. In orange, we highlighted the orbits of multiple images of the digit eight. Gray
points correspond to the other digits. Right: The results of the standard deviation for
the generators for the digit eight. Those have been identified from the point cloud.

Therefore, we apply rotations on the 28 x 28 images. However, due to the size of this space
(784 dimensions), we first apply a PCA on the dataset before we apply our algorithm and
identify the generator.

Let us describe the approach in detail:

1. We only pick MNIST-images of one digit, in our example the 8 and pick the first 20
images of it.

2. We rotate the images with random angles to get 2000 rotated versions in total of
different “eights”.

3. Applying PCA on the 784 dimensional space, we end up with a point cloud in three
dimensions. A visualization can be found in Figure :

4. On this space, we apply our algorithm described in section to the point cloud.

The algorithm finds as the dominant generator (see Figure for the standard deviation)
of this point cloud the generator of SO(2) given by

—-0.06 —0.00 —0.07
G = 0.01 -0.01 1.00 . (4.27)
0.08 —0.99 0.04

4.2.5 Discrete symmetries — CICYs

As last step, let us briefly comment on the example of CICYs discussed in Section [4.1.2]
For discrete symmetries our algorithm described in the beginning of this section, is not
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applicable because it is based on infinitesimal close point pairs. To identify underlying
symmetries here, we need to find identical transformations in different orbits on the input
space and recognize them as the same ones. Due to the construction of the dataset using
exactly such identities and the clustering in the embedding layer described in section [4.1.2]
our network is able to detect those symmetries. However, the search for possible new
identities within the dataset was beyond the scope of the project [22].



Chapter 5

Symmetry Control Neural Network

In this chapter, we describe a method how to find conserved quantities using machine
learning purely from observations of the trajectories of particles. As first step, we review the
construction of the Hamiltonian Neural Network (HNN) presented by Greydanus et al. [52].
As second step, we utilize this idea to find the conserved quantities of trajectories purely
using data from observation. In the second section, we demonstrate experimentally the
success of the idea of the Symmetry Control Neural Network (SCNN). As final step, we
propose an application for physical problems with known Hamiltonians. The main findings
of this chapter are based on the results in [23].

5.1 Reviewing Hamiltonian Neural Networks

In many problems in machine learning we have to take physical laws into account, whether
it is analyzing video sequences, training an reinforcement agent, or predicting the future
development of a system. One of the keys to achieve such good performances on physical
tasks is the use of suitable constructed neural networks. Therefore, the neural network
must be able to predict the changes of the investigated system. One way to predict the
change of the system is to compute the new phase space variables (q;, p;) after a finite
time step A. This is given by

fo r (ae,Pe) < (derar, Prrad) (5.1)

where fj is a function parameterized by trainable weights #. It turns out that while this is
sufficient for simulation tasks [53] with a large number of particles, this does not provide
any information about conserved quantities or the physics behind the problem. For physics,
it turns out it is more suitable to predict (%‘g, Cfgg = (q,p) using position and momenta
(q,p) as input, so:

f@ : (qap) — (q7p) ) (52)

where fy is a function parameterized by trainable weights 6. This training can be done in
a completly supervised fashion, training the network to predict (q, p) directly. Such an
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approach, combined with so called graph neural networks was used in [54] to find analytical
expressions of forces between particles.
To predict the state of the system at time t, given the state at t;, we can integrate over
the time derivatives:
to
(qtzv ptz) - (qt1 ) ptl) + dt (Q7 p)
i (5.3)

to
:(Qt17Pt1)+/tl dtfo (q¢, pe) -

Using this approach and integrating over a period of time it turns out the neural network is
not able to conserve the energy of the system. It actually accumulates small errors leading
to the problem that the system gains (or looses) energy. This leads to an unphysical
behavior of the system we would like to avoid. The goal is to find an approach where the
energy is conserved.

A method to tackle this problem is the Hamiltonian Neural Network (HNN) [52]. The
basic idea is to the learn the Hamiltonian directly, and then using Hamilton’s equation to
find the time derivatives of position and momenta. Therefore, the goal is to learn a scalar
function H, (which is equivalent to the Hamiltonian in classical mechanics)

Hy o (a,p) =Hy(a,p) - (5.4)

This scalar function can be used to compute the time derivatives of position and momenta
using the equation for time evolution in classical mechanics, given by

dq OH OH

E_{(LH}_%? *—{ H}———q (5.5)
where {e, } are Poisson brackets. They are defined as
(5.6)

Using those formulae the Network function H, can be trained to minimize the loss function

OH d
EHNN:| ad) q
|Y

(5.7)

H 8H¢ dp

The function Hy (q,p) can be modeled w1th a multl—layer perceptron giving only one
single output value, the derivations are computed using auto-differentiation. As a result,
the neural network returns a conserved quantity, a scalar, equivalent to the energy of the
system. Using the data points given to train the neural network, we can fit an analytical
function to this output function. As a result for a given dataset, we get he Hamiltonian
of the underlying physical system. For experimental results and more explanations on the
method, we refer the interested reader to the paper by Greydanus et al. [52].

As a next step, we move on to the Symmetry Control Neural Network (SCNN), which
enables us to learn conserved quantities, and as a consequence, symmetries directly [23].
Here we use the predictions of the HNN as benchmark for the SCNN to compare the two
directly.
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Figure 5.1: Effect of the additional components of the loss function: In gray,
we show the contours for the HNN-loss , and in red the contours of the Poisson
loss using the angular momentum ||{L, H}||2) in the 2-body Hamiltonian (5.15]).
Here we used the masses m; and my of the two bodies as parameters of the system. The
data for the model corresponds to m; = my = g = 1 (indicated with a star). We evaluate
the loss for our training set. The analytical constraints from evaluating the Poisson bracket
{L,H} ~ (m; — mgy) is clearly visible as line for m; = my. This provides an additional
constraint on the parameters of the model.

5.2 Theory of the Symmetry Control Neural Network

Let us start by briefly defining the notation of Hamiltonian mechanics. We consider a
classical system with N particles in d spatial dimensions. Such a system can be described
by the variables (q,p), where q = (q1, ..., qn.q) are typically the position coordinates for
each dimension of the particles and p = (py, ..., pn.q¢) are the corresponding momenta. As
mentioned in the previous chapter, we want to learn the time evolution of our system and
are therefore interested in (q, p).

Additionally, we want to find the conserved quantities of the system for two reasons:

1. Tt was shown in [55] that utilizing conserved quantities of a Hamiltonian improves
the performance and reduces the risk of overfitting. A toy model with only two
parameters is described in Figure [5.1] Here, we can see the effect of the constrains
on the Hamiltonian.

2. Symmetries lead directly to conserved quantities (c.f. Noether’s theorem). Therefore,
when learning conserved quantities, we also learn the symmetries of a system. This
is interesting from a physical point of view as it allows to examine new systems.

To find the conserved quantities, we utilize the Poisson brackets (5.6)), which enable us
to compute not only the time evolution of (q,p), but also the time evolution of all other
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quantities ¢g(q, p) which does not explicitly depend on time:

dg(q,p) _ NZ“@@ 09 dpi _ ¢ 411

5.8

i=1

where we have used the Hamiltonian equations in the last step. Therefore, a vanishing
Poisson bracket ensures, that g(q, p) is a conserved quantity. Additionally, we are going to
need further restriction to find different, non-vanishing conserved quantities which differ
from each other.

To solve this problem, we are going to make use of cyclic coordinates. Cyclic coordi-
nates are a set of generalized coordinates for which the momenta are conserved. These
coordinates still have to fulfill the Poisson algebra as well as Hamiltonian’s equation. To
find such coordinates, we have to find a suitable diffeomorphic coordinate transformation
which leaves the structure of the phase space invariant. These constraints are given by

T:(q,p) — (Q(a,p),P(a,p)),
{f.9}tpa=1{f9}raq, (5.9)

H(p,q) = H(P(p,q),Q(p,q)) .

We are interested in finding transformations 7" such that at least one coordinate satisfies

oH
Qi

Such a coordinate P; is conserved in the system and the Hamiltonian does not depend on
the associated @);, i.e. it depends on fewer degrees of freedom and the motion in phase
space is restricted to a lower dimensional manifold. Therefore, we do not only learn the
conserved quantities, but also restrict the Hamiltonian (referring to Figure again) to
improve its accuracy.

0="P =—

— (P, H}. (5.10)

5.2.1 Structure of the SCNN

As we mentioned before, we are using two different neural networks to find both, the
conserved quantities as well as the Hamiltonian (which is a conserved quantity itself).

As first step, we define a network T, which performs the coordinates transformation,
and in the second step, using those generalized coordinates as input for the Hamiltonian
neural network H,4. The structure of those networks can be found in Figure We have to
translate the necessary conditions into loss functions in order to find the correct structure
of the coordinate transformations.

1. The first loss function ensures that our Hamiltonian satisfies Hamiltonian equa-
tions (5.5]), which we can ensure using

W |0Hs(P,Q)  dy; OMy(P,Q) | dp;
EHNN—; api—dtz—i—Haqi—kdtQ. (5.11)
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Figure 5.2: The structure and the different parts of Symmetry Control Neural Networks:
The network 7T}, corresponds to a coordinate transformation from the input coordinates
(p,q) to other (also canonical) coordinates. Some of those transformed coordinates are
forced to be cyclic. This is followed by the Hamiltonian network H, using the new coor-
dinates as input. The output of the Hamiltonian network corresponds to the Hamiltonian
function in theoretical physics and is used to calculate the time derivatives of the initial
coordinates.

The time derivatives are provided by the data and the derivatives of the Hamiltonian
with respect to the input variables can be obtained using auto-differentiation. This
is the same loss function as introduced in [52].

2. To ensure that our transformation T}, are of the type we are interested in (cf. Eq. (5.9)),
i.e. our new coordinates fulfill the Poisson algebra, we use the loss function

N-d N-d
‘CPOisson = Z ||{QZ7 -P]} - 61]”2 + Z ||{PZ7 ‘P]}HQ + ”{QZ7QJ}||2 ) (512)

3,j=1 1,5>1

where in practical applications we only enforce this loss function on n cyclic coordi-
nate pairs. The first part of this loss function ensures that a vanishing solution is
not allowed.

3. Hamilton’s equations have still to be satisfied with respect to the new coordinates.
For the cyclic coordinates we have enforced by the architecture that H is independent
of @);. However, to ensure that P; is actually conserved, we require the following
additional loss function

Eﬂgp Hd@, B am (P,Q)
B (5.13)
va ar; a’H¢>(P,Q) dQi  9M4(P, Q)
5121 a a0, a  op, |,

where n denotes the number of cyclic variables we are imposing and 3 denotes a
hyperparameter for our experiments. For the search for conserved quantities § = 0
is the best choice, when looking for coordinate transformations we have to choose
[ # 0 and therefore, restrict the non-cyclic coordinates as well. The time derivatives
can be calculated using expressions in (5.8)) or using the chain rule.
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Our total loss function is a weighted sum of these three components:
L= £HNN + al'CPoisson + 052['%—;2213 ) (514)

where the weights «; are tuned.
Note that for many physical problems we already know some of the conserved quantities,
such as total momentum conservation or angular momentum conservation.

5.2.2 Experiments

In the original paper [23] we used two different types of neural networks to show the success
of the Symmetry Control Neural Networks in predicting the time evolution of the system.

e SCNN-base: We compare the performance of Symmetry Control Neural Networks
with HNNs and baseline neural networks on the accuracy of integrated trajectories
for (po, qo). We vary the number of conserved quantities up to the maximal allowed
number of independent conserved quantities.

e SCNN-constraint: We explore whether imposing domain knowledge about sym-
metries improves the performance. This is motivated by the fact that we often know
about the existence of certain conserved quantities we can already include by hand.

Here, we will only present the results of the conserved quantities, as well as the analytical
formula of the Hamiltonian, and therefore, we will not take the proper distinction of the
difference. For the results of the improvement of the accuracy in simulations, we refer the
interested reader to the papers [23, 56]. We tested several examples to show the framework
on classical mechanics.

Two-body problem

The first example is the two-body problem in two dimensions which is governed by the
Hamiltonian

2 2 2 2
Pz pyl Do pr g
H = + + + — . 5.15
2my  2my 2ma 2mae  |lqi — qall (5.15)

To simplify the problem we set m; = my =g = 1.

To analyze the conserved quantities, we fit polynomials in (q, p) to the output of the
cyclic coordinates. Picking the solution with the lowest degree and good accuracyE] we
recover known conserved quantities of this system in the SCNN-base-model:

Py =— 421 pyy — 4.21 pyo — 1.26 pyy — 1.29 pys
P =—0.93 pp1 — 0.92 ppo — 3.23 py1 — 3.22 pyo
L =—1.07 gzipy1 + 0.88 quipy2 + 0.93 gzopy1 — 1.03 quopy
+ 1.01 q1pe1 — 0.89 qyipee — 0.92 qyopa1 + 0.99 gyopes -

(5.16)

'We check that there is no significant change in the fit accuracy when including higher order polynomials.
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This are accurate fits of the exact conserved quantities

Pa: =Pz1 + Da2,
Py =Dy1 + Dy2 (517)
L= (p;tl - pz?) (le - QyQ) - (pyl - py2) (QIl - QIQ) .

Due to the structure of the Hamiltonian and the energy (which is a 1/r function) we have
not been able to find the accurate polynomial formula for the Hamiltonian.

Coupled harmonic oscillator

As next system, we are going to look at the n-dimensional coupled oscillator. The
Hamiltonian of this system is

n

2
H=> L 3 il (5.18)
=1

2mi 55

where we choose m; = 1/2 and the symmetric n x n dimensional coupling matrix A;;
with positive eigenvalues. We choose a non-diagonal matrix to get a coupling between the
particles and therefore, the potential energy of each oscillator depends on the position of
the other particles.

We look at the case where n = 2. We are able to find the energy of the decoupled
sub-system with the Symmetry Control network. The conserved quantities we find are the
energies of the two subsystem, e.g.:

Py =0.67 ¢f — 3.6 q1q2 +8.23 ¢5 + 0.46 p7 — 1.78 pypy + 4.2 p3,

P, = 4.53 2 2 2 2 (519)
y = —4.53 ¢ — 1.74 q1q2 — 0.9 ¢5 — 4.5 p7 — 1.88 p1ps — 0.57 p5.

We neglect all terms with factors smaller than 0.05. The analytic formula of the Hamilto-
nian can also be found accurately given by
H=1.02 ¢ —0.41 q1qo + 1.89 ¢5 + 0.97 p* +0.99 p3, (5.20)

neglecting terms smaller than 0.05.

Spherical Pendulum

The next system is the spherical pendulum with the Hamiltonian

2 .2
Dy TP
H= 2my—mg\/l2—q§—q§, (5.21)

where we use as hyperparameters the mass m = %, the coupling g = % and the length

of pendulum [ = 1. The spherical pendulum has two types of conserved quantities: the
angular momentum

L = qzpy — qyps (5.22)
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and the energies of the subsystems as it can be viewed as a two-dimensional harmonic
oscillator with degenerate eigenvalues.

Using the same architecture as for the harmonic oscillator, we are able to find the
following conserved quantities:

Py =119 ¢+ 0.4 quq, +0.72 ¢, + 1.77 p2
+0.51 popy 4 1.09 p — 0.83 ¢upy + 0.84 q,p,
Py =—0.65 ¢} + 0.58 quq, — 1.38 ¢ — 0.96 p’
+0.77 papy — 1.92 p; — 118 qupy + 118 qyp,

(5.23)

with MSE of 0.003 and 0.002 and we omit terms below 0.05. Here, we are able to identify
the two different subsystems. The analytical formula for the Hamiltonian we found using
the SCNN is:

H =0.68 ¢; +0.71 ¢5 + 1.02 p} + 1.02 p3 . (5.24)

When comparing the result to the true Hamiltonian (5.21)), we notice that we find a different
structure in the formula. An exact comparison shows that the two formulae only differ
slightly by a factor of 0.005 using a mean squared error for the comparison.

5.2.3 Application to physics

In physics, the Hamiltonian for many systems is already known. Therefore, we do not
have to learn it, but can insert the Hamiltonian itself by hand. As a result, we have to
learn only the conserved quantities, and not the Hamiltonian. Therefore, we can neglect
the second part of the Symmetry Control Neural Network and only look at the Coordinate
Transformation Neural Network. We also have to modify the loss functions. In this version
of the SCNN, we are interested in finding n conserved quantities. Therefore, we will only
have two terms in the loss function.

1. The first terms are the known Poisson loss. They are necessary to find distinct
conserved quantities:

EPoisson = Z H{QHP]} - 5@']’”2 + Z H{P“PJ}HQ + H{QUQJ}”Z ) (5'25)

1,j=1 1,J>1

2. Additionally, the new coordinates still have to fulfill Hamilton’s equation, but we
cannot directly reuse the third part of the loss function (5.13]), because we already
have the Hamiltonian given here. A possible modification is:

dQ;
dt

n

Eglc)gP = Z

i=1

P
dt

—{H,Q;} (5.26)

2

2
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Note, that a pre-computation of the derivatives % and % speeds up the calculation.
This suggested neural network has not been applied to any physically challenging problem
settings and should only point out interesting perspectives for further research in this
direction.

For many problems in field theory the down side of this approach is that it can only
find a fixed number of conserved quantities. One might be able to raise the number of
those conserved quantities, but in field theoretical problem an infinite amount of conserved
quantities might occur. For those kinds of problems we will need a different approach to

find solution. A possible solution is presented in the next chapter.
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Chapter 6

Integrability ex Machina

In this chapter, we are going to discuss a third rather abstract method to find unknown
conserved quantities. The goal is to find a mathematical structure called Lax pair. If we are
able to find such a structure in a physical system, we know that this system is integrable
and therefore, has at least the same amount of conserved quantities as the number of
degrees of freedom. Additionally, when we find a Lax pair of a system we are able to
compute the conserved quantities of the system. This section is organized as follows: As
a first, we give a short introduction into integrability and conditions when a system is
integrable. In the second step, we introduce a method how we can translate such problems
into an optimization task which can be solved by machine learning algorithms. Third, we
are going to apply this algorithm on different systems. We will conclude with examining
perturbations of integrable systemd and whether those perturbations are integrable or not.
This section is mainly based on the publication [24].

6.1 Review of Integrability

We will start with an overview of the concepts and definitions of integrability. This part
is based on the review by Beisert [57]. Another notion of symmetries is the concept of
integrability. Roughly speaking, a system is called integrable, if it has at least as many
conserved quantities as degrees of freedom. Those conserved quantities have to be in
involution, meaning that {F;, F;} = 0 for all conserved quantities F; and Fj. Typical
examples are:

e Harmonic oscillator in d dimensions: Here, the energy of the subsystems are the
conserved quantities.

e Two-body problem: It has the energy, the total momentum and one component of
the angular momentum as conserved quantities.

e Every one dimensional system with a Hamiltonian: Here, the energy is always a
conserved quantity.
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A typical counter-example is the double pendulum. It has two degrees of freedom, but
the only conserved quantity is the energy. Such a system is called chaotic. Looking at the
examples, one can recognize the advantage of integrable systems: Those systems can be
analytically solved quite nicely, and therefore, are prime text book examples.

To study integrability in more complex systems, it turns out that a useful notion is the
concept of Lax pairs. A Lax pair is a pair of squared matrices (in other words, they are
operators) which takes values in the phase space of the problem setting. Usually, they are
denoted by L and M, and depend on p and ¢ in classical physicf]. The defining property
is the equation

d
L=, (6.1)
which the matrix pair has to fulfill if and only if the equations of motions are fulfilled. It is
crucial to note that these matrices are not uniquely defined. For example, one can always
add an identity or scale the matrix L by an arbitrary factor (unequal to zero).
Additionally, one can introduce a spectral parameter A on which the matrices depend
on. This factor is important in field theory to compute conserved quantities, and can

always be introduced by

L=L+X1. (6.2)
This spectral parameter is used to construct an infinite tower of conserved quantities
Fp(\) = tr LF(\), (6.3)

where we can expand the result as a power series in A. As we mentioned above, we have to
ensure, that those conserved quantities are actually in involution, so that {F;, F;} = 0 is
true. For this, we have to find the classical r-matrices of the system. They are defined
as

{L1, Lo} = [r12, L1] — [ro1, Lo , (6.4)

where Ly := L®]1, Ly := 1® L and ryy = P (r12) with P(+) being the permutation operator
between the two spaces. It can be shown that all conserved quantities defined by
commute when classical r-matrices exist.

An example is the harmonic oscillator. It has the equations of motion

i=p, p=—wq. (6.5)
For these equations of motion, two different families of Lax pairs can be defined by
b
Li—a 39 bwq ’ M, = 9 SW ’
4 P —53w 0
(6.6)
1 1
_ q 5P _ 0 5w
= <wp —Q>’ e <iw 0o )’

I'Note that it is also allowed that those matrices L and M depend on derivatives such as Op or 04. In
this thesis, we are only interested in solutions depending only on coordinates itself, and not on derivatives.
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where a,b € R/{0}. The solution known from the literature is Ly, M; witha =b=1. A
quick check shows that this exactly fulfills (6.1)):

. . . _ 2
L1 - ( p Ciq ) == ( w q wzp ) - [Ll,Ml] . (67)
wq p wp  wiq

Then, the classical R-matrix becomes

17001 0 0 1700 0 1
“2_q<0 0>®<1 O>_q<1 o>®<0 0)' (6.8)
When we introduce the spectral parameter with L = L 4+ A, the conserved quantities are:

F, =2\,
F, =2) + 4H,

Fy =2)\ 412\ H,

Fy =2\ +24\H + 4 H*.

(6.9)

As result, we find that the system has only one independent conserved quantity, the Hamil-
tonian.

As next step we extend this idea from classical mechanics to field theories. In those theories,
an infinite amount of conserved quantities might be present. Therefore, we extend the
concept of Lax pairs to the concept of a local Lax connection A (\) which is a matrix
valued one-form. In 1 + 1-dimensions, this one-form can be written as:

AN =A, (N de+ A (M) dt. (6.10)

This can be viewed as a connection and the Lax pair equation (6.1]) becomes the flatness
condition dA = AN A, e.g.

Ay () = A, () + [Ae (), A (V)] (6.11)

which has to be fulfilled if and only if the equations of motion are fulfilled. Here, we can

reintroduce the spectral parameter again (if it is not present yet) by the formula:
A, =A, +)1,

N (6.12)

At — At —|— )\ 1 .

To find the Lax pair L and M from the Lax connection, we can use the definitions

L) = Pexp /0 A ), MO = A4 W) (6.13)

=0
where we defined the Lax pair for a compact space with length R, P being the path
ordering operator. The conserved quantities can be found using the expansion of (6.3)).
For completeness, we also have to show that the conserved quantities are in involution.
The defining condition here is

{L1(M\), La(A2)} = [r12 (M, A2) , Ly (A1) ® Lo (Aa)] - (6.14)
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6.2 Integrability Structures from Optimization

In this section, we are going to describe how to find the Lax pair, respectively the Lax
connection, for different physical system as an optimization problem using the equations
of motion. As we will see, we are going to need some additional input about the symmetry
structure of our problem. To find such matrices, we are going to describe the search as an
optimization problem and solve it with an suitable ansatz for L, M and the r-matrices.
The framework is the same for the Lax pair and the Lax connection:

1. We start by sampling data points which fulfill the equations of motion. Note, that we
do not need an analytical solution we can directly compute the time derivatives with
the equations of motion: For the harmonic oscillator, we can sample ¢ and p from a
distribution, i.e. p,q ~ N (0,1), and then use the equations of motion to compute ¢
and p. This procedure has the advantage over using analytical formula that we do
not have any unwanted correlations between coordinates. In our experiments, we use
~ 10° — 10° data points which can be easily extended to sampling new samples for
every epoch.

2. As next step, we choose an ansatz for the Lax pair L, M. We usually start with the
idea of having polynomials up to first order, and if the network does not converge
we choose higher order polynomials. Another good guidance is the degree of the
equations of motion. In general, we can use an arbitrary neural network which
corresponds to approximating non-polynomial functions. Due to the fact that we
are looking at standard examples of integrability in this proof of concept study and
we are interested in finding analytical expressions, we decided to focus on simple
ansatze. Given an ansatz we then optimize our network subject to the integrability
loss described below.

3. Finally, we check the analytic results, whether they are actually equivalent to the
differential equations. At this stage we can compute the conserved quantities as
powers of tr L*.

4. Additionally, we can find a solution for the r-matrices using the methods of
This can also be done in parallel to the search for the Lax pair, if the challenging
part is to find a Lax pair where the conserved quantities are in involution.

As next step, we have to design our loss function. It has to ensure that the neural network
is forced to find solutions to the problem in such a way that the following two conditions
holds:

1. The equation

SLO) L), MO =0 or AN~ A ) +[A (), A (V] = 0

must hold for all sampled data points.
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2. The system of equation, given by (6.15]), must be equivalent to the defining equation
of motions of the physical system.

To compute the derivatives, we can use the chain rules, and use the fact that, we control the
dataset and manipulate it in any way, so for example we can evaluate the time derivative
of L as follows
d oL . OL .
dt Op + 87qq’
oL

where derivatives o and % are evaluated using auto-differentiation. The values ¢ and p

are part of the dataset.

(6.16)

6.2.1 Lax Pair

Let us start defining the loss functions. One central element is the Lax pair condition (6.1]).
To formulate that equation has a loss, we take the difference between left and right side,
and take the absolute value of the components. Our choice here is mean-squared error,
but it has the disadvantage of resulting in high loss numbers. Therefore, an other suitable
choice would be the Huber loss function. We use

L= ||E— LM (6.17)

where this norm is applied to each matrix component.
To fulfill the second part, we use a suitable ansatz: All equations of motion can be rewritten
as
where x; is any quantity with a time derivative. Knowing that any time derivation of a
variable originates from %, we can assume three things:

1. L must be linear in the variables x, e.g. L = Az + B.

2. The individual components of L have to be proportional to one of the i or has to

vanish.

3. Each of the #; must be proportional to at least one of the components of L.

The first point defines the structure of our network making it only necessary to fit linear
functions for L, the latter two points give us the structure of the loss function, leading to

L= %:mkm (||CijkL — @[, ||Lij||2) + Ek:fgﬂ]n <||CijkLij - ftk||2) : (6.19)
Ebatchl}ij

where c¢;;, = are the constants of proportionality. We use the same procedure for

batch

the right side of the equation, so for [L, M]:
Lo = Y min (|légn [L, M, = fill* I [L M, 11P) + ijlg{i].n (Nése [L, M],; = £l )
1/"7

(6.20)
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. L,M], . .
where ¢, = M Note the redundancies in the loss term Ly, a combination of

batch fk
Li.x and Ly, vvomldt be sufficient, but the additional term facilitates training.

The last term of the loss exists to prevent mode collapse. Our solution here is to set a
lower limit (in this example 1) on the sum of absolute values of the all components of Ay:

Lye = max (1Y [4;],0) . (6.21)

The exact structure of the loss Ly¢ can be varied and we can use this to favor specific
solutions of the neural network. The total loss is

Liax-Pair = Q1 L1ax + 0oLy, + azLinm + oulyic, (6.22)

where in our experiments we set a; = as = 1, ay = 10 and a3 to 1 or 0.

6.2.2 Lax connection

The same approach can be used for the problem of finding Lax connections: We have to
replace every L with an A,, every M with an A;. Additionally, we have to take the 0, A;
into account. This results in the loss components

Lrae = [|Ae = 47+ (40, Al
ij

La, = min (|leiAviy — ikl | sl ) + 3 min (lleinAass — )
1,5 k ’

La, =3 min (Hcm A [Aa A = il [ A+ [As A ||2,) (6.23)
Y]

+ Smin (llegs [0+ Az Ad] - 5P)
Lyic =max (1 — > | Ayl ,O) .
The total loss for the Lax connection is
Lt ax-Comection = A1 LLax + @2La, +azla, + aslyc - (6.24)

For complex-valued matrices, we interpret the complex space as R2, and therefore, use it
as an additional dimension for the summations and the minima.

6.2.3 Classical R-matrices

We use a similar approach for the r-matrices as for the Lax pair. For a given Lax pair, we
can learn the r-matrices directly using

Lr = [{L1, Lo} — [r12, L] + [ra1, L] |1 (6.25)



6.3 Experiments 65

6.2.4 Linear combinations within the equations of motion

In the descriptions above, we assumed that linear combinations of the equations of motion
do not occur. For most systems, it is possible, to find a suitable Lax pair, but not for
all of them. One way of extending the frame work is to focus on the loss term Ly, while
ignoring Ly (setting ag = 0. We compute the loss term Ly, for each equation of motion
individually, so when having several equations of motion:

&1 = fi (21, 72) ,
Ty = fo(w1,12) , (6.26)

T3z = ...,

we first set all &; = 0, except for &1, compute the loss term L, and then move on to the
next equations of motion etc. This method avoids linear combinations in the equations of
motion, and therefore, the presented framework still works. Even though this workaround
is not suitable for Ly, the right hand side still results in the correct linear combination
of the equations of motion due to the loss component Ly,.

6.3 Experiments

After presenting the optimization algorithm, we discuss several examples of the method.
We start with the harmonic oscillator as an example of classical mechanics. Then, we
continue with the Korteweg—de Vries equation (KdV) (which model shallow water waves) as
first field theoretical example, and continue with two important examples from theoretical
physics: the Heisenberg model and the principal chiral model.

6.3.1 Architecture of the Networks

We start with a short description of suitable neural networks. In general, we can use any
neural network architecture and train the weight using gradient-based optimization of the
neural network. There are two general ideas, we can use to build a neural network:

1. We can use standard multi-layer perceptrons to model the matrices. The advantage is
that it should be straightforward to train, their training behavior is well understood
and therefore, we should be able to learn the functions. The problem is, that we
would learn a general function, we might be able to learn new Lax pairs, but the
functions used by the neural network is too complicated to fit. Additionally, we are
using for the matrix L the ansatz L = Apxp + B. To model such a function, we
would have to use a neural network with zero hidden layer, which contradicts the
advantages described above.

2. We can fit polynomials as solutions, using every prefactor as a trainable weight. It
turned out that such approaches only have a rather small number of weights. Due
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to the complicated constrains the solution has to fulfill, the neural network depends
heavily on the initialization.

To avoid those limitations, we use a combination of the two approaches which gives us
on the one hand side enough weights to be less initialization dependent, but also gives us
directly analytic formulae. For each prefactor a of the polynomial, we fit a vector @ with
dimension 2 n + 1. Then, the prefactor a is calculated using a softmax on the weights,
multiplied with a vector of fixed numbers, i.e.

a =softmax (@)-v  with o=/[ 1 [. (6.27)
-n

Using such an ansatz, the neural network is able to change the value of the prefactors
much faster compared to only one trainable weight. It is also important to note that for
the matrix M we should always start with the lowest possible degree in the polynomial to
support the neural network in the training process. Note, that the training process is still
depending on the initialization, and therefore, one should start the same neural network
using a different initialization. To support the convergence of the neural network and to
avoid finding linear combinations of the equations of motion, we can use the values @ to
redefine the prefactors within L. Assuming, we have multiple x4, ..., x,, we can define the
prefactor ay as

ap =0 (Z Qi — Z Z aj,l-) softmax (ay.) - U, (6.28)
i j#k i
with o being the sigmoid function. This sigmoid function has the effect that the neural
network automatically singles out one x;. Note, that this is one way of improving the
performance of the neural network. For many systems, it is more suitable to check the
structure of the equations of motion and look for the symmetry group of them. In many
cases (for example the Heisenberg model), we have an underlying SU(2)-symmetry, and
therefore, it is expected that the Lax pair contains factors of Pauli matrices within the
neural network. This speeds up training due to the fact that the structure of L is already
constrained. For the training, we use an Adam optimizer with a learning rate of 0.01 if not
otherwise stated. We trained our parameters for 50 000 steps with a batch size of 2000. In
each step, we trained the network for L and M separately.

6.3.2 Harmonic Oscillator
We start with the example of the harmonic oscillator. The Hamiltonian is

1 w?
H=-p+—= ¢ 6.29
SRAREE A (6.29)
where we used w = 2. In general, we can use an arbitrary w, but this would lead to a

more complicated structure of the problem due to higher degrees of the polynomials. The
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equations of motion for this problem are

i=p, p=—wq, (6.30)

which we used to sample 10° data points with p,q ~ N (0,1). As ansatz for L and M, we
use

Lij (p,q) = aij + bijq + cijp,

(6.31)
M;; (p,q) = dij + eijq + fi;p,

with 4,7 = {1,2} (so for 2 x 2-matrices). We restrict the sum over the absolute value of
b;; and ¢;; to avoid mode collapse

: (6.32)

N —

2
and Z lcij| >

,j=1

DN | —

2
> byl >

,j=1

using the loss component Lyc. We find with this ansatz the Lax pair given by

_(0437¢ —0.073p ~ [ 0.001 0.329
b= (—0-66619 —0.437 q) M= (—3.043 —0.001) ’ (6.33)

where we do not allow linear combinations of the differential equations. A check shows
that both sides of the Lax pair condition (6.1) match accurately

dL  (0437¢ —0.073p) (0441p 0288¢q \ _
dat (—0.666 p —0.437 q) - (2.660 g —0441 p) = LM (6.34)

We check that trL? ~ H:

72 _ (0.048618p” + 0.190969¢ 0
- 0 0.048618p + 0.190969¢>

) =trl>~01H. (6.35)

Therefore, we can see that our method is perfectly able to reproduce the Lax pair in the
literature.
We train also for the corresponding R-matrices and find as a result

92 — 042 : : 92 — 042

= (9020 )6 (4 02) - (2 0P) e (0 ). e
which solves perfectly equation (6.14]).

We also want to mention, that this training process is heavily instable and we used
several runs with different initialization to find this solution. Most of the training processes
where not converging at all. Comparing the harmonic oscillator to the other examples, it
turns out that this is one of the more complicated examples due to the independence of p

and ¢, while in the other examples, we were able to restrict L using a symmetry analysis of
the example. We suggest a work around for this problem: one possibility here is to simply
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use a different approach using only a constant for M. This corresponds to the most simple
ansatz for the Lax pair but leads to a bit more stable convergence (and is suitable in this
case). Additionally, we also test a standard multi-layer perceptron as neural network for
M with two hidden layers with 200 neurons and a tanh-activation, and a 2 x 2-dimensional
output layer. In this case, the training process converges in every case. Here, we are also
able to fit an analytical solution to M due to the simple structure of the analytic solution.

6.3.3 Korteweg-de Vries equation

We examine the Korteweg—de Vries equation as second system. It is used to describe waves
on shallow water surfaces. The equation of motion is given by

p+¢" —6¢¢ =0. (6.37)

It is an one-dimensional realization of a classical field theory and a good first example to
find Lax connections. For the sampling process, we sample ¢, ¢ , ¢, ¢ ~ N (0,2) and
compute ¢ using equation (6.37).

The ansatz we use is determined by the structure of the problem: We expect the matrix
A, to be linear in ¢(x), while the matrix A; should be a polynomial up to second order.
Computing % in the defining equation of the Lax connection, we expect that M depends
only on the terms ¢, ¢ and ¢, and not on ¢". Using a 2 x 2-matrix as ansatz, we find

4 _ (L66—02 08
=\ 02  176+02)°

4 —4.9¢> —1.6¢" — 0.1 0.1¢> — 0.3
e 0.1 —5.0¢ — 1.7¢" +0.1)°

(6.38)

where we rounded entries to 107!, This result shows, that even a 1 x l1-matrix would be
enough to model equation ((6.37]).
To force the neural network to use the off-diagonals as well, we change the loss term

Ly in such a way that only off-diagonal elements enter this loss term. As a result, we
find:

1.764+10 —1.7¢

4 = 5.00% + 1.7¢" —5.00> —1.7¢" — 0.5
P\ =5.002 — 176" — 0.5 5.002 + 1.7¢" :

A :< ~1.7¢ 176+ 1.0) |
(6.39)

which is now much closer to the literature and again provides a pair which fulfills the
required conditions, i.e.

DA, 0A B
o op T AeAd=

_ (176 179 10.00'¢ + 176" —10.06'¢ — 1.7¢ N
N ( 1.7¢ —1-7¢> - (—10-0¢'¢ — 176" 10.06'¢+ 174" ) +0(01)~0

(6.40)

"
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6.3.4 Heisenberg Magnet

Let us start with the Heisenberg magnet for a ferromagnet with an SO(3)-symmetry group,
one of the important field theoretical examples. The Hamiltonian of the Heisenberg magnet
is

1 a2
H= 5/ dr 82 (x) (6.41)

where S2 = 1 and the components satisfy as an additional constraint

{Sa (), S (y)} = €aeSe (2) 6 (x —y) - (6.42)

The equations of motion read

S=1{H 5 = —5@) x5 (z). (6.43)

As we can see, we have an SO(3) ~ SU(2) invariant structure in the equations, we can
utilize to find the Lax connection. Assuming that the Lax connection must be invariant
under an SU(2) transformation on the S we use as ansatz for A,:

A,=adS+B, with aeC,BeC®?, (6.44)

For the matrix A,, we use a polynomial ansatz up to second order in S; and S;, the second
derivative should be irrelevant, it would turn to a third order derivative in Lax connection

equation (6.11). Therefore, the ansatz is

Ay =CSi+DS;+ES; S;+F S S;+GS;S;, with C,D,E, F,G eC®»?.

(6.45)
Using this ansatz (which looks reasonable) we find the following formulae for the Lax
connection A, and A;:

A = 15§+o.3<1 0)

0 1
A 218, 218, +28,
T\ 218, -28, —is,
N 18,5, -85, —.8 + 5,8 + 1 (5.8 = 5,5%)
+5.8, — S8, + 1 (5.5, — S5,5:) —158,5,+ 15,5,

=2139+ i €z‘jk0'z'SjS]/g )
(6.46)

where we rounded at the least shown digit. Comparing this with the literature, we find
exactly the same results as in [57].

Here, we can see the advantages, as well as the disadvantage of the method: The neural
network is perfectly able to find the correct structure within A;, but we also have to use
our physical intuition on A,. Starting the search without this restriction, we have not been
able to find a solution.



70 6. Integrability ex Machina

6.3.5 Non-linear sigma model

The next important class of integrable field theory models is given by non-linear sigma
models in 1 + 1 dimensions. We are interested in O(N) sigma models with fields in SV~
The Lagrangian of these models is:

L=-Tr (J,J"), Ju=(0u9)97" p=0,1 (6.47)
This system obeys the following equations:

0" =0,

6.48
Oudy — 0y — [Ju, L] =0, (6.48)

with ¢ = 0,1, corresponding to the spatial and time like directions.

In the following, we study the two special cases N = 3 and N =. The case N = 3
is related to the Sine-Gordon model which can be seen by appropriately re-writing the
equations of motion (cf. Chapter 6.3 of [58] and [59]), whereas the case N = 4 is related
to the principal chiral model.

Sine-Gordon equation

The Sine-Gordon equation is given by
92
Ox0t

For this equation, we use a known solution of the Sine-Gordon equation to sample data
points

¢ —sin (¢) = 0. (6.49)

¢ (x,t) =4 arctan (exp (y(x +t —v (x — 1)) +9)) , withy? = (6.50)

1—2’

where we sample v ~ U (—0.9,0.9) and 6 ~ N (1,1).
As ansatz for the Lax connection, we use a similar approach as before. For the matrix
A, we are able to see that it should only depend on %:

Agij = aij¢l + byj (6.51)

while for the matrix A;, we expect a dependence on either sin or cosine:

0
z’jai +ejjcosp+ fijsing. (6.52)

Using complex coefficients, we find for this ansatz

Apij = cijo+d

B 0.5¢ —0.7—0.6 0.9¢ +0.2i¢
Ap = (—0.5& +01i¢ +084+041i —0.5¢ +0.7+0.6 i) ’ (6.53)

A, — —0.2cos¢p+0.21 cos¢p+0.2singp — 0.2 1 sin¢ 0.5sin¢p —0.21 sin¢
t= 0.2cos¢ —0.21 cos¢ 0.2cos¢ —0.21 cosg —0.2sing +0.21i sing ) °
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The Lax connection is satisfied for these matrices

dA, ( 0.5L¢ 0.9L% 102 Lo\
dt — \-05%2 1011 L2 —0.5L¢ 4 B
dxdt dxdt dxdt (654)
B 0.5sin ¢ 0.9sin¢ +0.21 sin¢ _%_[A A
~ \—-0.5sin¢ +0.11 sin¢ —0.5sin ¢ C dx w

As we can see, the equation is only fulfilled iff the Sine-Gordon equation is fulfilled as well.

Principal chiral model

For the case N = 4, the equations of motion are given by , which corresponds to an
SO(4) symmetry. Typically, this system is examined using the split SO(4) ~ SU(2) xSU(2),
which we are using as well. Then, we can use the SU(2) symmetry, and use an ansatz which
is proportional to the Pauli-matrices:

A, =adl,+b3dJ,, with a,beC, (6.55)

whereas the matrix A; a polynomial of second order, and is otherwise unconstrained. Note,
that with this ansatz it is expected that we are going to find linear equations between the
different equations of motion and we therefore, have to change the loss function as described
in . We sample all variables using N (0, 2) for the sampling and the equations of motion
(cf. Equation ([6.48))) for 10 samples. As solutions we find for the Lax connection:

A, =(0.295 4 i 0.205)GJ, + (—0.512 4 i 0.165) G.J; , (6.56)
gJ, + '

A, = (0515 — 10.162) (—0.283 — 10.193) &.J; ,

where the matrix A; has perfectly the shape of the Pauli-matrices. We check that our
solution is equivalent to the equations of motion

A, — AL+ [A, A =

—(0.295 + i 0.205) ], + (—0.512 + i 0.165)GJ;
+(0.515 — i0.162) @.J, — (0.283 + i 0.193) &.J;
—(0.295+ 1 0.20
+(0.515 — i 0.162

—

g
0.283 + i0.193) 2 €™ JJ¢

2
5)(
(—=0.512+ i 0.165) i 2 e JlJe

)
) (6.57)
)

~(—0.512 + 10.165) & (ﬁ - fx)

-

+ (0.283 + 1 0.193) & (Jx — ft> —2 (0.283 4 10.193) oI JE

tYx

The solution we found can be matched to the known solution presented in [60].
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6.4 Integrable vs Non-Integrable Perturbations

An important field of research for integrable systems is the examination of perturbations
of an integrable system. In this section, we focus on two integrable systems, the two
dimensional harmonic oscillator and the Heisenberg model, and examine different types
of perturbations. The magnitude of the perturbation here is controlled by the parameter
€. We start with the unperturbed system with a correctly initialized neural network and
then increase the parameter e. When comparing the trend of the training loss between the
perturbed and the unperturbed system, we are able to see whether the neural network is
able to compensate the perturbation and still find a true Lax pair. Here, we allow linear
combinations between the different equations of motion.

6.4.1 Two-dimensional harmonic oscillator

We start with the harmonic oscillator in two dimensiong’} Here, we are comparing a
quadratic perturbation with a fourth order perturbation. The Hamiltonian is

1
Hy =3 (02 + 0y +° +4° + exy)

: (6.58)
H, = (P2+ D)+ 2"+ +ex®y’) .

In both Hamiltonians, the parameter e scales the perturbation. The Hamiltonian H; is
integrable because it describes a coupled harmonic oscillator, whereas the Hamiltonian H,
is not integrable.

To initialize the neural network on a known solution, we use a 4 x 4-dimensional Lax
pair with two separated systems in the upper-left and lower-right part of the matrices.
We use the same structure as before for L (see eq. (6.27)), while modeling M as a neural
network with two hidden layers with 200 neurons each and tanh-activation on the hidden
layer, followed by an output layer.

We draw 100000 samples of x, y, p, and p, from N (0,1), and compute &, y, p, and p,
using:

isz, y:pya pxz_x_eya py:_y_exa

. - o ) - ) (6.59)
E=ps,  Y=py, Pe=-T—€xy’, py=-y—eya’

Note that, for each value of € we have to either recompute the time derivatives or sample
a new dataset.

We start the training process with € = 0 and increased € every 1000 steps for 0.05 until
it reaches €gn,. We train the neural networks for egn, = (0,0.001,0.01,0.1,0.5,1) using
the Adam optimizer with learning rate 1073. In total, we train each neural network for
80 000 steps. The evolution of the training loss, and therefore the violations of the Lax

2Note that the harmonic oscillator as an one dimensional system is integrable with any kind of pertur-
bation because it always has one conserved quantity (the energy), and only one degree of freedom.
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pair constraints, can be seen in Figure [6.1] at the top. For the integrable perturbation,
the neural networks can adapt the values for L and M, and have similar losses as for the
unperturbed system. In contrast to that, the neural networks are not able to adapt to the
non-integrable perturbation and the training does no longer converge, i.e. hierarchically
larger loss values are encountered compared to the unperturbed system. In the figure, we
show the median of 10 runs for each € and perturbation type, the curves are smoothed
using a Gaussian filter with ¢ = 10.

Finally, we want to point out that such an increase of the loss is only a hint for a
non-integrable perturbation. It might also be the consequence of a too simple ansatz for
the Lax pair or due to a too high or too low learning rate.

6.4.2 Heisenberg Model

As second example for an integrable system with perturbations, we present the Heisenberg
model as in section Here, we compare two different quadratic perturbations: The
integrable one is known from the Landau-Lifschitz equation (S A JS) as

— 0 0
0 € 0], (6.60)
0 00

— —7

§=_8@)x 5" (@) - §xJ§  with J =

while the second system has a different quadratic perturbation, i.e.

S=-8)x S (x)+ [-eS2 |. (6.61)
0

The procedure is similar as for the Hamiltonian oscillator: We start with a correctly initial-
ized neural network for the unperturbed Heisenberg model, and increase the parameter e
with small steps of 0.05 until we reach €gy,. Again, we use €gna = (0,0.001,0.01,0.1,0.5, 1).

We use a 4 x 4-dimensional ansatz for the Lax connection, initializing the neural net-
work with a correct solution in the upper-left part of the matrices. For A,, we use a linear
approach as before. A; consists of two parts: one polynomial which is used for the initial-
ization, whereas we add a multi-layer perceptron with two hidden layer, with 200 neurons
each and tanh-activation on the hidden layers.

Again, we trained the neural network for 80 000 steps, with Adam optimizer with a
learning rate of 0.001. The results are presented in the bottom of Figure [6.1 We can see,
as for the harmonic oscillator, that the neural network is able to adapt the Lax connection
to the integrable perturbation and converge to the same value as the non-perturbed Lax
connection. For the non-integrable perturbation, this is not the case. Therefore, with our
method we are able to distinguish between integrable and non-integrable systems.
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Figure 6.1: In these two plots we compare the different behavior of the training loss
for integrable (solid lines) and non-integrable (dotted lines) perturbations for the two-
dimensional harmonic oscillator and the Heisenberg model. In the upper graphic the
results for two-dimensional harmonic oscillator is displayed, whereas in the lower one we
can see the results for the Heisenberg model. In both cases, we start with no perturbation
and it grows linearly with egep, = 0.05 every 1000 steps. The raise of the perturbation
parameter € can be seen in the beginning for large values of € as steps in the graph.
For integrable perturbations, the neural network is able to adapt the Lax pair to the
perturbation, therefore, after some time, the training error corresponds to the unperturbed
system (displayed in black). For non-integrable perturbations, the neural network is not
able to compensate. The training error grows proportional to the perturbation (note the
log scale of the y-axis). After many epochs, the neural network finds a different minima
which still leaves the training error multiple orders of magnitude above the unperturbed
system.
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Chapter 7

Basics of Dualities and Exceptional
Field Theory

After presenting in the last part different methods how to find structures, symmetries and
conserved quantities in physical systems, we are going to focus in this part of the thesis on
the effects of symmetries in string theory and their impact on the phase space of this theory.
In the first chapter of the this part, we review T-duality and its mathematical implications
to find the symmetry group, followed by the extension to the S- and U-duality. Afterwards,
we introduce the general idea of exceptional field theory (based on the review [61]) and
conclude with the construction of duality chains of T- and U-dualities. In the next two
chapters, we focus on our recent research projects, published in [25] and [26]: In chapter
we use exceptional field theory to find previously unknown non-geometric fluxes and their
consequences, whereas in chapter [, we exploit the duality chains to find the commutativity
behavior of open strings in non-geometric backgrounds.

7.1 Dualities

In the introduction [I.3] we already introduced the main concepts and notations of string
theory. Here, we are now going to focus on the dualities, which connect the different string
theories. In figure [1.1| we can see the connections by the T- and S-dualities. We show T-
duality explicitly on the level of the mass formula to find the underlying symmetry group.
In the next step, we focus on the symmetry group of S-duality and extend the concept to
the symmetry groups of U-dualities. During all of these chapters we will set o/ = 2. We
are going to follow the text book [I9] where more details of the derivations are given.

7.1.1 T-Duality

We start this review on T-duality by looking at a one-dimensional compactification of a
closed bosonic string with the world-sheet coordinates X*. We start our example by com-
pactifying the bosonic string over a circle with radius R in dimension 25. The coordinate
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for this circle is denoted by z. Then, we can identify the points accordingly as
x~zx+2rR, LEZ. (7.1)

This identification also has implications on the coordinate X2 leading to the constraint
that
X®(o+2n,7) = X®(0,7) + 27RL. (7.2)

In this equation L counts how often the string is winded around the compactified dimension
and is called winding number. A string with winding number cannot be “unwinded” or
shrinked to a point, and therefore, the winding number is a conserved quantity of each
string state.

Using condition ([7.2)), we are able to find the mode expansion for the string in the
compactified dimension,

X®(0,7) =¥ + ' p*7 + LRo
i @ Z 1 <a721567’in(770') + 5{3156471(“0)) ’ (7.3)
2 wzo

which can be split into left and right movers X?*(o,7) = X?°(0 —7)+ X# (0 + 7). 2*° and
p?° obey the usual commutation relations

{x%,p%] =1q. (7.4)

Because p?° is the generator of translations of %%, one consequence of the quantization
of the winding number is the quantization of the momentum mode p’. This leads to the

condition p! = %, M € Z. M is then called the momentum number. Additionally, we
compute the mass formula
M?  L?R?
m2=ﬁ+ 4 +<NL+NR_2)> (75)

where Ny and Nk count the number of oscillator modes. The first two components arise
here from the compactified dimensions. Additionally, the compactified string has to ful-
fill the reparameterization condition (as the uncompactified string). This gives us the
condition

Nrp— N, =M-L (7.6)

for the compactified string. Examining equation ([7.5)), we can see there exists a symmetry
when exchanging winding modes L and momentum modes M. This transformation in total
is given by

Re;, Lo M. (7.7)

This transformation leaves the level-matching condition and the mass spectrum unchanged.
It can be shown that those two settings are indistinguishable not only on the level of the
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mass spectrum but on all levels and therefore, we can look at either a large or a small
radius for the internal sector. Focusing on the massless sector of the compactified theory
with N 4+ Ng = 2, we find, due to equation (7.6]), that Ng = Ny = 1, otherwise the string
would not be massless. As a result the spectrum contains only a symmetric metric g;;, an
anti-symmetric two-form B;; and a dilaton ¢ [62].

Focusing on the superstring and the type II string theories, we have to take additional
effects into account. Here, T-dualities act as an anti-symmetric reflection of the right-
moving sector and therefore the effect of on the Ramond sector, combined with the GSO-
projections leads to a duality between Type ITA and Type IIB theory:

Type 1IB on Sk, Lodualy, Type IIA on Szl/R. (7.8)

This equivalency is true for higher-dimensional compactifications as well.

We restrict our attention on the bosonic sector of the theory, compactified on a d-
dimensional torus with metric g;;. We have to quantize the winding modes n’ and the
momentum modes m; in all compactified directions. For such a compactified string we find
the mass formula [19]

d y 1.
m2 = (NL + NR - 2) + Z (mig”mj + 4nzgijn3> 5 (79)
ij=1
and as the level-matching condition
d .
NR—NL:ZTI’LZ'TLI. (710)

i=1
As next step, we can add a Kalb-Ramond B-field b. This shifts the mass momentum of
the string and we get for the mass formula

1
m? =(N;, + Np —2) + m’ g 'm + i (g — bg_1b> n+n’bg'm+n’m. (7.11)

Introducing a generalized momentum P and a generalized metric H;n
m; g =gty
PM _ ¢ ’ H — . J , 7.12
( > M (bjkgk] 9ij — bixg" by (7.12)
we can rewrite the mass formula and the level matching condition

m? = (N, + Ng — 2) + PMH PV,
1 7.13
Ng = N = 5PuP". (713)

Here, we use as convention that M, N =1,...,2dand 7,7 = 1,...,d. Indices are raised
and lower with the O(d, d)-metric ny/n:

0 & 0 &7
N = <5j oj> , Y = (&1 0) , M Pnpy =6y (7.14)
7 J
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The generalized metric H sy fulfills the properties of the O(d, d) group, and therefore, the
following identities hold:

HMNHNP =nNMmp, HTUH =n, HMN = UMPUNQHPQ . (7.15)

Because of the underlying O(d, d)-symmetry, we can generalize the T-duality from ((7.7)) to
the formulae

Hun < b Hpohy®,  PY o hMyPN . heO(d,dz). (7.16)

Note, that the element A must be an element of O(d,d,Z), and not of O(d, d,R) because
the generalized momenta must be still quantized after a T-duality transformation.
The basis of O(d, d) consists of three different basis elements:

e diffeomorphisms (basis transformations of the torus), which only act on n’ and p;
separately given by:

v (E; 0
hy't = ( o B E € GL(d) (7.17)
e shifts given by
haY = 0 0 = 7.18
U A nij = =N (7.18)

e and the T-duality transformations in the k-th direction

T4 ij
BV = (6Jt,.tj 5-jt tj> , ty = diag(0,...0,1,0...0) (7.19)
i A

The transformation rules for the T-duality transformation for the metric g;; and for the
two-form b;; are called Buscher rules [63], 64]:

1 D GkiGkj — bribr;
Gkk — s Qki — s Gij = Gij — #’
o o I (7.20)
bt — TE by by, — TkiOki T Okibhi
9kk Gkk

Having such an underlying duality in string theory motivated the construction of double
field theory (DFT), a supergravity theory which is manifestly invariant under T-duality.
For a review of double field theory, we refer to [62]. In chapter @], we are going to use DF'T
implicitly, but the section can be understood without any knowledge of DFT.
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7.1.2 S-duality

Another important duality in string theory is the S-duality of Type IIB string theory, and
is therefore also a duality of M-theory as we can see in Figure [I.1, We are going to look
at the bosonic part of Type IIB string theory. The NS-NS sector is defined by the dilaton
¢, the metric g;; and the Kalb-Ramond field B, the R-R sector contains the Cy-form, the
Co-form and the self-dual Cy-form. The basic idea of the duality is the map

gs — 1/gs. (7.21)

This duality acts as a SL(2,Z) transformation on the R-R sector of the type IIB string, the
p-forms Cy, Cy and Cy, as well as on the NS-NS sector. Combining the dilaton (which is
connected to the string coupling via g, = €?) and the scalar C, we find that it transforms
as a complex scalar under a modular transformation:

at +0b
= Cy+ie™? — : 7.22
T o +ie %, [ d— (7.22)
We can organize the SL(2) parameters into a matrix with unit determinant:
a b
U:< ), det U=ad —bc=1. (7.23)
c d
This SL(2)-transformation acts on the matrix as
1 |7II? Rer \ 4 Ci+e?* C
M= Tmr ( Rer 1 - Cot 1) (7.24)

the transformation itself can be written as M — UMU?. Setting a = d = 0 and
b= —c =1, we end up with the inversion of the string coupling.
The two two-forms C5 and B transforming as a doublet under

(%)-u (%) -

while the four-form Cj is invariant, as well the Einstein frame, which is connected to the

string frame by the formula gf;ring = e?/ 2gimsten,

7.1.3 U-duality

As next step, we want to combine T- and S-duality, as it is suggested by Figure[L.Ithat both
should be underlying symmetries to a possible formulation of M-theory. This unification
is called U-duality. We can combine these two dualities in the framework of Type II string
theories. The basic idea is to combine two T-dualities with one S-duality as

Type TTA <Y, pone IR &8, Pone 1B Y, Pope TIA . (7.26)
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To unify the notation of those dimensions it is suitable to decompactify the Type IIA string
theory on a circle and relate the radius R;; and the Planck length ¢, to the string coupling
gs and the string length ¢, as

Ri1 = {yqs, l, = g3, . (7.27)

Then, the 11-dimensional metric can be written as
2 2 11 2 2
dsty = R}, (da' + A) +ds}, (7.28)

where A is a 10-dimensional one-form. Using the connection between the string coupling
gs and the dilaton e® at asymptotic infinity, we find the general ansatz

1 1

2 f—
12 ds?, = e*/3 (dlL‘n + A) + e720/3 I
p s

ds3, . (7.29)

To generate 11-dimensional U-dualities, we have to rewrite the T-dualities and S-dualities
in terms of 11-dimensional quantities. Using these uplifts, we find the following symmetrical
U-duality acting in three different directions

03 02
p g N p
P YRR Ry

RyRy’
where I, J and K are distinct and can be any of (7,7,11). This transformation is an
inversion of the volume V = R;R;R, for the dimensionless quantity V/Ef; and we find

V=V /5.
The transformation can be rephrased in terms of dimensionless quantities by

U[JK : R]—>

(7.30)

1/3
Uik &—)EPL (731)
ly  (R;Rg)®

This allows us to set £, = 1 and therefore we can use to define the U-duality
transformation in the absense of any other fields. Then, the volume transformation become
V =1/V, where V is the transformed volume. More general transformations involving all
possible fields are presented in section

We are now going to look at some explicit low-dimensional examples, and assume the
extension to higher-dimensional U-duality groups. Let us start looking at M-theory]] on a
two-dimensional torus. Symmetries of the equations of motion are groups which preserves
the torus itself, but are allowed to change the complex structure parameter 7. Therefore,
the symmetry is SL(2,R). Additionally, global scaling symmetries are allowed as well.
In two dimension this corresponds to R*. Therefore, the complete symmetry group is
SL(2,R) x R*.

For M-theory on a three-dimensional torus, we described a subset of possible transfor-
mations in . In general, one would expect the full SL(3,R), including shift symmetries

1

or rather eleven-dimensional supergravity
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of the the three-form Crjx — Crrjx + ngI sk with Arjx integer-valued. Additionally, we
have a scaling symmetry. This transformation acts on the volume of the torus as well as
the single component of the background three-form C}53. We can introduce an additional
complex structure constant with

7= (“;};3 +iY ‘Etg , (7.32)
p P

where g;; is the metric. In this transformation also the shift of the three-form is included,

when taking a =d=0=1and ¢ = 0.

Therefore, the complete symmetry group of the 3-dimensional symmetry group is
SL(3,R) x SL(2,R). In classical supergravity theory these groups are real-valued, but
it is expected that they are integer-valued in a full quantum theory. We can write down
the matrices explicitly where the transformation acts on. The transformation SL(3) acts

on
1

7 0ij
(det 9)1/3 !

which can be interpreted as coset elements M;; € SL(3)/SO(3) where ¢,5 = 1,2,3. The
second part can be written as

(7.33)

ij

Maﬁ _ 1 ( €;3 (01223 + det g) Cios ) 7 (734)

(det g)1/2 Cias 52

where o, = 1,2 and M,z is a coset element of SL(2)/SO(2). Combining these two
matrices we get a single six-by-six matrix

Muyn = Mia,jﬁ = MijMa,B ) (7-35)

where we split the index M = i«. In higher dimensions, more shift symmetries are possible
and has to be included. In the papers [65, 66, 67] it was shown that the dimensional reduc-
tion of eleven-dimensional supergravity on a d-dimensional torus leads to the symmetry
group Egg). The different groups and some of their properties can be found in table .

7.2 Exceptional Field Theory

After an in-depth analyses of the different dualities and their symmetry groups, we will give
a short review on exceptional field theory (EFT) which is manifestly invariant under U-
duality. To construct such a theory, we have to find the generalized diffeomorphisms which
generate infinitesimal gauge transformations. With these generalized diffeomorphisms we
can construct the generalized metric (and the generalized vielbein) and then find the action
from this metric. As last step, we are going to compute the transformation behaviour under
general U-dualities for the different fields and construct duality chains to find non-geometric
backgrounds.
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d Ea@) H, R4 adj.

3 | SL(3) x SL(2)" SO(3) x SO(2) (3,2) (8,1)a (1,3)

4 SL(5) SO(5) 10 24

3 SO(5,5) SO(5) x SO(5) 16 45

6 Ee(6) USp (8) 27 78

7 E7(7) SU(8) 56 133

8 Egs) SO(16) 248 133875

Figure 7.1: The exceptional groups in the dimensions 3 < d < 8, their maximal compact
subgroups (ignoring discrete factors) and their R; representation together with the adjoint.
Note that the generalized vectors transform in R, while the generalized derivatives trans-
forms in Ry = Rg_4. This is not well defined for d = 8, and therefore the dimension d = 8
is not accessible by the presented framework.

7.2.1 Generalized Diffeomorphisms

We are interested in the local symmetries of our system. Therefore, we are going to de-
fine generalized diffeomorphisms which include diffeomorphisms and gauge transformation
which are realized as a local Eg) action on the fields by the generalised Lie derivative.
As a first step, we start to introduce generalized vectors. In general, they have the same
dimensionality as the fundamental group of the exceptional fields and, comparing to (7.5
label the momentum and the different wrapping modes of the membranes. These general-
ized vectors are in generalized geometry seen as a section of exceptional tangent bundles

Ry~ TMy® N*T* My & NT* My® (7.36)
where M, is the internal space. Therefore, generalized vectors are split under these repre-
sentation into .

VM = (UZ, Vi, Uijklm) s (737)
with 7,7,... = 1,...,d for d < 7. For d = 7, we have to take additionally mixed-symmetry
terms into account

Ry 2 TMy® AT My & AT My @ (T My @ ATT* M) . (7.38)

This additional section is a consequence of the four remaining non-compactified dimensions.
Due to the self-duality of one-forms we get a “dual graviton”, which then leads to an
additional gauge parameter
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Those generalized vectors lead to corresponding generalized derivatives 0y; with respect
to a generalized set of coordinates Y™ € R, we can write them as:

@M — (a“ azj’ az]klm’ az]klmno,p) 7
v (7.39)
YV = (33 awijawijk:lmawijklmno,p> )

with 4,4,... = 1,...,d. Here, all indices are anti-symmetric. Viewing z° as position in
the compactified space, the coordinate w;;, W;jkim, Wijkimnop corresponds to the wrapping
modes of different types of branes: the coordinate w; corresponds to M2-branes, w;jxim
to Mb5-branes and wjjkimnop to KKM-wrapping modes. Therefore, the new appearance in
the exceptional tangent bundles corresponds to additional allowed wrapping modes in the
internal sector of exceptional field theory.

The action on a vector field in the Ry representation, V € I' (R;) with weight Ay is

LAVM = ANONVM — VNONAM + YR VN OpA? + (A 4 wa) VMONAN . (7.40)

Here, 0y = ﬁaM are the derivatives corresponding to the generalized coordinates, and the
Y -tensor is defined using a projector on the adjoint representation:

VMV po = —agPY N p + 6 poN g — wad™ g6V p. (7.41)

The constant wy is given by
1

9—d’
and oy is a numerical constant. The exact structure of Y-tensors for any dimension d
was computed in [68], and corresponds to the invariants of each symmetry group. The
structure for the individual dimensions can be found in appendix [A.T]

For the weights of the objects, we have to pick a convention. We are going to use
the convention that a vielbein should have determinant one, and should be an unweighted
tensor, meaning that

Wy = (7.42)

EMyLvEg™ = Lyv|E|=0. (7.43)

Therefore, the metric is an unweighted tensor as well, using the definition
My = EMyEN \6 s (7.44)
Additionally, we choose the weights of a generalized vector V# to be A = —w, and therefore,

the last term in ((7.40)) vanishes.
Demanding the closure of the algebra, i.e.

1
[EU, Ev] W = £[U’V}EW, {U, V] = 5 (EUV — ﬁvU) s (7.45)

where U, V and W are generalized vectors of weight —w, we find that we have to impose
the condition

YMN p00n @ Oy = YMN pooyon =0, (7.46)
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where ® represents the action of the derivatives on two independent fields. This condition
is called the section condition of Exceptional Field Theory. From a physical point of view
this condition can be seen as an extension of level matching condition to neglect additional
degrees of freedom, arising from the extended theory.

7.2.2 Action of EFT

After defining the generalized diffeomorphisms, we are going to define the action in d =
4. Actions behave like a space time scalars under generalized diffeomorphisms and are
quadratic in the derivatives. To construct such an action, we write the generalized metric
in four dimensions:

MMN _ < my g My kl > _ |g|% ( Jik + Qszan QC'L €klmn > . (747)

1 mn
Mijk  Mij ki SCK ™ € jmn |919imgn;)

We can now construct the action using where A is the determinant of the seven-dimensional
external metric. Then, the action is

S = / d'X 672A (112MMN8MMKL8NMKL — ;MMNaMMKLaKMLN

4 274 (Our MMV oy A — MMN 9y ADNA) (7.48)

—aMaNMMN) .

Using the section condition 9% = 0, this action truncates to the bosonic part of eleven-
dimensional supergravity assuming that all fields depend only on the four internal co-
ordinates. Therefore, we have been able to successfully construct an action with an
underlying U-duality. This action has been found in [69]. The complete action for
Exceptional Field Theory was computed for every dimension individually in the papers
[70, [71), 172, [73, 174, [75, [76), [77).

7.2.3 U-dualities

Later, we have to compute the effect of U-dualities explicitly on twisted tori and back-
grounds with three-forms and six-forms. Those were computed in [78].

We are not only going to have a geometric three-form Cj;, and a geometric six-form
Cijkimn, but also non-geometric three-forms Q%* and non-geometric six-forms Qkmn,
These two types of forms arise from generalized geometry, and are two different types
of descriptions for the background. For many backgrounds, one of these descriptions might
be ill-defined, as long as the other is well-defined the background can be viewed as a
well-defined background. In four dimensions, the transformation between the two param-
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eterizations are given by
gy = (1+2) (14 V?) gy - Vi)
Qi — (14 V2>—1 glgmgnc,, (7.49)
ds? = (1 + V2>71/3 ds3 .

Here, the V' = ﬁe”kl@kl with € = +1 is the tensor density and V? = ViVig,;.

To describe backgrounds, we use the already introduced generalized vielbeins Note that
there exist a geometric vielbein F¢ and a non-geometric vielbein Eq. For d = 4 they are

_ —2/5 i l|€|f2/5efjklc' B |e|’2/5ez- 0
El, = |6| €i 3 gkl Eof — i .
C a ( 0 |€’3/5 ) Q a %’e|3/5eijkl9]kl |€’3/5 s (7 50)

where €;;; is the four-dimensional Levi-Civita symbol such that €934 = 1. Using those
vielbein, we can now construct rules for U-dualities using

U= Eq Ec Eq. (7.51)

For U-dualities in the three directions i, j and k, we define the anti-symmetric combinations

wijr = Wk = £1, (7.52)

which only have non-vanishing components along the three directions being dualized. Then,
we construct the generalized vielbein with the (non)-geometric three-form using

Qiik — ik Cijk = Wik - (7.53)

We find the analogous case for the U-dualities in six dimensions. For a U-duality in the
direction ¢, j, k, I, m and n, we define the anti-symmetric quantity

Wijklmn = wijklmn = :l:17 (754)

and define the (non-)geometric vielbein with the three-forms

i7klmn i7klmn
09 = —w" ) Cijklmn = Wijkimn - (755)
Using those transformation matrices, we can compute the new three-forms and six-forms as
)

well as the exchanged coordinates, momenta and wrapping modes. The explicit formulae

can be found in appendix [A.2]

7.3 Duality Chains

As final step, we are going to review duality chains, one with applying T-dualities, the other
with U-dualities. In the following chapter[§ we are going to use those to obtain information
on the phase space of non-geometric backgrounds. Note that here in this section we focus
only on toy models with only one type of flux present, but more complicated backgrounds
can be constructed (see for instance [79]).
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7.3.1 Duality chains for T-dualities

In [80], the concept of duality chains leading to non-geometric background fields was first
examined. Starting from geometric background with a 7% with H-flux, we use the Buscher
rules to compute the dual backgrounds.

T° with H-flux: The metric of the 7" and the H-flux His5 = 301 Bag) can be written as

2 _ 1)2 2\2 3\ 2
ds® = (dw ) + (daj ) + (dx ) , (7.56)
B,, = N2*,
where N € 7Z due to quantization conditions on the torus.
Twisted torus: Applying the Buscher rules described in the z!-direction, we obtain a
nilmanifold with

ds* = (da:l — N1]3d$2)2 + (dx2>2 + (dx3)2 , (7.57)
B=0.

Therefore, this background has the “geometric flux” To3' = N. More details on this type of
space can be found in section [8.2.1} This configuration is also called twisted torus because
of the identification

(z', 2%, 2%) ~ (2! + 1,23 2%) ~ (2!, 2% + 1,2°) ~ (2" + N2? 22 2 + 1). (7.58)

Q-flux background: The first duality was along the x! direction, which is an isometry
because the map 2! — 2! 4 1 is a map onto itself. The next direction to dualize is the z?
direction. After this duality we get an ill-defined background given by

1)2 2\2
P
14 (Nax3)
__ Net
14 (Na3)*

(7.59)

plp2 =

T

Both of these fields are not-well defined under the transformation z®> — z® + 1 in con-

ventional geometry but can be patched by an SO(3,3) element. Such a background is
called T-fold. Because it is not accessible with ordinary geometry, the background is non-
geometric whereas in generalized geometry or double field theory this is well-defined. Here,
we express the background in terms of the bi-vector 5% which is well-defined. To derive
this, we use the redefinition known from[81], 82 83, [84], 85, [86, [87]

1
2 1 (7.60)
2
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As in exceptional field theory, this non-geometric description can be viewed as a different
parameterization of the generalized vielbein. The resulting background is

ds® = (dx1)2 + (dx2>2 + (dx3)2 ,

P (7.61)
= Nz”.
This non-geometric background is classified by the )-flux, which is given by
Q" = 0,67 (7.62)
For the given background the only non-zero component is
Qs =N (7.63)

R-flux background: As last step, we perform a T-duality in the z3-direction. Even
though this is no isometry direction, we can use it from a double field theory point of view
and directly apply the Buscher rules applying the generalized transformation. This results
in an exchange of the coordinate 22 by its dual mode Z5 which corresponds to an exchange
between winding and momentum modes. This results in the background:

ds® = (dx1)2 + (dm2>2 + (dx3)2 ,

(7.64)
B2 = Nij.
The R-flux which is given by
Ri* = 39l g7kl (7.65)
which results in the given background in the R-flux
R =N. (7.66)

This is a realization of a non-geometric background. In the following, we find similar results
in exceptional field theory.

7.3.2 Duality chains for U-dualities

As next step, we uplift the duality chain to M-theory, as we did before to perform U-
dualities. Because we always have to perform two T-dualities (and a corresponding S-
duality in another direction), we are going to split the duality chain into two parts, namely

Higgyy 225 Q4 and Ty 284 RM12 (7.67)
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Duality chain His34 LILIN Q3"

We start with a three-dimensional torus times a circle 7% x S'. The additional circle is the
circle for the M-theory. Compactifying this direction leads to the known fluxes in string
theory. We start with the configuration:

ds? = (dx1)2 + (dx2>2 + (dx3)2 + (dx4)2 ,

(7.68)
0124 :Na:?’ .

Therefore, we have the flux Hip34 = 40 Cy34) = N. Performing a U-duality in the directions
1, 2 and 4, and using the equations in appendix [A.2] we find

ds* = (da')" + (do?)" + (d2*)” + (da")’

(7.69)
0124 — NP |

This background has the flux Q3'2* = 9;Q2'2* = N, which is a spacetime tensor as we later
show in the next chapter [§

Note that those formulae enable us to directly find the correct background description
(geometric or non-geometric) compared to the previous section, where we performed the
dualities explicitly and find a ill-defined background, which had to be patched by a change
of the used description.

Compactifying the forth dimension leads us directly to the string theory fluxes:

Cioy — B
124 12 (7.70)
Hi34 — Hias
The same is true for the Q)-flux background:
0124 _y gl2
p (7.71)

Q3124 N Q312 ]

Therefore, this duality chain is a true uplift of the duality chain from string theory.

Duality chain T}, Doz, p4,1234

For this duality chain, we have to start with a twisted torus. We use a twisted torus (as
in string theory) times a circle as 7% x S!. Here, we have the background

ds? = (dml — Nx3)2 + (d:z:2)2 + (dx3)2 + (dm4)2 ,
Cijr =0.

(7.72)

Performing a U-duality in the directions z2, 2* and z*, we find for the background

ds* = (dx1)2 + (dx2)2 + (dx3>2 + (dx4)2 ;

(7.73)
9134 :N’LU24, .
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This background has the non-geometric R-flux R#1234 = 494110234 — N known from [88)],
where we used that 0% = 9% 4+ Qii*9,. Again, we compactify along the z*-direction and
find the known string fluxes. In chapter [§] we are going to extend these duality chains
in exceptional field theory to construct backgrounds with other non-geometric fluxes. We
are going to use the framework of generalized diffeomorphisms to be able to find their
structure.
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Chapter 8

Locally Non-Geometric Fluxes and
Missing Momenta in M-theory

This chapter focuses on the results of paper [25]. We use the framework of exceptional
field theory to describe geometric and globally/locally non-geometric fluxes of M-theory.
These fluxes can be found using the decomposition of the fundamental groups. Analyzing
them leads to mixed symmetry tensors which describe new R-R fluxes in the weak coupling
regime. We examine the structure of the decompositions of the symmetry groups of the
embedding tensor of SUGRA and find the structure of the fluxes. This will provide us
insight which we can utilize to study scenarios beyond the NS-NS case, while showcasing
the power of analyzing symmetry groups in string theory. Finally, we are going to focus
on the construction of duality chains which lead to these new non-geometric backgrounds
and show that certain momenta associated with the non-geometric fluxes vanish.

8.1 Fluxes in M-Theory

8.1.1 Review of four-dimensional backgrounds

We start our analysis of the four-dimensional case reviewing and extending the results
from [88]. Here, the exceptional group is the SL(5)-group. As we know from the re-
view in section [7.1.3] the Rj-representation is ten-dimensional (see table [7.1)). A canon-
ical labeling of the coordinates within this ten-dimensional space is XM = X[ = xab,
with a,b = 1,...,5, which can be further split into the four-dimensional representation
X = (X® X)) = (wi, %eijklwij) with 4,7,--- =1,...,4. Here, 2* describes the spacetime
coordinates, whereas ;; are the wrapping coordinates of the M2-brane. This can be also
seen using the decomposition of 10 under SL(4) x R C SL(5)

10 — 4;H6_,. (8.1)
Here, we can identify the coordinates from the representation

't € 4y, w;j € 6_o, (8.2)
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and therefore, also their derivatives contained in 10
0, €4_5, 09 € 6. (8.3)
Using the decomposition of the adjoint representation
24 — 150D 45 D4 5D 19, (8.4)

we can directly identify the fields appearing in the generalized non-geometric vielbein of
the SL(5) theory:

egi €15, 1y, Oijk: €4d_5, Qijk S 15 . (85)

Let us note that the R*-charge gives us a measure of the “non-geometricness” of an object.
Furthermore, the total R*-charge of a product of two fields is the sum of each individual
R*-charge of each field.

Having defined the field content we continue with the generalized vielbein
- |€|—2/56€i 0
E a — <;|€‘3/56ijkl9jkl ]e|3/5 ) (8-6)

where €;;1; is the four-dimensional Levi-Civita symbol such that €j534 = 1 and |e|] = det ezi.
The weights are determined by the generalized diffeomorphisms of the vielbein. All exam-
ples in this chapter are backgrounds which are generalized parallelisable, hence the inverse
of the generalized vielbein defines a set of globally well-defined generalized vector fields. It
will be straight forward to decide which parameterization leads to a globally well-defined
vielbein. For a change of the description, we can use the formulae given in ([7.49)).

Construction of non-geometric fluxes

In this thesis, we want to give insights in how to find new fluxes and how to check the
corresponding fluxes whether they are spacetime tensors. Therefore, we present the case of
SL(5) exceptional field theory with many details to give insights in how to find the correct
fluxes, the generalization to higher dimensions is shorter and focus only on new arising
problems.

To start the search, we are first going to identify the transformation behavior of the
individual fields and derivatives under generalized diffeomorphisms and afterwards con-
struct the different fluxes. Note, that we are interested in spacetime tensors, and therefore
restrict the generalized diffeomorpisms of section that only the spacetime diffeomor-
phism generator is non-zero

veb = (Vi Vi) — (¢, 0) (8.7)
which leads to a simplification of the generalized diffeomorphism

ﬁv —)55 . (88)
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Applying this on the generalized vielbein we find for the non-geometric three-form
5§szk _ glalQijk o 3Ql[ijal§k] _ 3a[ij€k] 7

ijjk [ij ¢k] (8.9)

= L QWIT — 30" ¢

where L¢ is the usual spacetime Lie derivative acting on a tensor. Additionally, we find
that the metric g;; = elie; ; 18 a spacetime tensor

0¢Gij = Legiy = fkakgij + 29k(iaj)§k7 (8.10)

which is expected from the definition of the generalized diffeomorphism. The three-form
C,-jk also transforms as a spacetime tensor, i.e.

As next step, we examine the transformation behavior of the derivatives (acting on a
scalar). The ordinary derivative 9" transforms as a spacetime tensor, whereas the derivative
of the winding modes does not, i.e.

0¢ (0:9) =L¢ (0:9)

O¢ (8ij¢) :ﬁg (aij¢) _ 39liigh (8.12)

To counter this, we introduce an improved derivative d for the winding modes such that
it becomes a spacetime tensor. This improved derivative is given by

= 99 + Q9kp, . (8.13)
We notice that this improved derivative transforms as a spacetime tensor, i.e.
5 (éiﬂ'qs) = L (él‘qu) + O*POET + T*EI O — D*POET — FFE D) = L (éiqu) . (8.14)

In the previous computation we have to use the section condition, which in four dimensions
reads as

0 ® 09 + 99 ® 0; = 0,09 =0,

Ol @ 97k = Pl gkl =0, (8.15)
Alternatively, the structure of (8.13]) can be found using the flat derivatives
Dy = E"E; 0. (8.16)
To unflatten them, we have to use the vielbeins e, again which results in
él' = ’6‘_4/561'{Ega0a = 01
1 (8.17)

N a5 i i T )
oY = §| | /65163]6” Ei"EP 0y .
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These formulae are general and can be used in higher dimensions. Additionally, they give
us a good double check for the vielbein. Note that the prefactor depends on the convention
and cancels the prefactors from the vielbein.

After finding the right ingredients we can move on to find the right fluxes. Therefore, we
have to decompose the fundamental group of the the embedding tensor of maximal gauged
supergravities [89] under SL(5) — SL(4) x R*. The fundamental group is 15 & 40 @ 10
of SL(5) and the decomposition is given by

10,44 3015,
20 39102, B 6, D 47, (8.18)

4,3 @62

Sl &l &
L]

This strategy is similar to the encoding of the different fields, each of the components on
the right hand side is an existing flux, and we have to find the correct combinations of the
fields to construct them. As a general guideline, we have two hints from the decomposition
how to find the correct form:

e We can use the R*-charge, which points towards possible combinations between the
different fields and the different derivatives.

e We can use the representation itself to gain an idea on the degrees of freedom of
the flux. For instance, a 1 denotes a scalar, so no free indices, a 4 denotes in
four dimensions a vector (one free index), etc. Note that we have to distinguish
between symmetric and anti-symmetric parts of the tensors for mixed symmetry
fluxes. Additionally, for most mixed tensors, we will find a trace and a trace-free
part which are different elements in the decomposition.

Having these ideas in mind, we can start with the most geometric flux, 1_g. The only
(simple) combination to reach such a low R*-charge, is Gyji = 40;;C}y, which corresponds
to the four-form flux in M-theory.

The next fluxes to look at arises from the elements with R*-charge —3, i.e. 20_3 and
2 -4_5. Looking at the R'-charges, we can see that the fluxes should depend on the
spacetime derivative 0; plus an element with no R*-charge. This leads to two different
possible fluxes.

e The first one is the spacetime derivative of the determinant of the seven-dimensional
metric of the uncompactified dimensions, i.e. 9;A, [88].

e The remaining two fluxes are the trace and the trace-free part of the geometric flux
known from double field theory which combines the spacetime derivative acting on
the vielbein

T =26 0e’; € 43 205 (8.19)
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The geometric flux can also be expressed in terms of connections which can be introduced
for both derivatives, defined as

k k i
Fij = 6; @ej,

. . (8.20)
Fz]kl — eglauezk .
Under spacetime diffeomorphisms, they transform as
603" = Lelyi* + 0,0,6%
&L ij £t ij J (8.21)

0Ty = LD + 90"

Note, that using these connections the geometric flux can be expressed as T};* = ka .

The connections prove to be useful when continuing with the identification of
new arising fluxes. Taking the trace of [%,! the difference between ordinary Lie-derivative
and spacetime diffeomorphism vanish due to the section condition. The resulting flux is
known as 7-flux

T =Tk (8.22)

Here, the symmetric and anti-symmetric part are the representation of 6, @ 10s.
Now, only three representations are left: 65, 10, and 4;. Let us check whether these are
related to the non-geometric three form. By combining Q“* and ; we see that we reach
a RT-charge equal to +2, which is exactly the correct charge. Computing the difference
between spacetime diffeomorphism and Lie-derivative we get

o (0:0) =Le (0.00) — 30,07¢ — r™5,0,67

, A (8.23)
=Le (0,0M) — 3050,
which corresponds to the remaining parts of LUkl T herefore, we find as flux
QM = 9,k 4 3Tk 1 (8.24)

This flux is known as “globally non-geometric flux” or as “Q-flux”. Splitting the flux into
trace and trace-free part we find as corresponding representation

QM € 6,810, . (8.25)

The remaining component of the representation is 4;. The RT-charge corresponds to a
combination between 0¥ and Q¥*. Due to the representation 4 it is expected that we will
only have one free index, and have to anti-symmetrize over the remaining four as follows

55 (éz[ijlm]) _ L{ (éz[ijlm}) o 3Qp[lmé|z|j8p§k} _ 331[]8]{:15771]
= Le (9P QMm) — 3qplmolilig, ekl — 3qrilig okt (8.26)
+ 3QrlimQiliel g ¢k — 39iigMem!

To show that this vanishes we can follow a fixed set of rules to check whether all terms on
the right side vanish:
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Anti-symmetrizing over d + 1 indices in d dimensions always leads to a vanishing
quantity, since there will be always a pair of indices having the same index value.

Using the section condition whenever possible.

Summing over indices with an odd and an even part is also a typical trick to show
that certain terms vanish.

In most cases it is necessary to split the improved derivatives. Thus, they only
simplify the notation of the fluxes but not necessarily the computations itself.

For clarity, let us consider a short example. Let us take the term 0V9*¢™ and anti-
symmetrize in all of its indices as follows

0 = olighgml — ; (409rem 4 glkgimlel) = ;lai[j(?’“&m] - (8.27)

The prefactor % arises from the used convention. It can be shown that the other terms in
equation (8.26)) vanish in a similar fashionE]
As a result, we find for the representation 4; the locally non-geometric flux (also known
as R-flux):
RUIMm — 4G QkIM] ¢ 4. (8.28)
This R-flux appears in the duality chain in section [7.3.2] as well and in string theory
it corresponds to the known NS-NS R-flux, provided that we reduce a suitable dimension
on a torus. Knowing the decomposition of the fundamental group we can ensure that we

found all fluxes in four dimensions. After reviewing the results of [88] (and showing the
key parts of the computations) we can move on to the cases where D =56, 7.

8.1.2 Five-dimensional backgrounds

We can now continue to use this framework to generalize the results to higher dimen-
sions. We start with the six-dimensional SUGRA which corresponds to the SO(5, 5) excep-
tional field theory in five dimensions, decompose its fundamental representation 16 under
SO(5,5) — SL(5) x R as

E — 101 ) 5_3 b 15 . (829)

We can find directly the right notation of the derivatives, given by
0; €5_3, 07 €10, 0 € 15. (8.30)
Looking at the adjoint decomposition we find

45 — 2405 10_, B T04 &1 , (831)

In low dimensions such computation are quite simple, whereas in higher dimensions (specially for
d = 7) more and more terms have to be taken into account.
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and therefore, we can identify our fields as
e €240® 1y, Cypel0,, Q9 c70,. (8.32)

Knowing the field content, we can construct the vielbein and compute the transformation
behavior of the fields as well as defining the improved derivatives. In five-dimensional
exceptional field theory the vielbein in the non-geometric frame is defined as

le] ~M/4e;’ 0 0
BoM — |6|71/4Qi1i21" e ~1/4ei 0 , (8.33)
_%|6|71/46161/62163194165QlkleQkSM}% _%|6|71/4€i1i2k1k2k39k1k2k3 |6|3/4
where _ oo
e = eliel); . (8.34)

Computing the generalized Lie-derivative of the generalized vielbein with a spacetime vec-
tor VM = (£°,0, 0) we find the same transformation behavior as in the four-dimensional
exceptional field theory, i.e.
5§€gi = Lgegi .

5§Cijk - Lgcijk . (835)

5eQF = Lk — 3ol gk
As in the four-dimensional exceptional field theory, we state the section conditions which
is given by

0 ®07+0"®0;=0,07=0,

1 , 1 . 8.36
82- (9 0* + 0° ® E)Z + QEijklmajk Y (‘3“” = 818"‘f + Zeijklméj'“f)lmf =0. ( )

Note that the second section condition changed, while the first one stayed the same. We
will have to put special attention whenever we use the second section condition. Having
defined the section condition, we can now find the improved derivatives which are defined
as

éi = ‘6’1/4651'Ebi; M(?M
- 82 )
di = \e[”%f@;jEﬁM@M
=0 + Qg | (8.37)
éz _ |€|1/4E2M8M
1 g 1 .
= |e|0” — 6€ijkzm9”k3lm - Eejklan”lemn@' ;
and satisfy
0cd;0 = Ledip, 0090 = LedPp, 6070 = Led*¢p = £10,0%¢. (8.38)
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Knowing the components of the fluxes, we can decompose the fundamental group 16 & 144
of SO(5,5) under SL(5) x RT € SO(5,5) and find
16 — 10, &5 36 15,

- . _ 8.39
144 — 15,045 ;©24; D5 D40, 010, D5 5. (8.39)

To simplify the notation of the fluxes, we introduce again the connections for the different
derivatives

k k i
L™ = €7 0ie';
Pl = e, (8.40)
I'*7 =e;'0%"; .

These objects transform under spacetime diffeomorphisms as in the SL(5) exceptional field
theory,

6e03% = LTyt + 0,06
el = LD, 4 99, (8.41)
5£f\zij = Lgfzzj + 528i£j .
Comparing the five-dimensional case to the four-dimensional case, we realize that most
components and the fluxes stay the same (except for the second section condition) and
therefore, we can use the results from the four-dimensional case for most of the fluxes. The
list is given as
QM = o, * 4 30081 € 10, & 40,
T =177 €10, ® 15,
Giju = 40;Cjr) € 57, (8.42)
O\ €5_3,
Tijk = F[”]k S 5_3 D R_g .
Therefore, when we change the dimension from four to five in exceptional field theory, the
more geometric fluxes stay the same and will reappear in higher dimensions. Therefore, we
focus on the non-geometric fluxes in higher dimensions, where we cannot simply uplift the
locally non-geometric R-flux due to the change in the section condition. After an involved
computation, we find the following combination for the flux

Rbiklm _ 4éi[ijlm] _ Qeg[jeklm]inézegn _ 4(§z‘[ijzm] + 2€m[jszznl] ' (8.43)

This flux involves also the new dual derivative which corresponds to the wrapping coor-
dinates of the Mb5-brane. As a consequence of the five-dimensional compactification, the
new R-flux contains a totally anti-symmetric part, which has to be viewed as a different
R-flux. This flux can be written as follows

Rikm = 5 Rlihim) = g0lia il _ geiakim || (8.44)
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Comparing the degrees of freedom of the locally non-geometric R-fluxes RV*™ and R#km

we see that the flux corresponds to different parts of the embedding tensor: While the new
total anti-symmetric R-flux RY*¥™ represents the 15 € 16, the R-flux with mixed symmetry
structure R*»*m — Rl7km] helongs to the 245 € 144. Comparing this knowledge with the
reduction from M-theory to string theory in section we can see the consequences.
While the R“*™ reduces to the NS-NS R-flux in string theory when compactifying in
appropriate directions, the new R-flux R¥*™ will necessarily involve the R-R sector of
string theory.

The symmetry group decomposition of the embedding tensor assures us that we have
found all existing non-geometric fluxes. In the next section we discuss the case for d = 6.

8.1.3 Six-dimensional backgrounds

Let us now apply the same strategy for the case with six compactified dimensions. We
start with the fundamental representation of five-dimensional SUGRA and decompose the
27 and the adjoint 78 under SL(6) x R* C Eg )

77%150@62@6,2,

(8.45)
78—>350@202@20_2@14@10@1_4.
Using these decompositions we find for the derivatives the structure
9; €6_s, 0 € 15, Qikim < @, (8.46)

which is the same as in SO(5,5) EFT — we only switched the convention to not get confused
with a second derivative with only one lower index. The possible fields in Eg) are

e;i €35 @1, Cijk € 20_4, Cijk:lmn el_y4,
Qijk c %4 ’ Qijklmn c T4 . (847)
As we can see, we have two additional new fields, namely, the geometric 6-form Cjjximn
and the non-geometric 6-form Q¥*™m"  They appear because we now have six compact
dimensions and therefore all six legs of the six-form can lie in compactified directions. As
a consequence we can get additional fluxes.

Following the convention, we get for the non-geometric parameterization of the vielbein

le|~1/3¢; 0 0
M _ —1/3()i1ioi —1/3 i1z
Ey" = ’6‘ Q ’6‘ Ciyiy 0,,,,, ’
5 —1/3 51525354251‘ 215223 54551‘ 10 —1/3 [ili? 235425 —1/3 1112131415
\[;I€| / (Q + Qlriis (it 5 lel / €iyiy S b olel Civiizisis
(8.48)
where
1192136415 i1 ,d2 . i3 44 i5]
ei1i2i3i4i; =€ 116 126 ’L3e 7,46 15 * (849)
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For the transformation behavior under spacetime diffeomorphisms of the different fields,
we find that
ee;' = Lee;'
0¢Cijr = LeCijye
0¢Clijkimn = LeClji

" ’ ) (8.50)
0eQVIF = LeQik — 30l eM
5£Qijklmn _ LgQijklmn + z;a[mklmé-n} . 6Q[zﬂcalm§n] )
As before, let us introduce the improved derivative operators
= | |1/3 i EbZzME?M
= a@ )
azg _ | |1/3 1 ZE;;M@ _ aij kaa (851)
azgk‘lm _ \/_| |1/3e 6k 6[ emmEmk:lmMa
— az]klm . 2OQ[z]kalm] —10 (Qz]klmn +0 zijlm]n) an :
where
On = (ai, o1 —\@a”’f”n) , (8.52)

so that Eiqzﬁ i ¢ and éijklm(b are spacetime tensors, where ¢ is a scalar. Additionally, we
state the section conditions which are

a[zy ® akl] + ﬁ (am ® 6’ij‘lm + azyklm ® am) _ z]akl]f 8zgklmf _ 0 (853)
ai[j ® 8klmnp] . a[klmnp ® a]}z _ 87, aklmnp f —0.

Before we start with the decomposition and the search for the non-geometric fluxes, we
state the notion of the connection-like objects

Fijk = egk@-egj y
[idkim p _ e Hiakimei
Their transformation behavior under spacetime diffeomorphisms can be found in section
8.1.2
To ensure that we later find all possible fluxes we have to decompose the symmetry
group of the Eg) embedding tensor under SL(6) x Rt C Eg(6) which is given as
277—> 150@62 @6,2,

- _ 8.5
351 — 21, D84, D84 D 105, D 15, B 150D 15_4, D62, D 6_5. ( )
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First, we start with finding the geometric fluxes which are
Gijir = 40,;Cjmy € 15_4,
0,A € 6_2 ,
Tz‘jk = F[ij]k €6_,P84,,
T =17 € 15, ® 21,

(8.56)

These fluxes are the same as in four and five dimensions. Note that the flux 7%/ technically
is a non-geometric flux due to the dual derivative 9¥. Additionally, we find the Q-flux
associated with Q¥* in six dimensions

QI = 9, ¥M 4 31Uk ¢ 15, @ 105, . (8.57)

Due to the existence of the non-geometric 6-form Q¥*™m* we can find another Q-flux in
six dimensions as

Qijklmnp _ ainklmnp + 2Q[Jk:laZanp] . gf‘[jklmnip} c 62 . (858)

Therefore, we are left with the “most non-geometric” representations of Egg) — SL(6) xR™,
which are: 65 @ 84,® € 15,.

The representation 6, © 84, belongs again to the local non-geometric R-flux known
from four and five dimensions,

Rikm — 4Gligiml 4 gpinlitt v (8.59)

with the known split in totally anti-symmetric and mixed symmetric part of the flux.

Therefore, we are left to find the final 15, C 351 in the embedding tensor. The R*
can be constructed combining using 9™ on Ok or §% on QF™™ To construct this new
R-flux we have to combine both possibilities. Then, the new flux is given by

.. 1 A .. 1 Ny 1 N
RZ] - geklmnpqaklmnpgq” + Eeklmnpqaw lemnpq + %Eklmnpqgklmaw Qe (860)

One can notice that in all fluxes with an derivative acting on a non-geometric six-form
OMQiFmn we have to introduce a term with two non-geometric three-forms QUkgM Qlmn.

8.1.4 Seven-dimensional backgrounds

Finally, we are going to apply this strategy to seven compactified dimensions. First, we
start decomposing the fundamental group 56 and the adjoint 133 under E77y — SL(8) —
SL(7) x Rt

56 H776@21,2 @ﬁg@'?ﬁ,

_ _ 8.61
133 — 35 4,7 P48 B 1035, Ts. ( )



104 8. Locally Non-Geometric Fluxes and Missing Momenta in M-theory

Again, we find the structure of the derivatives to be
0, €T, 07 €21_,, 0ij € 215, o' e s, (8.62)
as well as the existing fields

e €480® 1y,  Cir €354,  Cijhtmn € T4,
ik € 35 gkl € (8.63)
QY% € 35, QUEmT e,

As next step we introduce the generalized vielbein. To shorten our notation, we introduce
dualized 3-forms and 6-forms as

mn
Viiki = €ijkimnpSY™""

Wi* = Vi Q™ (8.64)
Xijk — Eijlmnqulmnqu ]

Using them, the generalized vielbein of E(7) in the non-geometric parameterization is given

le|~1/2¢;° 0o 0 0
E M |€|—1/29i1i2i |e‘_1/262;2 0 0 (8 65)
\/ - 1 — i i 1 — i1 . .
M salel ™% (Xa5, '+ Wa,') el ™ Vi s Jef'/2¢;152 0

|e|*1/2ﬁ (ijiQijk _3XjkiQijk) é‘e‘—l/2 (Wi”_zi —szi) %‘e|1/29ii1i2 |e|1/2€ii

From the action of the generalized Lie derivative on the generalized vielbein we can deduce

the transformation laws of the 3-form and the 6-form under a spacetime diffeomorphism
with the vector field VM = (£%, 0, 0, 0),

556? = Lg@;i .
5§Cijk = Lgcijk .
(Sfcijklmn = Lécmk .

" J ) (8.66)
5£Q'ij — Lngk . 38[13516} ’
5£kalmn _ LéQz]klmn . 170Ezjklmnpapq&q . 6Q[mkalm€n] )

Note that the different prefactors between the six and seven-dimensional case arise from
the different conventions of the dual derivative corresponding to the M5-brane.

Again, we are using the generalized vielbein to find improved derivatives which fulfill
the conditions

8¢dip = Ledsh 5c07 ¢ = LD, 0¢di;0 = Ledijh 0c0ip = Led'p.  (8.67)
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In seven dimensions those derivatives are
az] _ | |1/2 i iE%jMa _ 8ij _i_Qijk@k’
Di; = —2e|*%e led 1B 0u

1

1
klm qn

klmn kl n|
Eeijklmnp (Q mnpd + QvmQ pq) aq )

b = |e|/2e B M oy, (8.68)
i 1 ijk 1 ikl yimn jklmni
sz—fMW”%+ngmmmjﬂ — Qkmni) gpa
1i4ejMn“uW§ywr(§yk%z“nn k) 9,
where ]
awzzﬁyew,—Qaﬁaﬂ. (8.69)

They fulfill the condition above up to the section conditions which are in seven dimensions
given as

9 ®07+09®0;=00"=0,
'® 0+ 0y @97 =099, =0,
8,20 =80 =0,

07 ® 0ij = &‘jaijf =

, . 1 . . 1 ) 8.70
('31-@0]—1-3]@&—2(9¢k®8]k—éajk@)aik:@ia]—zaikﬁjkzo, ( )
1 2
01 f O g — 3 Cidklmnp (0" fOPg + 0" fO™) g = OO f — geijklmnpamnap =0

1 1
8W &® 6@ + 6[1- &® ajk] + geijklmnpc‘?m” ® 0" = 6[”8;.3 2€Uklmnpamnanp 0.

As in the dimensions before, we first introduce the connection-like terms for ease of nota-
tion. They are given as

k ko i
Fz] =€ 8i€ja
Mg 1 1A i
I k _eia €k,
A Az;
Fz‘jkpzegpajek’

il LA i
I'";' =€ 0% .

(8.71)

As before, we start with the decomposition of the embedding tensor of four-dimensional
maximal gauged SUGRA. Therefore, we have to decompose 56 © 912 of E;7) under
E7¢ry — SL(7) x R*, which is given by
56 —>7—6 &P 21_2 &b ﬁg P 76 ,
912 —>1714 EB 35710 EB 14076 @ 776 @ 224,2 EB 21,2 EB 28,2 (872)
D28, ®21, D224, DT D140 © 3510 D 114
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As before, we start with the geometric fluxes
Giju = 40,;Cjry € 35_10,
Gijklmnp = 7a[icjklmnp - 350[7,]kGlmnp] €l iy )
KA €T g,
T;* =Tyup* € 7 & 140_,
Here, the only new flux is Gjjgimnp, Which is known from SUGRA. Furthermore, the Q-
fluxes and the 7-fluxes are found to be seven-dimensional spacetime tensors

i — fz’ppj €21 _,®28_,,
QM = o, 4+ 3TVk ! € 21, @ 224, 874)

Qijk:lmnp _ 8inklmnp + 2Q[jk’lalanp] _ if\[jklmnip] € ﬁ2 D %2 :

(8.73)

The next step is to identify the different locally non-geometric R-fluxes. We identify the
following spacetime fluxes

Rz,Jklm — 481[] lem] . eg[j lem]'mpqapqezn ’

R, = 9y Qi — %eklmnpqréij Qlmnpar ?}fieklmnpqrﬁlmné” Qrar
+ 4l + 45,56;]']3’651 :
R' = 9;,00% — 49|e| — 86;133'66- ,
R = €5jkimnpd QP — 9k QRGO

. 5 A . 1x . 1 .. 4
Rk — ga[Zijl] + §3qupqul + 1Q[ijg)qulzmz] )

(8.75)

The first R-flux R#/*™ is already known from the four-dimensional exceptional field theory,
the second R-flux arises first in the six-dimensional R-flux (without the connection terms).
The third R-flux is quite similar to the second R-flux, and one would be able to write down
here a different choice which can be combined with the second one, which results in the
following linear combination '

A9, = RO, 4 aRS]) (8.76)
where o can be any number. The last two fluxes are the actual new fluxes in seven
dimensions. This is a result of the mirrored structure of E;;y: The winding number of
the Kaluza-Klein monopole y; is structure-wise dual to the coordinates x?, as well as the
corresponding derivatives. The same is true for the 3-forms and the 6-forms. Therefore, the
locally non-geometric R-flux R mirrors the geometric G7 = Gjjkimnp of SUGRA, whereas
R mirrors the flux Gy.

To complete the analysis of the seven-dimensional fluxes we state the mapping of the
fluxes to the corresponding representations in the decomposed embedding tensor as

RWMm 9T, ©224,, RV, € Te® 1405, R €Tg,

o 8.77
RUM ¢ 35, Rely,. (877)
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8.2 Duality Chains and Missing Momenta

In the following section, we are going to construct duality chains (as we did before in section
to find examples of backgrounds with non-geometric fluxes. To find these we have to
apply U-dualities on parallelisable spaces with geometric fluxes. Note that we will refer to
these spaces as “twisted tori”, even though some of those manifolds are non-compact and
therefore are not typical representatives of tori. After defining those spaces and showing
that they are well-defined, we will have a closer look on those twisted tori configurations
as well as their membrane content. We show that some wrapping modes cannot exist due
to the geometry of the space. We are going to refer to these modes as “missing wrapping
modes”. This has been shown before in [90] for the example of a direct product of the
Heisenberg nilmanifold with a circle. Here, we generalize this to higher dimensions and to
non-compact spaces. After investigating those product spaces we are going to apply U-
dualities in different directions to find backgrounds with the new non-geometric R-fluxes.
The missing wrapping modes in the Heisenberg nilmanifolds become, after the U-dualities,
missing momenta, which can be related to the locally non-geomertric R-fluxes.

8.2.1 Geometric flux

We start to investigate tori with geometric fluxes, also called twisted tori. Note that we
have to distinguish between the trace and the trace-free part of the geometric flux.

Nilmanifold

The first space we investigate is the Heisenberg nilmanifold N3. It can be defined as the
coset space [91]

Grn(R)
= 8.78
NS GN(Z) ) ( )
where Gn(R) and Gy (Z) are defined as
1 ¢ —%a
GyF)=¢10 1 b a,b,ceF (8.79)
0 0 1

and F € {R,Z}.

The name “Heisenberg nilmanifold” arises for two reasons: First, for fixed IV the group
Gn(R) is isomorphic to the Heisenberg group. Second the term “nilmanifold” mirrors the
property of the algebra of Gx(R) which is a three-dimensional nilpotent algebra. Note
that G1(Z) is isomorphic to the discrete Heisenberg group, whereas G y(R) is isomorphic
to R3 for fixed N. Introducing coordinates z', 22 and 2® on the space N3 instead of a, b
and ¢ combined with the quotient, we find the identification

(xl, 22, .r?’) ~ (xl +1, 22, 3:3) ~ (xl, 22, 2%+ 1) ~ (:1:1 — N3, 2® +1, x3) . (8.80)
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A possible choice of well-defined 1-forms is given by
el = dz' + Na2da? ,
2 = da?, (8.81)
e = da?.

Therefore, N3 is a parallelisable space and we can use it as a starting point for duality
chains in exceptional field theories. For the 1-forms we find that

de! = Ne? A é?, de* =de®* =0. (8.82)
Using the definition of the geometric flux
de’ = Tii'e? A e, (8.83)

we can see by direct inspection that the description results in the flux Ths! = N.
Due to the definition of vector fields on the manifold, N3 is a paralellisable space.

In the upcoming discussions in this section, our spaces will be direct sums between
n-dimensional tori 7" and the Heisenberg nilmanifold A3. We will denote these spaces as

Ny =N x T, (8.84)

the dimensionality of those spaces is dim (V") = 3 4+ n. In the analysis of the spaces, we
are going to label the coordinates of N3 with the first coordinates z!, 2% and 2 as above,
whereas the labels of the tori 7™ will be labeled with (z*,...,z""®). The metric is the
usual metric of the twisted torus plus the metric of the untwisted torus given by

ds* = (dr* + Na*da®)" + (o) + (d2®) + (da?) .o (@) . (8:8)
This agrees with the definitions above and as in section

Non-unimodular geometric flux

The second space relevant for the geometric flux is the two-dimensional space we are
denoting with N5. The space has the flux T12' = N, a possible choice of globally well-
defined 1-forms is

el = da' + Na'da? ,

e? = dx?.

(8.86)

Their pullbacks are B B _ _
de' = Ne' ne? | de* =0, (8.87)

which results exactly in expected geometric flux 7' = N.
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Due to the fact that the only possible differential form of the second de Rham coho-
mology class is e! A € which is an exact form, the second de Rham cohomology vanishes,
ie.

Higp (N) =0. (8.88)
Using the theorem that for any d-dimensional, compact, oriented and connected mani-
fold M the d-th cohomology has to be

HY(M) =R, (8.89)

we can assume that N3 is non-compact [92] E] One example of such a space is the solvmani-
fold
_ Sn(R)

82 A 9

(8.90)

where Sy (R) is the matrix group
z2  (1+N)2? .1
e’ e x
sv® ={ (G oo )
The discrete subgroup A is defined as

A—{(é lj)‘bez}, (8.92)

so that the right-quotient of Sy (R) by A leads to the identifications
(xl, xz) ~ (l‘l + 6_N””2,x2) . (8.93)

(wl, :v2) € R2} : (8.91)

This space is non-compact due to the fact that we do not have any restrictions or iden-
tifications in the z? direction. The space itself is a cylinder with growing radius when ?
grows. Note that due to the non-compactness of the space we do not have any quantization
constrains on N, which motivates the name as non-unimodular geometric flux. This can be
also seen from a topological perspective: While for the geometric flux the value of N counts
the number of “twists” and therefore, different values of N can be distinguished topologi-
cally, this is not the case for the non-unimodular geometric flux. Any non-zero value of N
is topologically equivalent and can only be distinguished by introducing a length scale for
xt, for example by a metric. Later, we are going to use direct sums between the space N5
and tori T™. We are going to denote these spaces with

NV =Ny x T (8.94)

In here, the dimensionality of such spaces is dim (N3') = 2+ n. Again, the coordinates for
N, are denoted by 2! and x2, whereas the coordinates of the torus 7™ are denoted with
(x3,...,2™"2). The metric of the space is

2 2 2 2
ds* = (dxl + N:Eldx2> + (d:v2) + (d:p3) +...+ (dxm+2) . (8.95)
2The space N3 is orientable and connected, therefore, the only assumption for the space which might
fail is the assumption of compactness.
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8.3 Wrapping States of Twisted Tori

In this section we will analyze the consequences of the geometrical fluxes for possible
wrapping modes. Those wrapping modes are classified by the homology classes of the
spaces. Therefore, we have to compute the second and the fifth homology group which
are linked to the M2 and to the Mb5-brane. “Missing” cylces in the homology imply that
a wrapping mode is not allowed. Missing wrapping modes will lead to missing momenta
modes in the dualized theory. We will compute the different cohomology classes, and use
the Poincaré duality to find the homology class.

Wrapping States of N

The first space we examine is the four-dimensional space N = N3 x S, Let us compute
all the de Rham cohomology classes to present the main calculations, in higher dimensions
we will leave out the details of the computations. We start with the possible 1-forms

el = dzt + Nz2da?,
e? = dx?,
ed = da?,

et = dat.

(8.96)

As we can see, all of them are closed, but not all of them are exact:
de' = Nda* Na® 40, de® =de® =de* = 0. (8.97)
Therefore, the first de Rham cohomology is
Hip(N,) =ROR@R. (8.98)

For the second de Rham cohomology (which corresponds to the possible wrapping modes)
we have to analyze the different two-forms a, which are closed, but not exact.ﬁ The two-
form e? A e? is not exact because it holds that

1 _ _ _
Nde1 =e*Nne’. (8.99)

On the other hand the two-form e® A e? is not closed
d (ei A 61) = Ne* Aed Ael. (8.100)
Therefore, the de Rham cohomology is

Hx(M;)=RoReRaR. (8.101)

3A form is closed if do = 0 holds, whereas a form « is exact if there exist a form 8 such that o = dp.
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Since we need to compute the homology, we could apply the Poincaré duality and get
HyN})=RoRaRoR. (8.102)

This is unfortunately a rather naive approach, since the wrapping modes are determined
by the integer homology groups. For the integer homology group we also have to take into
account the torsion subgroups generated by the (z223) and (z'z?) cycles. It was shown in
[91] that this leads to the integer homology groups

Hy(N3, 2) =ZOLOLO LD Ly, ® L, , (8.103)

with k; and ko are integers determining the rank of the torsion subgroup. However,
Hy (N3, Z) cannot have torsion because N is closed and oriented. Therefore, no M2-branes
are allowed wrapping the two-cycles (z'z?) and (z%z?%), which leads to w'* = w?* = 0.

Another possibility to understand the missing wrapping modes is to use the Freed-
Witten anomaly condition. The Freed-Witten anomaly states that in Type IIB string
theory we cannot have D3-branes on a three-dimensional torus with H-flux. Applying a
T-duality transformation in the z! direction, and assuming that z* is a vanishing cycle,
the missing D3-brane in Type IIB is dual to a missing M2-brane in M-theory, wrapping
the x223-directions.

Wrapping States of N}

The five-dimensional space N7 = N3 x T? is analogous to the space NVJ. The set of
well-defined one-forms is given as

el = da' + Nz2da?,

e? = dz?,
e = dz?, (8.104)
et = dz?,
¢’ = dz’ .

Here, we can see that the forms ez A 63, el Aet and el A €’ are not part of the de Rham
cohomology since they satisfy

deei:eé/\eg, d(ei/\ei):]\fei/\eg/\ezl, d(ei/\e‘r_’):Nei/\eg/\eg. (8.105)
Therefore, the integer homology group becomes

HyNZ,Z)=7" @ Z, ® Ly, ® Ly (8.106)

and therefore, the wrapping modes w?* = w'* = w!® = 0 vanish. In five compact dimen-

sions we also have to look at the fifth cohomology group because we are interested in wrap-

ping modes of the M5-brane. The only existing component is the five-form el Ae2 A AN
This form is closed because

d(ei/\eé/\eg/\ez‘/\eg):Nei/\eg/\eé/\eg/\ei/\egzO. (8.107)
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Here, we cannot construct any four-form which might lead to this five-form. Therefore,
the fifth de Rham cohomology is Hj,(N3) = R, and therefore, the fifth integer homology
group becomes H5(NF,7Z) = Z which leads to w!'?%5 #£ 0.

Wrapping States of N3

In six dimensions we are mainly interested in the space N3 = N3 x T3. Therefore, we
are interested on the consequences of the geometry on the allowed wrapping modes of the
M2-brane and the M5-brane. From the four-dimensional space N3 we already know that
it is sufficient to compute the de Rham cohomolgy - the integer homology group is the
same up to torsion group elements. To find the de Rham cohomology group let us use the
well-defined one-forms from . Additionally, we use

et = dat, ¢’ =da, b = daf. (8.108)
Most important for the cohomology group is the relation
de’ = Ne? A e (8.109)

Using this relation, we can directly show that the two-forms el A e‘l, el Aed and el A e are
not closed

d(ei/\ei) :Neé/\e“a’/\ezlsé(),
d(ei/\eg) = N2 AP Ae® #£0, (8.110)
d(ei/\eé) = N2 A Ae® £0.

As a consequence of the equations above, the two-cycles (z22?), (z'z?), (z'2®) and (z'2%)
are not part of the homology H, (N3') or are generated from a torsion subgroup. In here,
there are no wrapping modes of the M2-brane w* = w!? = w' = w!® = 0. Additionally,
we are interested in the fifth homology group. From the relation (8.110f), we can deduce
that

d(e' Net AP NeP) = NeZ AP Aet AeP Ne® 0. (8.111)

As a result, the five-form e2 Ae Aet Ae® Aeb is exact and therefore not part of the homology
(at least not of the torsion free part). All other elements are part of the homology, the
only vanishing wrapping state of the M5-brane is the state w?34%¢ = (.

Let us note that the missing momenta modes w?? = w?34% = ( can be understood from
the Freed-Witten duality, performing T-dualities in 2! or 2!, * and % respectively, while

using the direction 2% as M-theory direction.

Wrapping States of N}

We now consider the seven-dimensional manifold Nj = A3 x T%. Using the notation
el = dz' + Nz2da? , e? = da? , e = da® ,

] ) ] (8.112)
et = da?, ed =dz®, eS = dab, e’ =dx",
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we find the relations

_ _ 1 _
24 .3 1
ANe’ = —d
e Ne Ne,

d(ei/\eﬁ);«éo,

L 1 . (8.113)
2 3 I 7 p_ 1 i v o
e“Ne’Nel' Ne /\e—Nd<e Nel' Ne /\e),
d(el/\e4/\e5/\66/\e7) =Ne2AeSANet AP Aeb neT,
between the different forms, where u,v,p = 4,...,7. The relations above show that all

the two-forms and the five-forms above are not part of the de Rham cohomology because
they are either not closed or are exact. The associated cycles must vanish in the integer
homology of N3 or generate torsion subgroups. We deduce that the two-cycles (z?z?®) and
all the five-cycles listed cannot generate torsion and therefore must vanish in the homology.
This means that the M2- and Mb5-brane wrapping modes

W23 — 23456 _ 23457 _ 23567 _ 23467 _ 14567 _ () (8.114)

must vanish. Again, we can understand such missing modes from the Freed-Witten
anomaly in the IIB background obtained by dualizing along z' and 7. Due to the fact
the NV is seven-dimensional, we also have to take a look at the wrapping modes from
Kaluza-Klein monopoles. For our purposes it is enough to show that the wrapping modes
Wi = Wi = 0 vanish.

As we showed above the wrapping state w ~ wyy = 0 vanishes. When we perform
a U-duality transformation in the 2!, x* and z* direction the states w?*7 and w3 are

exchanged (using the relations [A.38)) as

23567

w23567 Uiza w?{](? (8115)

but under the map U3, the background stays the same. Therefore, the fact that w?3%7 = 0
vanishes implies that w?, = 0 must vanish as well, otherwise the background would
change. Using the symmetry of the direction z? and z?® of the space Nj and changing
the definitions of the 1-forms accordingly, we can perform the same trick to show that the
wrapping mode w¥%; = 0 must vanish as well.

Wrapping States of A}

We are interested in the five-dimensional space Ny = Ny x T3. We will construct the totally
anti-symmetric locally non-geometric R-flux R¥¥™ from this background. For this, let us
examine the missing wrapping states in this space. We can directly argue that there are
no possible wrapping modes in the x? direction allowed due to the fact that the direction
is non-compact. Therefore, the wrapping modes for the M2-branes and the M5-branes

w? = w? = w* = w?® = W?* = () must vanish.
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Wrapping States of N

The last space we examine is the space Ny = NoxT?. Once again, we are using the fact that
the space in the x? direction is not compact and therefore, we cannot have any wrapping

modes in this direction. In particular, the wrapping modes w'? = w!?** = w% - = 0 must
vanish with pu, v, p=3,...,7.

8.4 Duality Chains

8.4.1 Review of the four-dimensional duality chain

We reviewed the duality chain in four dimensions already in section [7.3.2] Let us focus on
the effect of U-duality transformations on the missing wrapping modes of the membranes.
The duality chain we are using is

U:
T231 234 R4,1234

, (8.116)
where Uss, denotes the U-duality transformation along 22, 23 and z*.

In section [8.3] we showed that in background with Th3! the wrapping modes satisfy
w? = w' = 0. The proposed U-duality transformation Uss, exchanges wrapping modes

and momenta modes in the following way:

w? = pr, w?=py, W =, (8.117)

The missing wrapping mode w* = 0 in the background with geometric flux Ty3! = N
becomes a missing momenta mode p; = 0 in the background with R*123* = N. It was

conjectured in [90] that this can be written as
RWHmp. = 0. (8.118)

In the following sections we describe the different duality chains necessary to find the
different R-fluxes in higher-dimensional compactified spaces. We will see that similar
conjectures can be found for all mixed-symmetry R-fluxes.

8.4.2 Five-dimensional duality chain

In the five-dimensional space, we were able to find two different types of R-fluxes: the R-
flux R**m™ which is the same R-flux as in four dimensions, and the totally anti-symmetric
R-flux:

Rikm — 909l QkIm] _ 9ciikimpz || (8.119)
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Duality chain for R%/*m

In five dimensions, we are able to construct the R-flux R*'?* = N in the same way as
in four dimensions. For completeness, will show that the same conjecture can be
applied in higher dimensions for an R-flux R*1?% = N as well (with i = 4,...d).

Starting from the background with geometric flux Th3' = N given by

2 _ (.1 2 73\ 2\ 2 3)2 1\?2 5)?
ds —(dx + Nzx dx) —|—(dx> —|—(dx) +(d$> —|—<dm) ’ (8.120)
Cijre =% =0 withi,j,k=1,...,5,
we apply a U-duality transformation in the directions z?, 2% and z° with i = 4,...d

(in this case d = 5, but this is true in higher dimensions as well). Using the U-duality
transformation rules [A.2] we find that

i = (1) (1) (1) () ()
Q% = —Nag,;,

where we used
2 Uss;

T == T3; . (8.122)
This background has a locally non-geometric R-flux R%123 = N. As last step, we check
that the missing wrapping modes transform in the right way and become missing momenta
modes. As we saw in the previous section the cycle (z2z®) vanished independently of the
dimension d of the space N§ 3. Therefore, under the U-duality transformation Uss; we
always find that the corresponding wrapping mode w??® becomes

w? B2y g (8.123)

and as a a result, p; = 0. Therefore, the conjecture (8.118) is in arbitrary dimensions true
as long as the space N3 is well defined.

Duality chain for RVkm

For the totally anti-symmetric R-flux RY¥™ we have to use a different duality chain: The
flux lies in the 16-representation of the embedding tensor while the flux R**™ is part of
the 144. Therefore, we use the non-unimodular space N3 as a starting point which is in
the 16 as well. This space is described by

ds* = (do* + Na'd?) + (da?)” + (@) + (da®)” + + (da)”

! (8.124)
Cijre =% =0 with i, j,k=1,...,5,

which contains a geometric flux
Tl =N. (8.125)
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We begin with a U-duality in the z!, z? and the z?® direction. Using the formulae (A.37))
we find that the non-geometric three-form gets one non-zero component

ey = Nzt — QB = Nzt | (8.126)
and therefore we find for the background
2 _ 41 2\2 3\2 1\? 5)2
ds* = dx” + (da: ) + (dm ) + (dx ) ++ (dm > , (8.127)
QB3 = Nzt

As a result, we have the background with a globally non-geometric Q-flux Q1134 N. To
find the locally non-geometric R-flux, we have to duahze the coordinate z'. This can be
done via a U-duality transformation along the z!, 2* and 2° directions. We can check that
this changes x! — 745, while leaving the metric and the non-geometric 3-form invariant:

2 (.1)? 2?2 3\2 1\2 5\2
ds® = (dx ) + (dx ) + (da: ) + (dx ) + (dx ) , (8.128)
9134 = Ni’25 .
As a result, we have a background with the a non-vanishing R-flux with components
R21345 _ _
R _ N (8.129)

Due to the minus sign the totally anti-symmetric component does not vanish and we find
R = 2N . (8.130)

Therefore, we find the duality chain which results in a background with non-vanishing
R-flux Rk,
Ty, U2ty Uz, ), 134 Uizs, p23145 _ _ p5,1234 (8.131)

To finish the analysis of the duality chain, we examine the transformation behavior of the
missing wrapping states. As we showed in [8.3] the wrapping modes w'? = w!'?** = 0
vanish in particular. Using the U-duality transformation law in appendix [A.2] we find for

momenta in the duality chain

U:
w12 234 D5,

12345 Us34 15 Ui2s Do

(8.132)

Thus, we find two missing momenta modes p, = p5 = 0, which shows that also in this case
the conjecture
RbIkmy, — (), (8.133)

is fulfilled. This duality chain also gives a hint for the appearance of the flux in five
dimensions. To find such a background, we have to perform two U-dualities which only
share one direction. Therefore, we need to have at least five dimensions to construct this

kind of R-flux.
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8.4.3 Six-dimensional duality chain

As we saw in section we get a new non-geometric R-flux in six dimensions with mixed
symmetries given by

RUklmnpg _ ghlklmnpyalij 4 10 Hid ktmnpa 4 o9qQlklm jlijlynpd] (8.134)

We are now going to construct a background which has this new R-flux. As we saw in the
last section, it is crucial to start in the right part of the embedding tensor. Because the
flux R¥kmnra js part of the 351 we start again with a background which has the geometric
flux Ths'. Therefore, we start with the six-dimensional twisted torus N3 which is described
by
ds® = (d:vl + Nx2d$3)2 + (al:ng)2 + (dw3)2 + (d:v4>2 ++ (dx5)2 + (dx6)2 ,
) 3 (8.135)
Cijk = Q”k = Uijkimn = Ql]klmn =0 for Z,j, = 1,...,6.

To find a background with the right non-geometric R-flux, we perform two U-duality
transformations, each in three dimensions. Note that duality chains are not unique and we
are not providing here a framework how to find such duality chains. We have to choose a
suitable ansatz to find the correct transformation behavior. Let us start with performing
a U-duality transformation along the directions z2, 2® and z*. This is the same duality
transformation we used in the four-dimensional case and therefore, we find the background

ds? = (da")’ + (d2*)" + (d2®)” + ()" + (da®)” + (da®)”

(8.136)
QP = —Nis3y )

with the non-geometric R-flux R*'?** = N. Looking at the structure of the flux RV*mnra 4

straightforward way to find the right background is to perform a U-duality in the directions

z', 2% and 2% which takes

T34 — T13456 (8.137)

while leaving the metric and the three-form invariant. Therefore, we find for the back-
ground

ds? = (da')"+ (da?)" + (do”)" + (do) "+ (da)” + (o) (8.138)
Q2 = —N3456

which has now become a background carrying the new R-flux
Rl4,123456 _ 68[1234596]14 — N . (8139)
We find thus a duality chain which results in the new six-dimensional R-flux

U. U
T231 234, 41234 Uis6, 114123456 (8.140)
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To complete the analysis of the transformation behaviour of the space N3, we recall that
in particular the wrapping modes of the M2-brane and of the M5-brane vanish, i.e. w?3 =
w46 = (. These wrapping modes are exchanged under the U-duality transformation with
corresponding momenta

23 U2zq Uise
W ——> Pa — P4,

(8.141)

U. U
w23456 234 w56 156 P,

and therefore, we have two missing momenta, namely p, = 0 and p; = 0. We find then a
natural extension of the conjecture (8.118)), which is

Rij,klmnpqpi —0. (8.142)

Note that after the first U-duality transformation, we again find the already known R-flux
conjecture

RAKIm Y, =0 (8.143)

8.4.4 Seven-dimensional duality chain

Finally, we conclude with the seven-dimensional duality chains. The exceptional field
theory Er(7) has several new R-fluxes

. ~ . 1 ~ 1 Ny
g ijl ij O)ylmnpgr Imn §i T
R ]k = ale I — 79 6Iflmnpqra 70 par 36 €klmnpqu a TP

+ deslidely, + 4(5,[5653‘]@[6;1 ,
R = (‘%injk — 4egj5iegj — 86;@%2 , (8.144)
R = Eijklmnpéinklmnp - 2€ijklmanijkélenp )
. Ars 4 ~ . 2 A
Rmkl _ a[szkl] + 5apqg)pqzykl + ggz[zgkapqg)l]pq )

Note that the first flux can be redefined as a linear combination of the first and the second
flux as

RV, = RV, + aRl§) . (8.145)

Using the conjectures and assuming they must also hold in seven dimensions, we will find
that a« = —2. We present two different duality chains which lead to two new conjectures
on missing momenta.

Duality chain for RY; and R’

First, we are going to present a duality chain which results in a flux with RY; # 0 or
R’ # 0. Again, we start with the space Ay which has a non-unimodular flux Tj,' = N.
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The background is given by

ds? = (dml + N:zclde)2 + (dx2)2 + (d:}:3>2 + (dm4)2 + (dx5)2 + (dx6)2 + (da:7)2 ,
Oijk :Qijk = Uijklmn = Qijklmn =0,
(8.146)
with 7,7, k,[,m,n = 1,...,7. As before, we start by performing two U-duality transfor-

mations. The ﬁrst one along the directions 2%, 2% and 2, and the second one along the
directions x!, 2 and x°. This leads to the non-geometric background

2 (1.1)? 2\?2 3\2 5\ 2 6)2 7\2
ds —(d:c) —l—(d:c) —l—(dx) ++<da:) —l—(d:c) —l—(d:c) , (8.147)
9134 = NZZ‘25 .
As we already showed in section [8.4.2] this space has the non-geometric R-flux R>!?3* =
—R%13% = N and is missing the corresponding momentum modes
RbHmp. =0, (8.148)

As a next step, we perform a U-duality transformation along the directions 22, 2% and 7.
Using again the transformation laws for U-duality transformations, we find the background

dst = (d2) + (d2?)” + (do®)” + (@)’ + (@29)’ + (d7)’ (8.149)

Q12367 _ Nz
Using the definitions of the R-flux (8.144]), we find that this background has the flux
R¥® =N. (8.150)

Analyzing the transformation of the missing wrapping modes w'? = w% ;- = 0 of the space

5, we see that this leads to missing momenta modes p; = ps = 0 which can be seen in

U: U
w12 234 12 125 Ds D5,

wKK % Wsy ~ 12567 Uiz2s . (8.151)
We find thus for the non-geometric R-flux RY}, the conjecture
Rpi = Rjp; = 0. (8.152)

As a next step, let us perform a U-duality transformation along the directions xy, 3 and
x4. This duality transformation maps the coordinate Tos — 12345 ~ %7, and therefore,
we get the background

ds? = (da')” + (d2?)” + (@) + .+ (a7) (8.153)

9) 123467 = N7 67
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This background has two non-vanishing R-fluxes, namely R and RY,:

R*=N, R¥%; =R, =N. (8.154)
Using the linear combination of the R-fluxes we find

R¥,=—-N for i=1,...,5,

R R (8.155)
Our duality chain is now given by
T121 U234 Q2234 Uizs R5,1234 _ _R2,1345 U267> R255 Ui3za R2 _ R266 _ R277. (8156)

As in the cases before, we have to analyze the transformation behavior of the missing wrap-
ping modes w? , = w'? = w!?7 = 12467 = 12367 = ( under the duality transformations.

These are given by

Uszsq U Uszg7 B U
wl2567 23 w12567 125 w12567 26 w34 134 p1,

12567 Uizs Use7 U134
7 Wer 7 D2 > P2,

57 Us 57 U U: U
w12467 234 w12467 125 w12467 267 wl4 134 p37 (8157)

U
W e 2 Wy = w

367 Uasza 367 U Uszg7 3 U
w12567 23 w12367 125 w12367 26 wl& 134 Da .

Uas4 Uizs User Uisa
w12 N w12 N D5 N Ds N

ps -
For this non-geometric background, we find that our conjecture still holds, namely

Rp; =0. (8.158)

Duality chain for RV* and R

To construct the fluxes R¥* and R, we start with the space V3. This background is given
by

ds? = (dggl + Ng;de?’)Q + (dx2)2 + (dx3>2 + <d$4>2 -+ (dx5)2 + (dw6)2 + (dx7)2 ,

Oijk :Qijk = Cijktmn = Qijklmn _ 07
(8.159)

with 7,5, k,[,m,n=1,...,7. The geometric flux is given as
Tos' = N. (8.160)

We perform a U-duality transformation along the six directions 22, 23, *, 2°, 25, 2. We
find the background

ds® = (dxl)Q + (dm2)2 + (dx3)2 + (daz‘4>2 + (d:c5)2 + (dx6)2 + (dx7)2 ,
(124567

(8.161)
= NZ34567 -
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This background yields a new non-geometric R-flux, namely
R¥7 = N (8.162)

To find a similar conjecture as in the previous sections, we have to track the transformation
behavior from the missing wrapping modes. We find that

w23567 w23467 w23457

— D1, — D5, —ps,  wBP —pr (8.163)
so after the U-duality transformation Usgyse7 we find four missing momenta py = ps = pg =

pr = 0. This corresponds exactly to
R*p, = 0. (8.164)
To find the last R-flux, we perform a U-duality transformation along the directions z!, x?

and z3. Under this duality only the coordinates #3457 — %3 are exchanged, leaving the
metric and the six-form invariant, and therefore, we find the background

ds* = (de')* + (da®)" + (do®)” + (d2*) + (da®)" + ()" + ()",

(8.165)
Q255 — _ Nz,
This space has the flux
R=N. (8.166)
Summarizing the duality chain, we find
T231 Ua3as67 RA4567 Ui23 R1234567 _ p (8.167)

After the U-duality transformation Ujs3, the momenta py = p5 = pg = p7y = 0 still vanish.
Looking at the vanishing wrapping modes of the M2-brane w?® = 0 and the vanishing of

the KK-monopole w¥; = w3 = 0, they also become missing momenta

w23 U234567> ’LU23 U123/ o,

U- U
w%{K 234567> ,w13 123/ P2, (8168)

U: U
w?{K 234567> w12 123/ D3

Therefore, all momenta modes are now missing p; = ps = p3 = ps = p5s = ps = p7 = 0.
This can be summarized with the conjecture

Rp;=0. (8.169)
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8.5 Summary of R-Flux Backgrounds

Let us conclude with a short summary of the possible R-fluxes in seven dimensions and
their consequences. We have seen that in seven dimensions, we have a large variety of
different R-fluxes

Rz,jklm _ 481[3 lem] [] klm)] znpqa qe .

. N . 1 B 1 o
2 ijl ij ()lmnpgr Ilmn 4i T
Ry = OufY?" — ﬁﬁklmnpqrajg_ AT — %EklmnquQ 0 QP
+ desl1 ety + 45,[fegj]8leil :
= 0,3 0F — e biel; — efidiel ;|

Ai (yjklmn, ijk Am yln,
R = 6'L'jklﬂ"mpa v P — 2€ijklman A Vg )

(8.170)

. 5 A . 1A . 1 . A
Rk — ga[ZQﬂcl} + §aqupqwkl + ZQW@MQ”M

The first R-flux R%/*™ reduces to the R-flux R¥* in the NS-NS sector of string theory, if
one reduces the SUGRA notation to Type IIA string theory. Each of the other R-fluxes
involves dual coordinates and therefore, has to involve wrapping modes of D-branes, or
must include non-geometric field associated to the R-R sector of string theory. As far as
we know, their string theory notation is not yet known.

We also presented a way how to construct background which contain these R-fluxes
using U-duality transformations on product spaces of nil/solvmanifolds with tori. These
can be summarized as

U U Uze Ua:
1 254 Q 234 VYi2s R5 1234 __ R2,1345 267> R255 134 R2 — R266 —_ R277,

Tyl U2ty 1234 Uise, pla_ (8.171)

T 1 Ua2saser RA567 Uiz2s R1234567
In those product spaces, we can identify wrapping modes which must vanish due to the
topology of the spaces. After applying duality transformations in such spaces, those missing
wrapping modes of branes might become missing momenta depending on the type of R-flux.
Those missing momenta are governed by the conjectures,

Rzgklm _ 0’
R, — 2R p; =0
(R ,’?> b= (8.172)
RM pi=0,



Chapter 9

Non-Associativity in an R-Flux
Background

In this chapter we focus on an interesting consequence of compactifications on higher-
dimensional tori and having T-duality as a symmetry: Having a string compactified (open
or closed) on a three-dimensional torus in combination with an H-flux and performing two
T-dualities leads to non-commutativity in the coordinates of the system. It was known
before for the closed sting that an additional T-duality leads to a non-associative phase
space. Here, we extend the result to open strings and see the same effect on the phase
space of the open string endpoint: Using symmetries we are able to show that the phase
space becomes non-associative.

The chapter is organized as follows: We first review the commutation relations for
the closed string in the Q-flux backgrounds as well as in the R-flux background. Then,
we introduce the Seiberg-Witten map for the open string which gives us an description
without a B-field but with a non-commutative spacetime. Afterwards, we compute the
commutation relations for the open string in geometric and non-geometric background
fields. The computations are based on the paper [26].

9.1 String Non-Associativity for Closed Strings

In the papers [93, 94, 05, 96, 07, O8] it was shown that in certain NS-NS background

configurations the behavior of closed strings is non-commutative or even non-associative.

Starting from a closed string on a three-dimensional torus with H-flux, the commutation

relations for the closed string coordinates have been computed in a world-sheet calculation.

For the @-flux background, it was shown in [94] [99] 100} 101, 102] that the commutator
between two-closed string coordinates depends on the winding number as

i i i) Gk

{X , X }Closed =i1Qr"n". (9.1)

As a consequence of the non-locality of the winding number n*, the closed string non-

commutativity is a non-local effect and is only consistent in string theory. Its non-locality
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arises from the way the ()-flux is defined: it can be viewed as a combination of metric and
B-field background which is globally patched in a consistent way by a T-duality.

Going the duality chain one step further, we find the non-geometric R-flux back-
ground. This non-geometric flux is proportional to the Jacobinator, which measures the
violation of the Jacobi-identity and is therefore also a measure of the non-associativity.
The commutation relations in the R-flux background are given by

B¢ Xj]dosed = iR p, . (9.2)

Here, py is the momentum operator. This can be interpreted that the R-flux background

is not even locally a well-defined manifold and needs a T-duality transformation at every

point to be correctly patched. Using the non-vanishing canonical commutation relations

of position and momentum operator, we find a non-vanishing three-bracket and therefore
a non-associative behavior given by

X =1,
S (9.3)
[X@, X7 Xﬂ}

= [[X",Xj],X]} + perm. ~ R*

closed closed

Such a structure in the phase space is known as twisted Poisson structure. A similar result
was derived in [I03] by quantization an associated membrane sigma model. For a more
mathematical discussion, we refer to [104) 105 106, 107] where fibrations were used to
characterize non-geometric backgrounds with D-branes and B-fields.

Note that the closed-string coordinates X’ and their T-dual coordinates X; are not
analogous to position and momentum and therefore do not obey canonical commutation
relation of this form. Instead their commutator vanishes

(X' X, —0#id;. (9.4)

} closed

For deeper insights, we refer to the papers [108] [109].

9.2 Open Strings in B-Field Backgrounds

We find a similar result for the open string. For this computation, we introduce the
Seiberg-Witten map which enables us to map an open string with a B-field to an open
string without a B-field but within a non-commutative spacetime. Seiberg and Witten
studied the case for a constant B-field first, and later it was generalized to the case for a
non-constant B-field. We will briefly mention their arguments for the case with constant
B-field. For the non-constant B-field, we refer to the argumentation in [T110], 111].

For the constant B-field we start with the world-sheet action

| oy o
S = / Lo g;0,X 0% — —— [ do B, XX | 9.5
Ara Jx @ 79 A Jox O7 IO (9:5)
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where Y is the string world-sheet with Euclidean signature, 9% denotes the corresponding
boundary with the top-form do, and d?c denotes the top-form on ¥. As a consequence of
the B-field the boundary conditions of the X‘-direction on the p-brane change to

gij@nxj + Bz‘jatxj a5 == 0, (96)

where 0, is the derivative orthogonal to the boundary 0¥. Using the conformal map and
introducing the variables z and z, we end up in the upper half plane with the boundary
condition

95 (0—0) X + By (9+0)X| =0, (9.7)

where 0 = % and 9 = %. The boundary of the string 0¥ is mapped to the real line. The

propagator of the string with these boundary conditions is [112), 113}, [114]

<Xi(z)Xj(z')> =—a (gij log |z — 2| — g log |z — 7|

’ oLz 9.8
+ GYlog|z — P + 67 log —— +D”>, 58)
zZ—Z
where
[ p -1
Gy =g~ By B .
G =g+ B, =+[g+B)"glg-B)"]", (9.9)
(]

07 =g+ B =~ [g+B)'B-B"]".

Here, (), and ()4 denote the anti-symmetric and the symmetric part of the matrix. The
constants D¥ in can be neglected since they are independent of z or z’.

For the purpose of our later analysis, we restrict ourselves to the boundary points of
the string with z = 7 and 2’ = 7/. A careful computation shows that for the boundary
points we end up with

<Xi (1) X7 (7'/)> = —a'GYlog (T — 7'/)2 +ia'mhe (r —7') . (9.10)
Therefore, the commutator for the open string endpoints becomes
[Xi(T), Xj(T)} =T (Xi (1) X7 (7'_) — X' (1) XJ (T+>) = 27a’i0"V (9.11)

As we can see from this equation, the anti-symmetric quantity ¢ measures the anti-
commutativity, whereas G is the metric on the brane of the endpoints of the open strings.

Therefore, we can summarize the map from an open string with B-field B;; to an open
string in an anti-commutative spacetime with parameter 6% by

(g+B) ' '=G+0 (9.12)



126 9. Non-Associativity in an R-Flux Background

As next step, we are going to compute the commutation relation for the open string
endpoints of an open string with Neumann-Neumann boundary condition Xyx (z,2) and
an open string with the Dirichlet-Dirichlet boundary condition Xpp (z, Z). Note that these
two strings are T-dual to each other. As a convention, we are going to denote the Neumann-
Neumann string as open string X (z,2) = Xyn (2, Z), and the Dirichlet-Dirichlet string as
the T-dual one X (z,2) = Xpp (2, Z). The mode expansions are

! 1
X(2,2) = g —ia'plog |22 + i[5 3 ~an(=7" 457",

"7 (9.13)

X(z,Z) + 1( Yog( 2 ) +i 0/21 (z7"=2"")
Z,R) = e — O — WM — —QplZ —Z y
) qo o d1 — qo) l0g E 2n7$0n

with ¢ and p the center of mass position and momentum for the Neumann-Neumann string,
and gy and ¢; the endpoints of the open strings on the branes. The two-point function can
be directly computed and is

(X(z, 2)X(w, w)) = —O; (log<§:g> + 1og<z — z>) : (9.14)

Using the Seiberg-Witten notation one can directly deduce that the computation relation
for the open string and its dual is

[X(7),X()] = mai. (9.15)

Here, we can already see a qualitative difference between open and closed string: Whereas
the equal-time commutator vanishes for the closed string and its dual, it is non-zero for
the open string.

9.3 Open Strings on a Three-Dimensional Torus with
Fluxes

In this section, we are going to demonstrate the behavior of a closed and an open string
in a non-geometric background. Therefore, we are using the T-duality chain:

My —2o Rf D Qi i R (9.16)
These strings are only toy-examples for strings. In physical examples one would have to
add additional fluxes, and not just have one at a time.

For the open string-computation we have to choose a configuration for the D-branes.
We are going to start from a point-like DO-brane with an H-flux. Performing a T-duality
transformation perpendicular to an arbitrary brane will raise the dimensionality of the
brane, whereas a T-duality in the direction of the brane will lower the dimension. There-
fore, we will end with a space-time filling D3-brane on the T3-torus. For the world-sheet
computation which are necessary to find the results, we refer to the Appendix [B| and to
the original paper [26].
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9.3.1 73 with H-Flux and DO-branes

As background we have a three-torus T® with a non-vanishing H-flux with values Hyo3 = N.
Note that the B-field depends on the closed string coordinate X3:

By =N X2 (9.17)

In this setting we start with a single point-like DO-brane, and therefore, we are going to
have only strings with Dirichlet-Dirichlet boundary conditions. The commutator for the
open string endpoints vanishes,

[Xiaxj} = [XiDD7XjDD] = 07 Za] = 172737 (918)

and therefore commute with each other.

9.3.2 Twisted 7? and D1-branes

As next step, we perform a T-duality transformation along the x!-direction and find a
twisted torus as background. As a result of the T-duality in the X!-direction the DO-
brane turns into a D1-brane in the x!-direction. One consequence of having a geometric
flux is that the geometry of the torus is twisted and therefore the D1-brane has an angle
depending on the value of the geometric flux (see for example [79]). The open string
coordinates commute in each direction, i.e.

XL Xi] = [Xkw Xipp] =0 with i=2,3,
o (9.19)
{X27X3} = [X2DD;X3DD} =0.

9.3.3 T? with Q-Flux and D2-branes

We perform a T-duality transformation along the x%-direction to end up with a D2-brane
in a T-fold in the directions z! and 22. The background has a non-geometric Q-flux with
value ) = N.

We can apply the Seiberg-Witten mapping to this configuration and find for the
non-commutative space the following metric and the non-commutativity parameter:

ds* =3 (ax")’ +r3(dx?)" + :Q(azx?’)2 ,
3

(9.20)
0" = - NX;.
Therefore, we find for the endpoints of the open string a non-zero commutator
XL X2 = (X, XR| = 200" = —27m0/i QX5 . (9.21)

This is analogue to the closed-string commutation relation in the Q)-flux setting described in
(9.1). The difference is that we do not have a winding mode proportional to the commutator
but to the closed string coordinate of the background.
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9.3.4 T2 with R-Flux and D3-branes

Finally, we perform a T-duality transformation along the z3-direction on the torus. As we
have argued in section [7.3.1] this is in double field theory allowed and thus we perform
such transformation formally. Therefore, the closed string coordinate X3 becomes the dual
coordinate X? and we find the expected R-flux in this situation.

Thus, the commutation relations for the open-string endpoints become

XL X2 = [Xiy X | = —270/i RX 5. (9.22)

To show the equivalence between open and closed string sector we have to calculate the
three-bracket for the open strings in the R-flux background. Evaluating the three bracket
we find that

XA X Xi| = =270/ R[ X3, X (9.23)

As final step we have to compute the commutator between an open-string coordinate and
the dual closed-string coordinate. The mode expansion for the dual closed string is

~ ( 7) po 1 4 . (l{/ 1( n _ n) (92 )
X z2,2)=qy+ —log—+1 —E —(a 27" — a2 . .24
closed \ #» qo 271 gz 9 £ On

Then, the commutator between the open and the dual closed coordinate becomes

/
1
[XNN(Ta U)a Xclosed(T/7 UI)} = % E : % (an + 27”) (Z/n - Eln) . (925)
n#0

Evaluating the infinite sum at the endpoint of the string we find that

+iro! T >0,

{XNN<T, 0), Xclosed<7—/7 O)} = { (926)

—ima’ if7<0.

Using this result for equation (9.23)), we find for the three-bracket the same result as for
the closed string case, namely

[Xll\IN7X12\IN7X1%IN] = —2770/2']%[5(37)(%11\1} = —21°a”R. (9.27)

Therefore, we have been able to successfully find the commutation relation for the open
string coordiantes in the R-flux background. As expected the Jacobinator is proportional
to the R-flux and therefore not vanishing in non-geometric backgrounds.
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Chapter 10

Summary and Outlook

Summary

After an introduction in part [, we started part [[] on the basic ideas of machine learning
(ML) and presented here the main concepts such as the idea of neural networks and back
propagation in chapter [3l Additionally, we presented a convolutional neural network, one
of the prime examples for the recent success of machine learning, to give an insight on the
simplicity of those methods allowing simple approaches for complicated problems.

In the next chapters, we presented our machine learning based methods to discover
different types of symmetries. We hope that these tools will allow others to understand
their problem settings better and help them to discover underlying symmetries and dualities
and allow them to answer their open questions.

In chapter 4] we showed how one can use the representation in hidden layers to find
symmetries in a dataset. For this, we trained the neural network on a classification task.
The training process clusters points linked by a symmetry in the hidden layers of the neural
network which enables us to find such classes within our dataset. We used these clusters in
a second step to identify the underlying symmetry group by an automated algorithm. The
true strength of this method is the broad scope of the method: it can be applied to different
kinds of problem settings to investigate datasets without any previous understanding of
the structure, and therefore allows us to get a first understanding of a complicated physical
question.

In chapter 5] we focused on learning conserved quantities of classical physical systems.
We modified the described Hamiltonian Neural Network and extended it to the Symmetry
Control Neural Network. For the Symmetry Control Neural Network, we combined the
idea of coordinate transformations with the idea of the Hamiltonian Neural Network. This
allowed us to find a coordinate transformation to a coordinate system with conserved quan-
tities as generalized momenta. Reading out those conserved quantities allowed us to get
analytical formulae for the conserved quantities. We also suggested a modification which
would allow us to learn conserved quantities in physical systems with known Hamiltonian.

Finally, in chapter [6, we presented a method how to learn Lax pairs, respectively Lax
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connection of physical systems. As in the chapter before, we constructed a suitable loss
function to force the neural network to find solutions to the Lax pair condition. In the
second part, we focused on the integrability of perturbations: Knowing a suitable Lax pair
for the unperturbed system we developed a method to check whether a perturbation is
integrable or not.

The methods of chapters[b|and[6]can be seen as two examples of the idea to constrain the
output of the neural network by physical equations. The neural network is going to search
for solutions to fulfill the given constraints and allowing us to tackle highly complicated
problem settings.

In contrast to this is the part of this thesis focused on the exploitation of al-
ready known dualities in string theories. Chapter [7] begins with a short repetition of the
different dualities and their underlying symmetry groups in string theory, followed by an
introduction to exceptional field theory, the generalized diffeomorphisms as well as the
transformation behavior of the fields and the coordinates under U-dualities.

In the following two chapters we examined the effects of those U-dualities on twisted tori
and the consequences of such geometries on the phase space. In chapter [§] we constructed
the complete flux content of exceptional field theories for the dimensions d = 4,5,6,7.
In the second step, we presented duality chains to examine the impact of non-geometric
backgrounds. Forbidden wrapping modes for the twisted tori, the starting point of the
duality chains, resulted in missing momenta modes within non-geometric backgrounds —
for the most ,,non-geomtric* flux no momenta modes are allowed.

In the chapter, we were able to construct a duality chain which reveals non-
associativity for the end-points of open strings in the locally non-geometric space. This
non-vanishing Jacobinator leads to a deformation of the phase-space.

Outlook

In this thesis, we presented several ways how to find symmetries using neural network. We
hope that these methods will be utilized in the future to detect unknown symmetries in
physical problem settings extending our understanding of the phenomena in our world and
hopefully will lead to a unified conception of our universe.

Along this course of this thesis, we presented several ways to implement a functional
bias to neural networks. The idea to constrain the functions of the neural network using
equations from the theoretical understanding of the problem. This can be used to improve
previous results of machine learning, as well as to apply machine Learning to additional
areas of physics using machine learning as a tool to find new structures hidden in the
physical theory.

Here, we will collect some ideas for applications for the presented tools in this thesis.
In general, there are many possible applications of machine learning in theoretical physics,
especially in string theory. The challenge for many cases is to find the right question
and frame the problem in the right way to make it accessible with machine learning.
Then, machine learning is able to provide necessary tools to improve the understanding of
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problems in string theory and theoretical physics in general.

e An interesting research direction is the understanding of the clustering in chapter
[ for the Complete Intersection Calabi-Yau manifolds. The observation that the
neural network is able to “identify” classes of the dataset depending on topological
invariants it is not aware of leads to the conclusion that the neural network has some
kind of understanding how to find a suitable basis to compute those invariants. Such
a formula is yet unknown but would yield a deeper understanding of the Complete
Intersection Calabi-Yau manifolds.

e The methodology to find a Lax-Pair has not been applied to systems where a Lax
pair is not known yet. The given framework can be used to search for integrable
deformations in sigma models, as it is presented in [115, [IT6] or to search for integrable
sectors in the 2 deformation. To extend this framework to quantum integrability,
one has to include the Yang-Baxter equations in the formalism, but this seems fairly
accessible by defining a suitable loss function.

e We already mentioned the idea to use reinforcement learning to examine the string
landscape. In [33], the author of this thesis, along with others, looked for stable
string vacua in the type IIB flux landscape. Extending this approach to spaces with
more moduli might be an approach to find suitable string theory vacua to solve the
problems arising from KKLT [I17]. Here, reinforcement learning is a suitable tool to
examine the space of possible string vacua and help to improve the understanding of
the structure of string vacua.

e Further applications of the Symmetry Control Neural Network do not lie necessarily
in the context of mathematical physics, but might be applicable to many problems
for simulations in Machine Learning. An interesting application is the current de-
velopment to use Hamiltonian flows for a faster sampling of SU(N) gauge theories
[118]. Here, the idea of Symmetry Control Neural Network should help to improve
the results, speed up the sampling process and make it more stable.

e [t would be interesting to understand the non-geometric fluxes found in [§] from the
string theory perspective as R-R fluxes. In [88] the fluxes of the SL(5) exceptional
field theory have been understood from the Type IIB perspective. A similar analysis
for the previously unknown non-geometric R-fluxes should mix the R-R sector with
the NS-NS sector in a similar fashion.

e The results of chpater [J] are currently only for the perturbative regime of a low flux
density which is a appropriate approach when choosing suitable values for the radii
of the three-torus. For a proper string-background it would be interesting to check
the non-associativity also in the non-perturbative regime as it was already done for
the closed string [102].
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Appendix A

Mathematical details of Exceptional
Field Theory

In this part of the appendix, we present the details for the different dimensions of excep-
tional field theory which are used in the chapters [7] and

A.1 Details of Decomposition of E;; EFT to SL(d)xR*

A.1.1 SL(5) EFT

The generalized diffeomorphism acting on the generalized vielbein E M is given by

LyEg™ =VNoNEg" — VNONAM + Yig VN OpA? + wgVM Oy AY
1 (A.1)
= VNONEg™ — BN on VM + My no BN 0pV @ — gEMMaNVN ,

where M, N =1,...,10 labels the spinor and o = 1, ..., 5 the fundamental representation
of SL(5), Y]%P = n*MPn,ng is the Y-tensor defined in section Here, the weight of
the vielbein is already set to 0. Note that we have used this generalized diffeomorphism to
calculate the exact structure of the generalized vielbein demanding that

EMyLyEg™ = Ly|E| =0, (A.2)

and as a consequence we can take EyM to have unit determinant. The section condition
is

naMN(?M & aN = n‘”‘MNc‘?M(‘?N =0. (A3)

Using the decomposition SL(5) — SL(4) x RT, generalized vectors in the 10 and 5 of
SL(5) decompose as follows

VM= (Vi) V= (VE VR (A.4)
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In the SL(4) x R* basis, we find the following n-matrices to be non-zero:

1

aMN ij ] _
2057 5 Nijkim = \/§€z‘jklm7

n YoM =
(A.5)

Kl ijkim L ijkim

g 77 - \/§€

Note that the n-matrices are symmetric in the M, N indices, i.e. n®MYN = n@NM_ Using
, we obtain the section condition in d = 4, which has been stated in (8.15)). Further-
more, using and we find as transformation behavior of the vielbein under the
generalized Lie derivative corresponding to a spacetime diffeomorphism VM = (£%,0,0) the
following relations

Na MN ° etafé- =20

LeEy' =0;Ey" — By 0,8 — 2By ,07°¢" — 5EM@jgf ,

3
LeEy; = fkakEMij - 2EMk[iaj]fk + gEMijakék ;

(A.6)

From this, we can find the correct weights of the columns of the vielbein. Additionally, we
can easily recover the transformation law for Q¥* given in equation .

A.1.2 SO(5,5) EFT

The generalised diffeomorphism acting on the generalised vielbein E ;M is given by [119, 68|

LyEg™ =VNONEg" — VNONAM + Yig VN OpA? + wgV M OnAY
1 MP 1
= VNONEgY — EgNoyVM + 5 (V)" (W)wg EnN0pVE — ZEMManN ,
(A.7)
where M, N = 1,...,16 labels the spinor and I = 1,..., 10 the fundamental resentation

MP
of SO(5,5), Yy =4 (71 ) (71)ng is Y-tensor product defined in section 7.2, Here, the
weight of the vielbein is already set to 0. Here (7,)"" are SO(5,5) y-matrices, satisfying

(7(1) e (W))NP = N1oy (A.8)

where 77y is the SO(5,5) invariant metric. Note that we have used the generalized dif-
feomorphism to calculate the exact structure of the generalized vielbein demanding that

EMyLyEg™M = Ly|E| =0, (A.9)

and as a consequence we can define E;; in such a way that it has unit determinant. The

section condition is
(7)™ Onr @ On = (10)"" OON = 0. (A.10)
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Using the decomposition SO(5,5) — SL(5) x R, generalized vectors in the 16 and 10
of SO(5,5) decompose as

VM= (Vi V) V= (VW) (A.11)
In the SL(5) x R* basis, we find the following y-matrices to be non-zero:
N - - 1
(VI)MN : (7) K= 2057, (i) = = \/555 ’ (%‘)jklm = ﬁ@jklmu
(A.12)

. . N jklm 1 ..
(71)MN : (%)j Kl _ 252! ’ (,yz)j z _ \/55; : (71)3 _ ﬁezyklm .
Note that the v-matrices are symmetric in the indices M, N, i.e. (v))"" = (7). Using
(A.12)), we obtain the section condition in d = 5, which have been stated in (8.36)). Fur-
thermore, using and we find as transformation behavior under the generalized
Lie derivative corresponding to a spacetime diffeomorphism V* = (£,0,0) the following
relations

LeEy' =80;Ey' — Ey™oug — 2By ,07'¢" + By ,07°¢" — ZEMZan] :
1 1
EéEMij = gkakEMij - zEMk[z‘aj]fk + §€ijklmEMzaklfm - EEMijakgk ) (A-13)

, 3
LBy, =E0,Ey, + ZEMzakg’f .

From this, we can find the correct weights of the columns of the vielbein. Additionally, we
can easily recover the transformation law for Q¥* given in equation (8.35]).

A.1.3 Eyg EFT
The generalized diffeomorphism acting on the generalized vielbein Ey; is given by

LyEg™ = VNONEg™ — VNONAM + YIPVVpAQ + wV M oy AN

1
= VNonEg™ — BN on VM +10dM NP dpor By @on Ve — gEMMaNVN ,

(A.14)

where M, N =1,...,27 label the fundamental representation of Eg ),
Y%P =10 dMNP g por is Y-tensor product defined in section and dyyp and dMVP are
the symmetric cubic Eg(g) invariant tensors. Here, the weight of the vielbein is already set

to 0. Here (v;)"" are SO(5,5) y-matrices, satisfying
dMPRdypo = 0N, (A.15)

where n;; is the SO(5,5) invariant metric. Note that we have used this generalized dif-
feomorphism to calculate the exact structure of the generalized vielbein demanding that

EMyLyEg™ = Ly|E| =0, (A.16)
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and as a consequence we can take E;;* to have unit determinant. The section condition
Is
AP0y @ O = dMNP 00N =0, (A.17)
Using the decomposition Eg — SL(6) x SL(2) — SL(6) x R*, generalized vectors of
Eg() decompose as
VM = (V' Vi, Vijim) - (A.18)

The only non-zero components of cubic invariants are given by

i 1
dMNP o d jklmnpg = 10\/— 6k‘ |lmnpq > dij klmn — mqjklm s
ki 1 [7 K] ikl 1 ikl (Alg)
d . d’i] mnpg 752 € mnpq’ d’Lj mn _ ijklmn
MNP 10\/6 4\/5

Using , we obtain the section condition in d = 6, which have been stated in (8.53)).
Furthermore, using (A.19)) and (A.14)) we find as transformation behavior under the gen-
eralized Lie derivative corresponding to a spacetime diffeomorphism VM = (£¢0,0) the
relations

EgEMi :gjajEM EMJG 5 6 EM ,,,,, 3[1‘1'1]'2]'3]'45]'5]

1132337475

1
— 3By ;0% — gEM’a-fj

LeEy i =¢* Ok Eyrij + 2By ;0 f + By 0;€* (A.20)
1
-V 3OEMijklm3klfm - gEMijak£k>
1 )
’CfEMilizigi4i5 =¢’ 0; EMi1i2i3i4i5 + 5EMJ[11121314 15]6 Mi1i2i3i4i58j§j :

From this, we can find the correct weights of the columns of the vielbein. Additionally, we
can easily recover the transformation law for Q“* and for Q¥*™" given in equation ({8.50).

A.14 Eq; EFT

Let us conclude with the E77) exceptional field theory. For the generalized Lie derivative
of the generalized vielbein Ey;M we find

LvEg" =VNoyEg" — VNONAM + YMPVNﬁpAQ + wa VMo AN
= VNONEg™ — EgMon VM —12 (t)M (1) yo B~ 0pV @ (A.21)
1 1

where M, N = 1,...,56 label the fundamental and o, = 1,...,133 label the adjoint
representations of Er(7).

1 1
VG = 570N05 + 50M 05 + (ta) T () g - Lowrg,. (A.22)

24
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is the Y-tensor of E7(), with (ta)MN the generators of E;(7) in the fundamental represen-
tations. For raising and lowering of the indices M, N, ..., we use the symplectic invariant
Qunn of Sp(56) D Ez(7), which we defined using the north-west south-east convention, i.e.

VM =My Vi =V Qu, (A.23)

and

OMEQnp = 03, (A.24)
while the E(7) adjoint indices «, 3 are raised and lowered with the Killing metric
Fap = (ta)" v (tg)" a1 (A.25)
For the section condition we find [68] [76]
(ta)"™ 02r @ On = (ta)" OnOy =0, QN @ Oy =0. (A.26)
Under the decomposition Ez7) — SL(8), we have
56 — 28 ¢ 28, (A.27)
and therefore a generalized vector VM can be written as
VM = (VU, VIJ) ; (A.28)

where 1, J = 1,...,8 labels the fundamental of SL(8) and V!’ = VIl and V;; = Vy
transform in the 28 and 28 of SL(8). We can further decompose SL(8) — SL(7) x R so
that

. - 1 ..
VIJ — <VZ, Vi — emklmnpvklmnp) 7

] (A.29)
‘/}J = (‘/7,7 V;]) 5
and the coordinate derivatives become
g o1 i
Ot = (ai, &, —= 0y, a> . (A.30)
Similarly, the adjoint representation of E7(7) decomposes under SL(8) as
133 — 63 ® 70. (A.31)
In the SL(8) basis, the only non-zero components of the generators (¢,),, " are
1 1 MN
(t1J> MY — —75{;(5%}\[ — —=0{0K] = — (ﬂ) KL 5
KL
V3 8V3 (A.32)
(tIJKL)MNPQ = LEIJKLMNPQ (t[JKL)MNPQ = L(SMNPQ
24\/§ PR

- \/5 1JKL
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The only non-zero components of the symplectic invariant {2,,n are given by
O g =61, = —Quer™ (A.33)

As a result, we find for the section condition the result (8.70). For the generalized Lie
derivative (A.21)) corresponding to a spacetime diffeomorphism VM = V® = (£ 0, 0, 0),
we find for the generalized vielbein

LBy = E0;Ey — By 0,6 — 3By, 0V%¢! — §EMZak€k — By 0;e,
1 1
LeEyp; = fkak,’EMij — QEMH]&-]&’“ — §EM U@]k&’“ _ ieijklmanMkzamnfp

1
— B0, (A.34)

2
g y .. 3 g 1 g
LeBy = & 0By — 2BV 046" — S B 0V + S By 0k€",

££EJ\7[1‘ = 578JEA—M + EMjaifj + gEMiﬁjéﬂ .

A.2 U-Dualities

We gave the derivation of the formulae for the U-dualities in section [7.2.3] Here, we state
those formulae. Note that all transformations can be read in both direction — depending
on what kind of fields are present.

A.2.1 U-duality along three directions

In this thesis we use parallelisable backgrounds such as the AF and NF spaces in sections
R.3 - B3 with metric
T\ 2 5\ 2 o\ 2
ds* = (61) + (62> +...+ <e7> , (A.35)

where ¢! = ¢';dz’ are globally well-defined 1-forms.
In those spaces, we always have a triangular vielbein

€€j = 523' —+ sz s €iﬁ = 515 — Nli . (A36)

J

As a result, we can describe U-dualities in the three directions i, 7 and k by the totally
anti-symmetric combination w** = w;;;, = £1. As a result we get the background

) Oisk — 3N[il,9]jk:}l 7
N/zj _ sz + %N[zmwkl]mwjkl _ %Nm[jwkl]mwlkl )
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The new coordinates are given by

. 1 ..
1o ijk
T = 5(,0 Tk,
~! k 1 kim =,
L5 = WijhT" + 530" Tijkim 5
> (A.38)
7! — 5 1 npq ~
Tijkim = WlijkTim) + 5&] €ijklmnpLq ,
7= Lw.kgjklmnqu:l
S 1 mn M
topI27Y pa

If the non-geometric and the geometric 3-form in (|A.37)) vanish, we will not get any change
of twisted torus by the U-duality, up to the transformations of the coordinates .

We can act with another U-duality on a space which yields a non-geometric three-form
(with flat metric). As a result we find

- ()/ijklmn _ 209[2]14 wlmn]
QIF —s ’ A.39
{ z{j]g = (%wlanlmn) Wigk - ( )

In the case, that both of these vanish, the space is either left unchanged, up to the coor-
dinate transformation ({A.38)), becomes the original twisted torus by the formulae (A.37)).

Additionally, we have to exchange the momenta and wrapping modes according to the
rules

1

/ ik
P = swijrw’”
2

rj ik 1 ijkim

w = w P+ 3 WhimW )
. (A.40)
w/z]klm _ w[mkwlm} + 5wnpqEZ]klmnprwq :

no__ 1 ijk Imnpq

w = 5‘2(.0 6ijklmnpq/w 3

which mirror the behavior of the positions in ({A.38)).

A.2.2 U-duality along six directions

Similar rules apply for U-dualities in six dimensions. Starting from a twisted torus with
the triangular vielbein

eij _ 553‘ + Nij’ el — §i. — Nt (A.41)

J J 77

and dualizing the background along w®*mn — Wijkimn = 1, we find the background

lijklmn  __ i jklmn]p
Qi — NI 5w I
/

i — _ GNP, _
Nj ijklmn @N [i{Wiklmn)p 5 B (A42)
14 ) 6 i kl q 6 q ikl
N"; =N'+ aN[’qu mnp}qwjklmnp — aNq[jwklmnp](jwz mnp



144 A. Mathematical details of Exceptional Field Theory

with new coordinates

) 1 ..
1% ijklmn ~,
o= g W T ki
7= lwklmnpqe..kl 7
Y 7 mn
5l JRmnpTe (A.43)
~/ o n
xijklm = WijklmnT ,
1 )
~ jklmnpq
X; = 51 Wijklmn€ Tpq -
The momenta and wrapping modes mirror the behavior of the positions
1 .
/ klmn
b; = a wijklmnwj )
wlij _ i W Gijklmnpwq
- mn
5! P ’ (A.44)
rigklm ijklmn
w™ = w" Pn s
"no__ 1 ijklmn pq
w = a w ijlmnpq’w .

If the non-geometric and the geometric six-form in (A.42)) vanish, we will not get any
change of twisted torus by the U-duality, up to the transformations of the coordinates
Em).

We can act with another U-duality on a space which yields a already a non-geometric
three-form (with flat metric). As a result we find

1
ik = 30 Wijktmn 2™ (A.45)
In the case, that the geometric three-form vanishes, the space is left unchanged, up to the

coordinate transformation ({A.38|).
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Open-string computations

In this part of the appendix, we compute the results of the world-sheet computation used
in chapter [0 We are going to summarize some technical details of the computation for the
Seiberg-Witten mapping (0.9)), as well perform the computations of two-point functions
and commutators for Neumann-Neumann (NN) and Dirichlet-Dirichlet (DD) open strings.

B.1 Two-Point Function 1

In the beginning, we review the computations of and Witten [120] for the two-point function
of two NN open-string coordinates on the boundary. Note that the open-string coordinates
Xin(z, ) are functions on the upper half-plane. We are going to parameterize them by
z € C with Imz > 0, then the boundary of the open-string world-sheet is given by Imz = 0.
As a starting point they use the open-string two-point function [112], 113 [114]

(Xon (2 Xox (2, 7)) = a'[g“‘ log |z — /| — g log |2 — 7/

z—12

+GYlog|z — 2>+ 07 log = /+Di’1
z—z

(B.1)

1 ... 1+ y

g 17 2
= a[2g 10g1+x2—|—G log(1+x>
- - 1 )
+G”10g(7‘—7’)2+9”10g1+m

+DY
— iz ’
where the matrices ¢, G¥, 0% and D% are introduced already in the mapping . We
define our complex coordinates as z = 7 +i0 and 2’ = 7' 4+ i¢’ on the world-sheet and
introduce as useful combinations
o+o o—o0 (B.2)

I':i/’ y:
T—T

T—1
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To compute the short-distance behavior of the two-point function (B.1]), we have to evaluate
the equations at the boundaries o = ¢’ = 0:
oc=0 —0 |z| = fixed > 1,

such that

B.3
T—17 =0 y =0. B3

Using a convenient choice of D%, the constant z-dependent terms in (B.1]) proportional to
¢” and G¥ are canceled, whereas for large x, the #¥-term become a step function depending
on the sign of z. Using

+1 7>7
-1 <7 (B4)

e(r—7) = {

we get for the two-point function (B.1]) evaluated on the boundary 9% of the world-sheet
the result

<Xf\IN(z, 2) XL (2, 2’)>82 = —/Glog (1 — 1) +ia'mhYe(r — 7). (B.5)

As next step, we can now compute the equal-time commutator for a free theory. Using the
two-point function on the boundary (B.5)), the commutator of two open-string coordinates

on the boundary is [120]
[ (1), X%IN<T>} =T (XT;IN(T)X&N(T_) - X%\IN(T)X%IN(TJF))
= 27a/if"

(B.6)

where T'(...) denotes time ordering.

B.2 Two-Point Function 11

Using this method, we can compute the two-point function of open-string coordinates with
NN and DD boundary conditions. Let us start with the mode expansion for the open-string
coordinates:

! 1
NN Xuw(z2) = g—iaplog|a? 4+ /S 3 —an(zT 57,

"0 : (B.7)
_ q1 — 4o z e’ _ __
DD X - log = — N Za,(zr =z,
pp(2,2) = qo + ——log— /5 n%éona (2 z")

where ¢ and p are the center-of-mass position and momentum for the NN string, and g
and ¢; denote the position of the string-endpoints of the DD string. With the algebra
[, ] = MOy iy, we get for the two-point function

/ S 5
(Xan(z, 2)Xop (2, 2)) = —% (log “TF Llog s f) . (B.8)

z—2z z—2z
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Following the computations in section [B.I] we are going to evaluate the two-point function
on the boundary by using Imz = 0:

«

_ _ ! 141y 1 —x
ro=t =
<XNN(Z, Z)XDD(Z , 2 )>82 = 5 (log 11— Zy + log 1 ZZL’) . (Bg)

The result for the two-point function (B.8)) on the boundary under the limit (B.3)) is

<X1\1N(7’)>(]3]3(7")>62 = 2 e(r—1). (B.10)

Then, for the free theory the equal-time commutator is
X (7), Xpp(7)] = T (Xxn (7)Xpn(77) = Xnn (1) Xpp (7)) = mai. (B.11)

As a result, we find a non-vanishing commutator for the coordinates Xyy and Xpp.

B.3 Commutator for the String Coordinates

Using the mode expansions for the NN open string (B.7) and for the dual closed string

Reosed(2:2) = ao + 22 log 2 4 it/ LY L(anz — anz ™) (B.12)
closed\ %, 2) = S 10g — T+ U\ — — (2 T — a2 , .
losed o 271 gz 2 wzo T

we can now compute the commutator between these two. Evaluating the algebra o, ay,] =
MOpin, we find for the commutator

[XNN(T, 0), Xetosea (T, a’)} =—> - (z_” + 2_”) (2" =2z . (B.13)

A careful analysis of the correct limes, leads to result

- +imra!  if T >0,
{XNN(Ta 0)7 Xclosed(Tla O)} - { (B14)

—ima if 7 <0.
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