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Zusammenfassung

Diese Arbeit befasst sich mit den Erscheinungsformen der sogenannten Nicht-Geometrie in
der Stringtheorie. Sie verwendet verschiedene Rahmenwerke um zu erkunden wie Nicht-
Geometrie im Zielraum in Erscheinung tritt, wie Nicht-Geometrie und nicht-geometrische
Fliisse zusammenhéngen, wie Nicht-Geometrie in effektiven Feldtheorien erfafit werden kann
und wie eine mogliche Erweiterung der gewoOhnlichen Stringtheorie Weltflachen-Wirkung
nicht-geometrischen Konfigurationen Rechnung tragen kann.

Der erste Teil bietet ein Beispiel dafiir, dafl Nicht-Geometrie nicht-kommutierende Koor-
dinatenfelder fiir geschlossene Strings implizieren kann. Drei T-duale Hintergriinde werden
untersucht, der Drei-Torus mit konstantem H-Flufl, der verdrehte Torus und der Torus mit
nicht-geometrischem Flufl ). Unter der Annahme verdiinnter Fliisse werden sowohl eine
klassische Moden-Entwicklung als auch die kanonische Quantisierung je zur linearen Ord-
nung im Fluflparameter fiir den zweiten Fall durchgefithrt. T-Dualitat wird dann verwen-
det, um die Kommutatoren der einzelnen Moden mit dem Koordinatenfeld-Kommutator im
nicht-geometrischen dritten Hintergrund in Beziehung zu setzen. Nicht-Kommutativitat tritt
tatsachlich auf und kann mit dem nicht-geometrischen Flufl @) und der Windungszahl des
Strings in Verbindung gebracht werden. Sie erscheint als intrinsisch stringtheoretische Eigen-
schaft.

Der zweite Teil untersucht Nicht-Geometrie im Kontext zweier zehndimensionaler effek-
tiver Feldtheorien: Doppelfeldtheorie und Supergravitation. Eine Feld-Redefinition in der
Form einer T-Dualitats-Transformation wird implementiert. Sie offeriert einen Satz alter-
nativer Feldvariablen, der es erlaubt, héherdimensionale nicht-geometrische Fliisse ¢ und
R zu definieren. Die Perspektive der Doppelfeldtheorie bietet eine geometrische Interpreta-
tion dieser Fliisse, indem sie einen neuen Typ kovarianter Windungs-Ableitungen in Betracht
zieht. Die Perspektive der Supergravitation erlaubt es dagegen, das Zusammenspiel von nicht-
geometrischen Konfigurationen und nicht-geometrischen Fliissen zu untersuchen. Fiir das
Beispiel des Drei-Torus kann eine wohldefinierte Wirkung formuliert werden, eine einfache
dimensionale Reduktion stellt die Verbindung zum bekannten vierdimensionalen Potential
her. Dies bestétigt die korrekte Hebung von () und R zu héheren Dimensionen. Wie erwartet
sind die beiden Perspektiven durch Losungen der starken Bedingung in Doppelfeldtheorie
zueinander dquivalent.

Im dritten Teil wird ein Weltflichen-Modell mit verdoppelten Koordinatenfeldern vorge-
schlagen. Es ist manifest T-dualitats-kovariant und erhélt Lorentz-Invarianz. Die Halfte der
Weltflachen-Freiheitsgrade ist redundant durch die Fixierung einer zugrundeliegenden Eich-
symmetrie der Koordinatenfelder. Die Weltflaichen-Wirkung kann durch eine Verschiebung
der entsprechenden Lagrange-Multiplikatoren in verschiedene Formen gebracht werden, ins-
besondere die der Standard-Weltflichen-Wirkung. Nicht-geometrische Fliisse sind durch einen
verdoppelten anti-symmetrischen Tensor implementiert, die zugehorigen Transformationen
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der Flisse unter T-Dualitdt werden dadurch reproduziert. Die Renormierung der Theo-
rie wird untersucht, indem eine nicht-lineare Hintergrund- / Quanten-Aufteilung und eine
angepafite Normalkoordinaten-Entwicklung durchgefiihrt wird. Der Propagator der verdop-
pelten Koordinatenfelder enthélt dann einen Projektor, welcher die Hélfte der propagieren-
den Freiheitsgrade unterdriickt. Die Bewegungsgleichungen im verdoppelten Zielraum werden
ermitteln, indem Weyl-Invarianz auf Ein-Schleifen-Niveau gefordert wird. Eine dieser Glei-
chungen dhnelt der starken Bedingung in Doppelfeldtheorie, die anderen scheinen neuartig zu
sein.



Abstract

This thesis investigates various manifestations of non-geometry in string theory. It utilises dif-
ferent frameworks to study how non-geometry appears in the target space, how non-geometry
and non-geometric fluxes are interconnected, how non-geometry can be captured in effec-
tive field theories and how a possible extension of the standard string worldsheet model can
accommodate non-geometric setups.

The first part provides an example that non-geometry can imply non-commutativity of
the closed string coordinate fields. Three T-dual frames are investigated, the three-torus
with constant H-flux, the twisted torus and the torus with non-geometric flux ). Under the
assumption of dilute flux, a mode expansion and the canonical quantisation are carried out
in the second case up to linear order in the flux parameter. T-duality is then used to relate
the commutators of the string expansion modes to the coordinate field commutator in the
non-geometric third frame. Non-commutativity is found and related to the non-geometric
flux @ and the string winding, it therefore appears as an intrinsically string theoretic feature.

The second part investigates non-geometry in the context of ten-dimensional effective field
theories, i.e. double field theory and supergravity. A field redefinition is implemented that
takes the form of a T-duality transformation, it reveals an alternative set of field variables
allowing to define non-geometric fluxes @) and R in higher dimensions. The perspective of dou-
ble field theory provides a geometric interpretation of those by taking into account a new type
of covariant winding derivative. The perspective of the ten-dimensional supergravity allows to
investigate the interplay between non-geometric field configurations and non-geometric fluxes.
For the three-torus example, a well-defined action can be found, and a simple dimensional
reduction makes contact to the known four-dimensional potential. It thus proves the correct
uplift of Q and R to higher dimensions. As expected, the two perspectives are related to each
other by solutions of the strong constraint.

In the third part, a worldsheet model with doubled coordinate fields is suggested. It
is manifestly T-duality covariant and preserves worldsheet Lorentz invariance. Half of the
worldsheet degrees of freedom are made redundant by fixing an underlying gauge symmetry of
the coordinate fields. Shifting the respective Lagrange multiplier casts the action into various
guises, including the standard worldsheet model. Non-geometric fluxes are incorporated by
a doubled anti-symmetric tensor, and the appropriate transformations of fluxes under T-
duality operations are reproduced. The renormalisation of the theory is investigated by using
a non-linear background / quantum split and an adapted normal coordinate expansion. The
propagator of the doubled coordinate fields contains a projection that removes half of the
propagating degrees of freedom. The doubled target space equations of motion are determined
by requiring one-loop Weyl invariance. One of them resembles the strong constraint of double
field theory, while others seem to be novel.
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Chapter 1

Introduction

Looking through a microscope reveals small things that are not visible to the naked eye.
How small can these things be? It depends on the wavelength of the used light. Smaller
things need smaller wavelengths and thus higher energies. The microscopes of particle physics
are accelerator experiments, and instead of light, particles like protons are used to probe
phenomenological data. They can carry huge amounts of energy and thus allow for a huge
magnification.

Some surprises were revealed. Matter does not consist of impartible atoms, but rather
of much smaller entities that come in groups and arrange into atoms as composite objects.
Fundamental forces were shown to be mediated by other small entities, in contrast to the
long-standing description by force fields. The view on how matter is composed and by
which mechanism its dynamics are determined has changed dramatically by simply using
finer probes.

Surprisingly, a similar story can be told for the framework that was believed to be fun-
damental: geometry. For decades in the history of natural sciences, geometry had been
considered as a stage for all the plays that were performed by the various physical theories.
But the stage turned out to be part of the play, and a new structure to be viewed in the
microscope appeared - spacetime itself. By refining the probes, which means to use more
massive objects in this case, geometry was revealed to be a dynamic part of nature. General
relativity showed how matter deforms the spacetime it lives in, and a very subtle interrelation
between probe and object of study began to loom.

Can the story end like in the case of atoms? Could it be that another refinement of the
probes reveals completely new structures that underlie our common notion of geometry?

String theory offers a new type of microscope as it changes the set of probes. Not zero-
dimensional point particles but one-dimensional strings now make the fundamental entities.
And indeed, it seems that this change gives rise to a completely different view on what
geometry is.

Not only does string theory claim to supplement our four-dimensional world with tiny
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compact extra dimensions, but also can these dimensions be constructed in a way that they,
intuitively, look non-geometric. Schematically, such a situation could be as in fig. 1.1. A
torus was constructed by taking the fibration of a circle over a circle, but there is a mismatch
when closing the figure. On one end the fibre circle has radius R, on the other end it has
radius 1/R. These ends, in the framework of ordinary Riemannian geometry, cannot be glued
together.

I/R R

Figure 1.1: A non-geometric torus

Surprisingly, in string theory they can! It turns out that for a string winding around the
fibre circle, it does not matter whether the radius is R or 1/R. A special symmetry of string
theory allows to identify the different lengths. The strange torus is an allowed configuration
in string theory, and it is one of the simplest examples of non-geometry.

This thesis investigates the features of non-geometry and how they can be captured in the
framework of string theory.

1.1 String theory

1.1.1 Worldsheet model
What is string theory?

String theory! is a quantum theory of one-dimensional objects. It thereby offers a radical gen-
eralisation of ordinary quantum field theory, whose fundamental entities are zero-dimensional
point particles.

String theory brings a different perspective on elementary particle physics. Taking seri-
ously the idea that nature is best described by tiny one-dimensional objects reduces all known
particles and forces to the dynamics of those strings. Different particles with different masses
are then simply vibrational modes with different energies. And these excitations are not the
only modes that strings can have. When propagating in topologically non-trivial spaces, they
can wind and gain energy from the corresponding winding-modes. Strings probe geometry
differently than point particles.

String theory contains general relativity. Kintein’s equations are part of its consistency
conditions, so it also explains what geometry is. And being a quantum theory, it offers the
possibility to formulate a quantum version of the gravitational force. This is not possible in
the framework of quantum field theory with point particles.

!The most prominent introductory textbooks are [9], [10], [11], [12], [13], [14].
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The two perspectives on string theory

String theory offers two perspectives on what spacetime really is. On the one hand, strings
are supposed to be objects that propagate in spacetime, which itself then can be considered
as the fixed stage for string dynamics. On the other hand, spacetime is determined by the
dynamics of the contained strings, and is in a sense emergent from their properties. It is
useful to introduce the concept of a worldsheet, in order to get a clearer understanding of the
two different points of view.

A worldsheet is the two-dimensional surface that a moving string sweeps out in spacetime,
similar to the worldline of a relativistic point particle. Such a two-dimensional surface is
parametrised by two worldsheet coordinates 7 and ¢, which are embedded into spacetime by
coordinate fields X*(7,0). One can now differentiate between the worldsheet perspective on
string theory, and the target space perspective.

The worldsheet perspective views string theory as a theory of two-dimensional surfaces,
given by a two-dimensional quantum field theory. In particular, the worldsheet will be
equipped with a metric and can have very distinct topologies, according to the two different
types of strings. For open strings with free endpoints it would be a sheet with boundaries,
whereas for closed strings it could, for example, be a cylinder. Taking into account interac-
tions would allow even more complicated structures: the creation and annihilation of a closed
string will result in a toroidal worldsheet, the splitting of one closed string into two will result
in a Y-shaped tube, similar to pants.

The target space perspective on string theory determines the dynamics of the coordinate
fields X* with the aim of interpreting them as actual coordinates of the spacetime manifold
itself. Properties of the moving strings then allow conclusions on, for example, its topological
or geometric features. For example, the symmetric coupling matrix of the coordinate fields
will be interpreted as the metric of the target space. This is how one could say that spacetime
is emergent from the description of the string dynamics.

The target space perspective then allows to assume the existence of effective field theories,
that capture particular features of the full string theory in the form of quantum field theories
on the respective spacetime manifold. Different vibrational excitations of the string can then
be seen as different particles with different masses, and the effective theory is about their
dynamics and interactions. This allows to connect string theory to the standard model of
particle physics.

An action principle for string theory

When it comes to the mathematical formulation of string theory, the worldsheet perspective
is remarkably helpful. The dynamics of a string can be captured by a very simple idea: like
the surface of a soap bubble tends to minimise its energy and therefore its area, the string
worldsheet is conjectured to do the same. The only necessary ingredient is that the string
has tension, like the bubble has surface tension.

Such an idea can easily be embedded in the framework of variational calculus by formu-
lating an action. This goes in perfect analogy to the action principle of a relativistic point
particle, that claims the minimisation of the worldline length. The corresponding string the-
ory formulation goes by the name Nambu-Goto action and is obtained from the following
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generalisation scheme,

S() = —deS —> Sl = —de/Jq y (1.1)

where T is the string tension, and du; the (141) dimensional volume element.

Quantisation and conformal invariance

Although its underlying idea is simple, the Nambu-Goto action is difficult to quantise due
to a square root it contains. Luckily, there is an equivalent formulation called the Polyakov
action. It has the form of a general non-linear sigma model with fields X*(7,0), and as such
can be dealt with much easier. Furthermore, the Polyakov formulation makes manifest many
important mathematical features of string theory.

The two-fold perspective on string theory is mirrored in the sigma model itself:

S ~ jd% VNl G (X) 0P, X 05 X" (1.2)

On the one hand, it is a field theory in two dimensions 7 and o that describes the worldsheet
with metric 7*?(7, ). On the other hand, it describes a D-dimensional spacetime with metric
G (X) and coordinates X*.

One of the most important features of the Polyakov action is that it reveals the Weyl
invariance of the worldsheet. A Weyl transformation rescales the worldsheet metric n with
a conformal factor, and the far reaching implication of this symmetry is that string theory
can be viewed as conformal field theory. This allows to apply the whole set of tools for the
investigation of conformal field theories on string theory. The worldsheet perspective then
would summarise this as: string theory is the study of worldsheet dynamics with the tools of
conformal field theories.

When it comes to quantising, it is in general not guaranteed that classical symmetries
remain unbroken. For consistent quantum theories such gauge anomalies must not occur.
The claim of Weyl invariance being anomaly free imposes very strong constraints on the
quantisation of string theory, and is often employed to find the correct renormalisation scheme.

Geometry and string theory

By adopting the target space perspective, one tries to investigate properties of the spacetime
manifold with the help of particular features in string theory. One simple example is the
interpretation of the coupling matrix G, as target space metric. In order to do so consistently,
one has to prove the tensorial nature of this object. And indeed, the Polyakov action allows
to show that a field redefinition of the coordinate fields X* induces a certain transformation
of Gu:

0X'PoX'?
OXH 0XV

Interpreting X* as coordinates on a manifold, the field redefinition is nothing else than a
diffeomorphism, and the transformation of G, is exactly as expected for a tensor under such
a diffeomorphism.

Xt - XHX) = Gu(X)-G,(X) (1.3)



1.1. STRING THEORY )

An perhaps even simpler example shows how symmetries of the Polyakov sigma model
can be interpreted as symmetries of the spacetime manifold. In the case of a constant field
G, the following symmetry of the two-dimensional field theory appears,

XH*(r,0) — A XY(1,0) +a (1.4)

and it is nothing else than Poincaré invariance for the target space.

A more far reaching consequence of the target space perspective is that string theory,
under certain condition, predicts the number D of spacetime dimensions. Although physics
appears to happen in a four-dimensional framework, for example the fermionic extension of
string theory dictates a ten-dimensional framework when Lorentz invariance is claimed to be
preserved. In the purely bosonic case the statement is similarly astonishing, as there it has to
be D = 26. A huge part of string theory research is concerned with solving this discrepancy.

Other more sophisticated examples of the interplay between string theoretic features and
geometry show up when considering properties of the spacetime manifold like its structure
group or holonomy. Actually, the additional dimensions have to form very special types of
manifolds like Calabi-Yau spaces, which challenges the naive assumption that physics takes
place in a rather trivial space. String theory offers the instrumentarium to detect the subtle
geometric structure which the world actually possesses.

Eventually, this research work is dedicated to the study of string theoretic features that
prevent an interpretation of spacetime as a manifold at all. This, accordingly, has been
collected under the name of “non-geometry”.

1.1.2 Dualities
Many string theories

Both the Nambu-Goto action and the Polyakov formulation do not take into account fermionic
degrees of freedom. The existence of fermions thus requires an extension of the so far bosonic
string theory, which offers a whole variety of possibilities. It had cost a huge effort (a ‘super-
string revolution’) to explore the constraints on such constructions.

Apart from the already mentioned condition that the conformal invariance has to be
anomaly free, consistent formulations of string theory are restricted by many other require-
ments. In particular, the stability of the vacuum demands the introduction of fermions to-
gether with supersymmetry, which relates bosons and fermions to each other. Supersymmetry
itself does only allow for very particular realisations. Altogether, it turns out that there are
only three different consistent and stable formulations of string theory: type I, type II and
heterotic, where the last two split into IIA and IIB, or SO(32) and Es x Eg, respectively.

Dualities

At first sight, it seemed confusing to have many different string theories, as it was expected
to have only one. But step by step it was shown that there are relations between the five
string theories. These so-called dualities tied a net of equivalent formulations, as for example
T-duality related type IIA and type IIB string theory, or S-duality showed equivalence of
type I and SO(32) heterotic string theory. In the end, it was conjectured that there is an
underlying theory, M-theory, that unifies the five string theories. It is supposed to contain
them as limiting cases.
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In general, the notion of a duality employs a very simple idea: The path integral allows
to deduce empirically relevant quantities and could therefore be taken as the entity that rep-
resents all predictions of a theory. There might be different formulations of the same path
integral, and they can come, in particular, with different actions. In this sense, different ac-
tions are representing the same theory. For string theory, the change of its action is eminently
important when taking the target space perspective. Different formulations may correspond
to completely different notions of spacetime.

T-duality and geometry

To illustrate the idea of a duality in string theory, it is useful to introduce T-duality in a little
more detail?. It will play an important role in this thesis.

In the path integral formalism, T-duality relates different actions that describe different
geometries. Roughly speaking, small becomes large and vice versa. In more detail, one can
find that two T-dual actions contain target space metrics G, and G;W which are related by
very specific rules. In particular, certain elements of the metrics become inverse to each other.
This will generally not only change radii, but rather the whole manifold.

The differences between two T-dual models will become even more dramatic when one
considers a possible extension of the Polyakov action. It can be complemented by another term
that introduces an antisymmetric coupling matrix By, (X). This matrix can be interpreted
as an antisymmetric tensor field on the target space manifold. It is the higher dimensional
analogue to the coupling of a point particle to a magnetic field via the vector potential A,,.
The full bosonic string action then reads

S ~ Jd% (GW(X) n*® + B, (X) eaﬁ) OaX 05X . (1.5)

It can then be shown that a solution with both metric and B-field in general is dual to
another background where components of the former B-field are mixed into the new G;W.
This will complicate the geometry of the target space manifold when interpreting the latter
as its metric.

T-duality can only be found for specific solutions of the equations of motion. Such solutions
determine the target space metric G, and it has been shown that T-duality does only work
for field configurations that have isometries, i.e. that are invariant under a shift of the
coordinate fields in a particular direction. In the case that a solution has more than one
isometry, all possible T-dualities can be mixed with each other, which mathematically means
that they form a group®.

Different views on T-duality are feasible*. Apart from the path integral argument that was
presented here, it is, for instance, possible to understand T-duality a canonical transformation
of the field variables. A very enlightening perspective on T-duality arises when calculating the
allowed vibrational energies of a bosonic closed string. For the simple example of a circular
coordinate (which accordingly must be one of the extra dimensions) with radius R, the string
can have winding N and its momentum is quantised, p = n/R, n € Z. A sketchy version® of

2Technical details are worked out in appendix A.

3In the case of d isometries, this group is O(d,d), cf. the discussion in appendix A.
“For an overview, cf. [15].

5In particular, no units of o’ are displayed.
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the resulting mass formula then reads

2
2_ 1 2 p2
It comes from the energy dispersion relation that relates the square of the total energy to
the square of the momentum. For a string, winding adds additional energy that is roughly
proportional to the string length, which makes the second term on the right-hand side. It is
immediately clear that

1
— N R - — 1.7
noe N X (1.7)

leaves the above energy spectrum invariant. The radial inversion matches the expected effect
of a T-duality transformation in that direction, and it can indeed be shown that the presented
exchange rule is nothing else than a T-duality transformation. A refined investigation reveals
T-duality as a symmetry of the full conformal field theory underlying string theory.

1.1.3 Phenomenology
String theory as a theory of everything

String theory challenges many established notions in elementary particle physics, first of all
the notion of point particles itself. That physicists have spent a lot of effort on its development
does not come without substantial reasons. String theory is considered as the one unifying
theory in theoretical physics. It promises the successful marriage of quantum field theory
and general relativity. By doing so, it will answer the many questions that arise when large
distances and quantum effects meet, as for example: What is the quantum nature of black
holes? or: What happened in the beginning of the universe? In addition, string theory
promises to find answers to open problems in the standard model of particle physics: Why
are there so many free parameters tuned very accurately to their actual values?, How can
the hierarchy problem be solved? How can supersymmetry introduce the gauge coupling
unification? or even: What is the origin of the particle species? Also cosmological problems
can be addressed in string theory, like: How can inflation be explained? or: What is dark
matter? Not few researches have pursued their work on string theory with the assumption
that it will eventually make a ‘theory of everything’.

Energy scales

Despite the motivating promise of solving problems in the regime of ordinary particle physics,
it is not that simple to make contact with this scale from the perspective of strings. A simple
estimate arises as follows: string theory is considered to be a quantum description of gravity
and therefore has to include the three fundamental constants &, ¢ and GG. They can uniquely
be combined into a length scale and a mass scale:

G 3/2 # 1/2
Ip = <63> =16x10%m, mp= (GC) =1.2x 10" GeV/c? . (1.8)

These are called Planck length and Planck mass, and consequently make the characteristic
scales for string theory. In conclusion, strings are so tiny that they will look like particles for
current accelerator experiments and thus can never be detected directly.
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There are two scales: the string scale around the Planck mass and the energy scale set by
the range of particle accelerators like the LHC experiment. They are separated by 16 orders
of magnitude, but a connection between them can be made by a so-called effective theory
that reproduces the ‘low-energy’ behaviour of strings. One very important area of research
in string theory is the investigation of such low-energy effective actions.

Low-energy effective theories

Finding the appropriate low-energy effective theory of string theory is not straightforward.
But there are certain indications of what theory to look for. The target space perspective
dictates, for a string theory with bosons and fermions, a ten-dimensional spacetime. In
addition, for consistency there has to be supersymmetry. Together with the fact that it is a
local quantum field theory which is looked for, the evidence becomes almost compulsory that
the low-energy effective theory of string theory is a ten-dimensional supergravity.

And indeed, the connection can be made more precise by investigating the conformal
symmetry of string theory. In a perturbative approach to a path integral quantisation, this
symmetry becomes anomalous. When performing a renormalisation of the theory, it is nec-
essary to fulfill certain conditions, and these can be rephrased as making the anomaly of
the Weyl invariance vanish. By doing so at leading order in the perturbative expansion, one
obtains equations that include the target space fields G and B. These can be interpreted as
equations of motion for an effective theory of the massless string excitations. The correspond-
ing action can be constructed and it turns out to be the bosonic part of a ten-dimensional
supergravity theory. KEventually, all five string theories can at low energies be effectively
described by supergravity theories in ten dimensions.

The famous claim that string theory constitutes a quantum theory of gravity is based on
one of the equations of motion obtained in this way. In a special case, it is equivalent to the
Einstein equation, which means that clasically and at low energies, string theory contains
general relativity.

Another approach is possible, and it leads to the same result: By employing conformal
field theoretic methods, one can compute scattering amplitudes of string modes. It is then
possible to guess an effective action that reproduces exactly these amplitudes, and that turns
out to be the ten-dimensional supergravity again.

In these constructions, the low-energy effective theory only takes into account very light
modes of the string. This usually excludes modes that come from a winding around topo-
logically non-trivial directions. It is then particularly difficult to implement T-duality, which
exchanges the potentially light momentum modes with the heavy winding modes. Recently,
a completely different approach to the low-energy effective dynamics of string theory has
been suggested: Double field theory [16, 17, 18]. It takes into account both momentum and
winding modes at the costs of doubling the number of target space dimensions to D = 20.
The construction then rests on the additional assumption of a reduction condition, called the
“strong constraint”, that brings the target space back to D = 10. Imposing a solution of the
strong constraint has been shown to make double field theory equivalent to the conventional
supergravity effective theory.

5When considering compactifications, the string scale does not necessary have the same order as the Planck
scale but rather depends on the size of the compact dimensions.
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Compactification

Going to an effective theory has not solved the problem of dimensionality. Still, the predicted
number of dimensions from string theory is ten, which heavily disagrees with the observable
four spacetime dimensions. The solution of this problem goes by the name of compactification,
and follows the idea that the six extra dimension are made undetectable. This is achieved by
making them extremely small, such that the energy necessary to probe them is by far higher
than current accelerator experiments can achieve. As an immediate consequence from being
small, the extra dimensions have to be compact, hence the term compactification.

Formally, a compactification can be performed by integrating out the extra dimension
in the effective ten-dimensional action. This is possible when a specific ansatz is made for
the structure of the spacetime manifold. The simplest setup is a product of two manifolds
M = M, x Mg, where an external spacetime manifold M, with Minkowskian signature and an
internal manifold Mg together make the full ten-dimensional spacetime that is needed. The
result is a four-dimensional effective field theory in My. It will turn out that the geometry of
the internal manifold deforms the properties of this four-dimensional theory. More sophisti-
cated ansatzes use the so-called warping, where the size of the external spacetime manifold
depends on the position in the internal manifold.

In terms of scales, the integration of the internal directions inserts a volume factor in front
of the respective action. The four-dimensional Planck scale is then given as the product of
this volume and the ten-dimensional string scale. Depending on the actual size of the extra
dimensions, one can find different hierarchies of scales, where both a high but also a rather
low string scale are possible.

In order to find solutions to the compactified theory, it is necessary to apply a product
ansatz to the fields as well. In practice, this procedure is complicated and can be simplified by
using a technical coincidence: on the side of the effective four-dimensional theory, a certain
amount of supersymmetry is wanted for various reasons. It has to be broken dynamically
later on. The ten-dimensional conditions that assert this supersymmetry in four-dimensions
imply, under particular circumstances, the equations of motion. Solving the supersymmetry
conditions with the corresponding product ansatz is technically easier and in such cases solves
the equations of motion automatically’. Furthermore, following this approach allows to find
strong conditions on the internal geometry such that the manifold Mg can be characterised
explicitly. In the simplest case it is, for instance, restricted to be a Calabi-Yau space.

For some cases, the detour to an effective ten-dimensional theory is not necessary, and one
can determine the low-energy effective action in four-dimensions directly from string theory.
Orbifold compactifications make an example of this procedure. By applying conformal field
theoretic methods, the light modes are identified as well as certain scattering amplitudes of
those. It is then possible to conclude on the effective four-dimensional theory by claiming
that it has to reproduce these modes and amplitudes.

Flux compactifications

In the field of compactifications from the ten-dimensional effective theory, it has turned out
that Calabi-Yau manifolds are not satisfactory. They necessarily imply external spacetime
manifolds M, that are Minkowski and, in particular, do not have a cosmological constant.

"For details on the solution of supersymmetry conditions see [8], which will not be considered any further
in this work.
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Furthermore, the effective four-dimensional theory contains fields, the so-called moduli, that
stem from geometric data of the internal manifold and do not have determined vacuum
expectation values. They often determine the value of four-dimensional physical quantities
such as coupling constants and therefore should be fixed in order for the theory to be able to
make valuable predictions.

Luckily, at this stage not all possibilities of string theory have been employed. The massless
spectrum of type II theories, for example, not only contains the already mentioned tensor fields
G and By, (which, together with the scalar dilaton field ® make the so-called NSNS sector).
It furthermore involves a set of p-forms: a one-form and a three-form in type IIA, a two-form
and a four-form in type II1B. These make the so-called RR sector. In addition, there are fields
in the fermionic sector, as for example the supersymmetry partner to the dilaton.

It is possible to compactify a ten-dimensional theory with some of the p-form fluxes from
the RR sector having a nonzero vacuum expectation value. They then have to wrap cycles in
the internal manifold Mg only, in order not to preserve maximal symmetry in My. This will
change the energy density of My in a very particular way, such that deforming it, roughly
speaking, would result in working against a pressure. In this way, moduli that come from
such geometric deformations can obtain a vacuum expectation value. They get stabilised and
no longer disturb the predictive power of the resulting four-dimensional theory.

In terms of solving the supersymmetry conditions, compactification with fluxes can easily
be formulated. The new flux terms simply appear in a specific way in the equations that claim
a certain degree of remaining supersymmetry, and this results in a more complex condition
on the internal geometry of the internal manifold that then is connected to the values of the
fluxes. In a simple case, nonzero RR fluxes induce torsion of the internal manifold, which will
in turn affect the properties of the four-dimensional effective theory after integration.

1.2 Non-geometry and non-geometric fluxes

1.2.1 Non-geometry

It is not always possible to interpret the string coordinates as coordinates on a manifold.
String theory offers the possibility of having valid solutions that exceed Riemannian geometry.
Such setups are called non-geometric, and their existence once more show that the worldsheet
perspective does not always have a target space counterpart.

Structure group and non-geometry

Two important examples have appeared in the literature, and they illustrate how polymorphic
the features of non-geometry are. The asymmetric orbifold construction® presents a setup that
offers not even the slightest possibility for a geometric interpretation. It comes with string
coordinate fields that transform differently in the left- and right-moving part, and thus cannot
be a composed as coordinates of a manifold.

The other class of examples for non-geometry is given by configurations that involve
fields with non-geometric monodromies. Such monodromies arise when the compactification
manifold is a fibration, and one considers how fields behave when following a closed loop in
one of the fibre directions. In the simplest case [22, 23] the fibration is toroidal, but such
that, for example, the corresponding metric is not single-valued under a closed loop. This

8Starting with [19] and [20], in this context recently refined in [21].
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would be allowed as long as the different values could be connected by a transformation in
the structure group, as for example by a diffeomorphism. But it turns out that there are
string solutions where one has to include transformations that are not part of the geometric
structure group.

Pictorially, this can be understood from fig. 1.1: The internal manifold is shown as a
fibration of S' over a base circle S!. For a geometric configuration this would result in a
torus, but in the case of non-geometry the metric cannot be patched by diffeomorphisms as
it has to turn a radius R into a radius 1/R.

Interestingly, the additional transformations have to be O(D, D) transformations [24,
25|, or T-duality transformations in other words. Therefore, one characterisation of non-
geometric string setups is that they necessitate the inclusion of T-duality transformations in
the structure group of the target space manifold. Strictly speaking, the latter then ceases to
be a manifold, and there have been many proposals of constructions that overcome this issue.

One of such proposals is the T-fold construction [26, 27] that introduces doubled coordi-
nate fields in the worldsheet theory. It accommodates O(D, D) transformations in a straight-
forward way, similar to the target space construction of double field theory. Furthermore,
the T-fold has to be completed by a section condition, that halves the number of coordinate
fields. Non-geometry then appears in the form of preventing a global solution to the section
condition.

Features of non-geometry

Not only the metric of the potential target space might be affected by non-geometric mon-
odromies, but also the Kalb-Ramond field B. For a geometric setup it is allowed to be
patched around closed loops by diffeomorphisms, as any tensor, and gauge transformations
that make a particular symmetry in string theory. Nevertheless, there are string solutions
that involve the B-field in a more sophisticated way, as it can be equipped with non-geometric
monodromies as well. Actually, an enhancement of the structure group by T-duality trans-
formations implies that changing the coordinate patch may include a mixing of metric and
B-field.

Many cases of non-geometric setups are constructed by applying a T-duality transforma-
tion on a known geometric setup. It is then straightforward, how the inclusion of T-dualities
in the structure group helps to remedy the ill-definedness of the target space fields, as will be
discussed in chapter 3. But not all non-geometric setups are of this type, as for example the
asymmetric orbifold construction, and there is still no conclusive classification that contains
all possible types.

Such an inconclusiveness not only appears for the construction but also for the characteri-
sation of non-geometry, as non-trivial monodromies of the fields might not be the only feature
of non-geometric backgrounds. Other characteristics have been suggested: [28] considers the
appearance of non-commuting coordinate fields, which opens the possibility of applying an
uncertainty principle to spacetime itself?. In [30, 31], even the appearance of non-associativity
of the coordinates was argued for.

It is, in particular, important to carefully distinguish between local and global charac-
terisations of non-geometry. Non-trivial monodromies are only detectable when following
a closed loop around a compact direction, they are global characteristics of the spacetime

9Early speculations about quantum features of spacetime appeared in [29].
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structure under investigation. Point particles would not suffice as probes for such features,
but strings can have winding around compact dimensions and thus are sensitive to those.
Setups that appear geometric locally but have non-geometric properties globally are often
differentiated from setups that do not even have a local description, such as backgrounds
with non-associative coordinate fields.

One important conjecture in this context is that non-geometric setups constructed as T-
duals of geometric backgrounds can only be of the first type, i.e. they have locally geometric
descriptions but fail to be geometric globally. It was nevertheless suggested to formally apply
the T-duality rules in cases where there is no isometry, which is then conjectured to lead to

backgrounds that even lack a locally geometric description!?.

The three-torus with flux

The most prominent example of a non-geometric setup is the three-torus with H-flux and its
T-duals [23]. It is a toy model in the sense that it has to be supplemented by other ingredients
to make a full string theory setup, as it only gives three of the six internal dimensions.
Nevertheless, it illustrates many of the general ideas about non-geometry discussed so far.
A simple realisation of this toy model is to take a three-torus with unit radii and a Kalb-
Ramond field B that only depends on one direction, implying a constant H-flux. The fields

could be defined as
100 0 X3 0
G = (o 1 0), B = (—X3 0 0), (1.9)
00 1 0 0 0

and it is obvious that this background has two isometries, namely in the remaining two
coordinate directions along X' and X?2. That will allow to obtain two T-dual models.

The torus construction becomes visible when taking into account periodic identifications
of the coordinates, expressed as X ~ X® 4 1. As presented here, the fields are well-defined
under these monodromies: G remains invariant under X* — X?+1 and the B-field undergoes
a simple gauge transformation.

This will change dramatically when investigating the model after having performed the
two allowed T-duality transformations at once. The fields are then given by!!

o 1 10 0 , 1 0 —-X* 0
=~ __lo1 0 , B=——5 (X 0o of, 1.10
L+ (X0 (0 0 1+(X3)2) L (X9 (0 0 o) (10

and because of the denominator it is not possible to relate G(X?) and B(X?) to G(X3 + 1)
and B(X3 + 1) by diffeomorphisms or gauge transformations any more. These fields are ill-
defined in the above sense, as they have non-geometric monodromies. Still, they fall into the
first class of non-geometric constructions because they obviously have a local description.

1.2.2 Non-geometric fluxes

There is a completely different point of view on non-geometry that has its origins in the
four-dimensional effective theory. Based on the observation that non-geometric setups can
be created by applying T-duality transformations on geometric backgrounds, it shall here be
discussed how T-duality manifests itself in four-dimensional structures. The basic idea is that

19Gee for example [32], p. 4f. and [33], p. 14f.
HSee appendix A for the technical details.
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in the standard procedure of flux compactifications something is missing to allow for a proper
four-dimensional action of T-duality. The missing objects have been denoted “non-geometric
fluxes”, and they indicate that non-geometry can be revealed even in lower dimensions.

Effects of fluxes in four dimensions

Turning on fluxes will have an effect on the geometry of the internal manifold. This will
enter the compactification procedure such that the effective four-dimensional theory depends
on the choice of fluxes. In other words, when reducing supergravity as the ten-dimensional
effective field theory of string theory to four dimensions, the background fluxes decide on the
properties of the lower-dimensional theory, such as the spectrum of particles, their couplings
and the cosmological constant.

For example, a simple torus compactification of type II supergravity from ten to four
dimensions results in a supergravity with too much supersymmetry. It would not allow for
chiral matter, and as this is phenomenologically unsatisfactory, a more sophisticated con-
struction has to be found. Compactifications with fluxes [34, 35, 36] offer a broad variety of
constructions that feature more realistic properties.

The four-dimensional effective theory changes dramatically when turning on background
fluxes, as for example the H-flux that comes from the Kalb-Ramond field B, the Ramond
Ramond fluxes, or so-called geometric flux f that comes from torsion in the internal manifold.
The resulting theory is a gauged supergravity with non-Abelian gauge symmetries. It, most
importantly, obtains a potential from the fluxes such that some of the four-dimensional fields
acquire masses. This is known as moduli stabilisation, because it reduces the number of fields
with no vacuum expectation value. Furthermore, there can be a nonzero cosmological constant
and also a mechanism for spontaneous supersymmetry breaking - both phenomenologically
highly important features.

For these reasons, flux compactifications of string theory have become a very active area
of research over the last decade. Here, the point of interest is how a new type of flux has been
discovered in that context, the so-called non-geometric flux. Two main arguments have been
made in favour of an extension of the flux spectrum [33]: one that uses the superpotential,
and one that employs the gauge algebra of the gauged supergravity.

Non-geometric fluxes from the superpotential

There are many different gauged supergravities and one possibility to classify them is to
find a structure that appears in all of them. Such a structure is the superpotential, that
together with the so-called Kihler potential is enough to specify the particular theory 2.
Other important quantities, like the potential that determines masses and couplings of the
fields, can be calculated from the superpotential.

In principle, the superpotential for many gauged supergravities that come from a string
theory compactification can be determined by using the so-called Gukov-Vafa-Witten formula
[38]. It determines exactly how the various fluxes enter. The idea here is that this superpo-
tential might not be complete: By definition, T-duality transformations in the string theory
origin must not change the four-dimensional theory, but, in fact, the GVW superpotential

128¢rictly speaking, one also needs the so-called gauge kinetic function [35], but it will play no role in the
following. Another structure that allows to classify all gauged supergravity theories is the so-called embedding
tensor [37].
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does change. There are T-dual string models with different superpotential and, accordingly,
different effective four-dimensional theories. From this perspective, it was proposed [33, 32, 39
to add new terms, i.e. new types of fluxes, such that T-duality invariance in four-dimensions
is retained.

A very basic setup to study these new types of fluxes is the comparison between two
particular string theory solutions, namely between a torus compactification of type IIB string
theory and a twisted torus compactification of type ITA string theory. These two models are
T-dual to each other and therefore should deliver the same superpotential. Instead, the GVW
formula gives a superpotential of the form

W = Pi(1) + SP(1) (1.11)
for the first case of compactification, whereas in the second case it has the form
W=P1(7')+SP2(T)+UP3(7‘) . (112)

Obviously, the two superpotentials mismatch, in particular all P; terms are not present in
the first case. It was therefore suggested [33] to take a general superpotential for both cases,
that looks like the second one. Internally, it introduces new coefficients to make the matching
complete. These new coefficients cannot be related to the known types of fluxes, which are
exhausted by the original form of the superpotential. They have been associated to a new
type of fluxes, the so-called non-geometric fluxes. Eventually, such an extension has to be
understood in the sense that the GVW formula does not capture all necessary modes.

This construction is completely generic and based on arguments in the four-dimensional
theory only'?. It does not provide any explanation of the higher-dimensional origin of the
new fluxes, such that it is unclear which features of string theory are responsible for the
appearance of non-geometric fluxes in four dimensions.

In order to arrange the findings in a more systematic way, one can order all types of
fluxes'*, geometric and non-geometric, in a chain whose links are given by T-duality transfor-
mations. This works as follows: To start with, a configuration with H-flux in type IIB torus
compactifications is considered. Then, its T-dual is the above mentioned type IIA compacti-
fication on a twisted torus [41]. The twisting can be characterised by a distinct type of flux
denoted geometric flux f. It is the T-dual object to H, that itself vanishes for the twisted
torus.

As discussed, the claim of a T-duality invariant superpotential implies the existence of new
types of fluxes. Bases on the necessary index structure and on how T-duality transformations
interchange upper and lower indices in four dimensions, one can conclude that they come as
two different objects @ and R. The chain of fluxes then reads:

Hgpe - fabc - Qcab - Rabc . (113)

Each arrow stands for a T-duality transformation, and the first step is clear from the examples
presented here. Furthermore, in order to obtain the correct index structure, two or three T-
duality transformations on the original background are necessary to find non-geometric fluxes
Q or R, respectively.

13There has been an independent argument for the proposed superpotential in [40].
MFocusing on the NSNS sector only.
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So far, it is only a matter of wording that the new objects (Q and R have been named ‘non-
geometric’ fluxes. The actual connection between them and non-geometry was established
for the particular case of the three-torus with H-flux, that already served as a toy model
above [39]. One T-duality transformation on the original setup results in a twisted torus
configuration with geometric flux f only. It enters the metric as off-diagonal component, and
necessitates a twisted periodic identification of the coordinates, thus the name twisted torus.
More precisely, the metric

ds? = (X' — flo3X3dX?)? + (dX?)? + (dX?)?, (1.14)
is only well-defined under the torus transformation X? — X3 + 1 when identifying
(XL X2 X3 ~ (X + s X2 X2 X2+ 1) . (1.15)

This transformation establishes the connection Hg,. — f%.. A further T-duality transfor-
mation results in a non-geometric background. When running around the base circle in X3
direction, the non-geometric transition function of the metric can be shown to depend again
on a parameter that was given by flo3 in the previous frame. It has to have a different index
structure, though, and therefore expands the T-duality chain of fluxes by f%. — Q..

The existence of the last type of flux cannot be shown by such an argument, but formally
there has to exist an object with index structure R*° that adds the correct coefficients to the
superpotential. In this sense, that last part of the T-duality chain is often stated as a “formal”
15 There are arguments [32] stating that backgrounds with R-flux do not admit
locally geometric descriptions, as it inhibits the existence of zero-dimensional objects. This
has been refined in [30, 31], where a nonzero R-flux was conjectured to imply non-associative
coordinate fields.

In summary, it should be stated that non-geometric fluxes have been loosely connected to
non-geometry for very particular setups, whereas a general statement is missing.

extension

Non-geometric fluxes from gauge algebras

It is possible to motivate the existence of non-geometric fluxes from another perspective:
one can examine the gauge algebra of the effective four-dimensional gauged supergravity
theory that is obtained by compactification. Again, it does not meet the expectation of being
invariant under T-duality transformations, but can be complemented by additional coefficients
that exactly meet the structures appearing in the superpotential extension.

In the simplest case with no fluxes, the reduction of the ten-dimensional effective string
theory on a six-torus 70 leads to an Abelian gauge group U(1)!?. In the deformed case,
that has H-flux and geometric flux f from a twist of the tori, the gauge group becomes non-
Abelian. Six of the corresponding generators descend from diffeomorphisms in the internal
space, denoted by Z,, and the other six generators X¢ descend from shifts of the B-fields. It
can be shown that the fluxes H and f make the structure constants of the gauge algebra [42],

[Zm Zb] = HachC + fcach
[Zava] = _fbacXc
(X%, X" =0. (1.16)

15Ct. [33], p. 20, or [39], p. 14.
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It can easily be checked that the duality group O(6,6,Z), making the four-dimensional ana-
logue of T-duality transformations, does not leave the algebra closed. Roughly, it interchanges

the upper and lower indices, i.e. Z, L x ¢ and transforms the flux coefficients along the T-
duality chain. Then, for example, a transformation in a-direction of the second row would
necessitate a nonzero right-hand side in the third row, having a term Q.**X¢. The general
extension along these lines reads [43]

[Zaa Zb] = I_Iabc)(C + fcach
[Zav Xb] _fbac—XC + QabCZc
[X% X"] = Q"X + R Z. (1.17)

and exactly reproduces the new types of fluxes () and R which were found for the T-duality
invariant superpotential.

Benefit from non-geometric fluxes

It seems, that the introduction of non-geometric fluxes is motivated by a rather technical ar-
gument only. But there is also a highly important impact on the phenomenological predictions
of the corresponding four-dimensional theories.

First, non-geometric fluxes help to stabilise the moduli: Any string theory compactifi-
cation usually comes with massless fields that are physically unwanted. They descend, for
example, from geometric data of the compactification manifold or from fluxes. The extended
superpotential now contains all such moduli of the model, and as the ordinary potential can
be derived from it, they are all equipped with a vacuum expectation, i.e. they are stabilised.
In [32] this was shown to hold at least at tree level but to be inaccessible with geometric
fluxes only. Further evidence is given in [44, 45, 46, 47] for more refined models, where also
constraints from one-loop corrections are considered. A numerical analysis was performed in
[48, 49].

Second, non-geometric fluxes help to fulfill cosmological requirements: Ordinary flux com-
pactifications usually allow for anti-de Sitter solutions only, in some cases for Minkowski so-
lutions as well. To have a positive cosmological constant turned out to be a notoriously hard
problem, as such solutions are usually metastable at most [34]. Recently, indications were
found that non-geometric fluxes allow solutions with de Sitter vacua in four-dimensions, as
they add positively signed terms to the potential [47, 48, 49, 50, 51].

Third, non-geometric fluxes allow for new supersymmetry breaking solutions: Phenomeno-
logically, the four-dimensional gauged supergravity should have an N = 1 supersymmetry
that, eventually, is broken either spontaneously or dynamically. Ordinary flux compactifica-
tions allow for solutions with such features, but these are often plagued by the huge difference
between the typical energy scales. On the phenomenological side, supersymmetry should be
broken at low scales, which is opposed to the high string scale of such solutions [36]. It
has been shown that in some cases non-geometric fluxes help to implement supersymmetry
breaking at low energy scales [45, 51].

These observations motivate the study of non-geometric fluxes from the phenomenological
side and show that non-geometry goes beyond a mere technical interest in string theory.
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1.3 This work

Non-geometry has been introduced as the idea that string theory offers a more general per-
spective on geometry than point particles do. It seems to exceed the framework of Riemannian
manifolds when dualities like T-duality are taken into account. The literature provides a set
of particular examples and some constructions that try to introduce more general notions of
geometry. Nevertheless, the topic, as a young and active field, tends to remain fragmented,
and some questions still have not found a definite answer. This work presents an investigation
of three selected main topics in the field of non-geometry. They shall be sketched here, a more
detailed discussion can be found in the respective chapters.

Non-commutativity

Leaving the framework of ordinary Riemannian geometry could imply many new features
of spacetime, where non-commutativity of the coordinates is a very prominent one [28, 30,
31]. Although indications have been given, that the commutator of coordinate fields for
closed strings could be nonzero for non-geometric setups, the connection has not been fully
established. In particular, it was conjectured that non-geometric fluxes could be the source
of non-commuting coordinates [28]. This was presented as an analogy to findings for open
strings, where a nonzero geometric H-flux leads to non-commuting string endpoint coordinates
[52]. Here, it shall be asked:

= When can a non-geometric setup be characterised by non-commuting coordinates?

= What determines the non-commutativity? Can it be connected to non-geometric fluxes?

Effective field theories

These questions immediately lead to the problem that so far it is not clear how to implement
non-geometric fluxes in higher dimensions. They have been discovered in the context of
four-dimensional compactifications of string theory, but they seem to be unrelated to the
known constituents of ten-dimensional supergravity as low-energy effective theory. The latter
is completely determined by the NSNS flux H, its geometric counterpart f that enters the
metric as torsion, and the various RR fluxes. As non-geometric fluxes seem to be strongly
related to T-duality, one might suspect that they make a truly string theoretic feature that
so far has not been considered.

A related open question is, whether non-geometric fluxes are in general related to non-
geometry. It has been shown that this is the case for certain examples, but generally one
should be careful not to be misled by the similar naming. Only when the characterisation of
non-geometry and the definition of non-geometric fluxes are available for the same framework,
it can be checked how far-reaching the joint appearance of these two notions is.

Furthermore, the appearance of ill-defined fields threatens the applicability of supergravity
theories as effective string models. The example of the three-torus with H-flux has shown,
that the string worldsheet model can lead to a metric that has lost its tensorial character.
Taking over such a field to the supergravity model leads to an ill-defined integral in the action
and it seems necessary to remedy this deficiency before applying a compactification procedure.

This work investigates the topic and tries to find answers to the following questions:
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= How can a higher dimensional origin of non-geometric fluxes in four dimensions be

defined?
= What is the connection between non-geometry and non-geometric fluxes?

= How does non-geometry appear in effective field theories and how can these be kept
consistent?

There is another issue that appears when asking about the higher dimensional origin of
non-geometric fluxes: So far, the investigation of phenomenological implications has assumed
that all types of fluxes can be turned on in arbitrary combinations, only restricted by certain
differential conditions that assure the consistency of the four-dimensional structures (the so-
called Bianchi identities). Whether string theory allows to have all four types of fluxes at the
same time is not clear, but can be undeceived by finding a higher dimensional origin for the
four-dimensional objects. Therefore, the following question shall be added to the research
plan:

= Can the four types of fluxes be turned on at will?

Worldsheet model

T-duality has shown to be important in two ways: Either it makes the necessary extension of
the structure group in the case of a non-geometric configuration, or it acts as a generating tool
for such configurations. On the other hand, it is not a symmetry of string theory in the strict
sense. The original derivation of T-duality rather relates two different worldsheet theories.
It, therefore, seems desirable to find a manifest implementation of T-duality in string theory,
and doubling the number of coordinates has shown to be effective along these lines.

On the level of effective theories, for example, double field theory provides manifest T-
duality invariance by introducing a doubled spacetime manifold. It will be heavily used for
the investigation of the preceding topic, but one can wonder how reliable any effective theory
could be when considering non-geometry as an actual string theory appearance. Therefore,
the study shall be pursued a little further, and it will be aimed at a worldsheet characterisation
of non-geometry.

Indeed, there are worldsheet constructions that provide manifest T-duality invariance,
most importantly the T-fold construction mentioned above. There, the doubling of the coor-
dinate fields has to be undone by imposing a constraint. As this is implemented ‘by hand’, it
remains unclear how the theory can be quantised. In other words, it is not fully clarified in
what sense the T-fold construction is a reformulation of string theory.

When it comes to non-geometric fluxes, there are also attempts to implement them on the
worldsheet in the same way as the H-flux [53, 54]. Unfortunately, they are incompatible with
the T-fold construction and thus are not the best framework to investigate non-geometry.

Here, a new worldsheet model is proposed that aims at solving these problems, and in
particular is used to find answers to the following general questions:

= Is there a formulation of string theory that implements T-duality manifestly?
= Does such a formulation help to characterise non-geometry?

= Can it provide direct access to non-geometric fluxes?
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Common theme

To conclude the introduction of the research topics of this thesis, it should be noted that the
above questions turn out to have a common theme. It shall make the most important question
to be studied in the following, and will appear in many places under different circumstances:
What is the relation between non-geometry and non-geometric fluxes?

Non-geometry Non-geometric fluxes

1.3.1 Method of investigation

In the following chapters, a whole variety of different frameworks shall be employed to address
the research topics developed here. Non-geometry and its relation to non-geometric fluxes will
be investigated from as many angles as possible with the hope of finding a clear underlying
structure. This is particularly promising as all frameworks are closely connected to each
other, and it seems plausible that findings in one direction will be mirrored at other places
as well.

Figure 1.2 summarises the web of frameworks that will be used. It shows three stages:
On the top, the worldsheet perspective comes in two models, the standard sigma model of
string theory and its suggested extension to a sigma model with doubled coordinate fields.
The double-ended arrow indicates that the latter is constructed such that it can be connected
to the former.

The middle stage gives two effective field theories of string theory: the ten-dimensional
supergravity and its T-duality invariant analogue, double field theory. A horizontal arrow
indicates that solutions of the strong constraint reduce the latter to the former. A vertical
arrow on the right emphasises that the supergravity is considered as the effective field theory
of the standard worldsheet theory. The possible connection between the doubled worldsheet
model and double field theory is indicated by a vertical arrow on the left.

Eventually, both higher-dimensional effective theories can be compactified to the effective
four-dimensional supergravity theory that makes the basis for potential phenomenological
conclusions.

Doubled worldsheet model Worldsheet model

Double field theory 10D supergravity

~
~
~
~
~
~
~
~
S

4D supergravity

Figure 1.2: Possible frameworks to investigate non-geometry and non-geometric fluxes, and
their interrelations

The partition of the various lines of research into different chapters is as follows:
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= In chapter 2, the appearance of non-commutativity in the target space coordinates
for non-geometric setups will be investigated. A direct canonical quantisation of the
coordinates is employed, such that only the string theory worldsheet model itself has to
be used. Still, a connection between the non-commutativity and non-geometric fluxes
is conjectured, and therefore a close link to the effective field theories, in particular to
ten-dimensional supergravity, is made.

= Chapter 3 heavily uses the connection, that starts in double field theory, passes super-
gravity in ten-dimensions and finally ends in a four-dimensional supergravity. It tries to
reveal non-geometric fluxes in the higher-dimensional effective field theories, and shows
that such theories can deal with non-geometric configurations.
The use of double field theory is motivated by the fact that T-duality appears as a global
symmetry there, which facilitates the investigation of non-geometric fluxes considerably.
Ten-dimensional supergravity turns out to be the appropriate framework to study non-
geometric backgrounds and how non-geometry appears in the effective field theory. In
addition, it will be investigated how the non-geometric fluxes eventually reduce to the
corresponding objects in four-dimensions. This will be done using a simple dimensional
reduction.

= Chapter 4 finally considers a possible reformulation of the standard string theory world-
sheet model as a manifestly T-duality covariant sigma model with doubled coordinate
fields. Again, it shall be studied how non-geometric fluxes can be implemented and
what their relation to non-geometry is. Having doubled coordinates, the new world-
sheet model will be suspected to provide a direct origin of double field theory, and this
connection shall be investigated by the above mentioned method of obtaining effective
equations of motion from claiming conformal invariance.

Each chapter ends with its own summary and discussion, where also important connections
to recent developments in the literature are drawn. The thesis then closes with a short
conclusion, and two appendices provide a technical introduction to T-duality and a summary
of conventions and technicalities.



Chapter 2

The torus with H-flux

This chapter, presenting the results of [2], investigates the conjecture that non-geometry, in
certain cases at least, implies non-commutativity of the coordinate fields. In order to do so,
a closed string setup with three toroidal directions is considered. The target space fields are
assumed to have two isometries, such that in total there are three possible T-dual frames: the
torus with H-flux, the twisted torus and a non-geometric frame with @Q-flux. They correspond
to the first three steps of the chain H — f — @ — R. It is not only shown that a string
specific property, namely the winding around one of the toroidal directions, is responsible for
the coordinates to be non-commuting, but also that the ‘amount’ of non-commutativity can
be expressed by integrating the non-geometric flux. The strategy is to perform a canonical
quantisation of the geometric frame, and translate the commutators to the non-geometric
frame via T-duality.

The structure of this chapter is as follows:
2.1 provides an introduction to the topic and the relevant ideas in the literature.
2.2 performs the canonical quantisation of the twisted torus as a geometric frame.

2.3 constructs solutions in the non-geometric @-flux frame and applies the results of the
former quantisation to compute the coordinate commutators.

2.4 discusses the problem of undetermined commutation relations and how non-commutativity
can be shown.

2.5 checks the consistency of the whole procedure by independently determining a classical
solution for the torus with H-flux and relating it to the previous findings.

2.6 provides a summary of the results and discusses their implications.

21
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2.1 Introduction

The idea that strings may show non-commutative behaviour has been followed for more than
fifteen years, even before the appearance of non-geometry. It was first investigated in the
case of open strings, where it turned out that the coordinates of the endpoints on D-branes
can have nonzero commutators. Important steps in this field of research have been taken for
backgrounds with constant B-fields, i.e. vanishing H-flux, that in the presence of D-branes
cannot be gauged to zero. It alters the geometry of a flux-free background in both a non-
trivial and, nevertheless, technically tractable way. Results of particular interest are given in
the following publications:

» [52] shows that the end-points of open strings on D-branes in a background with con-
stant B-field have non-commutative coordinates. The result is obtained from a slightly
modified canonical quantisation. In particular, it was found that the non-commutativity
is related to the B-field itself,

[Xi(Tv U)? Xj (7—7 UI)]J,J’=O,7r ~ IBU ) (21)
for coordinates on the D-brane and up to first order in a small B expansion.

» [55] employed a direct canonical quantisation by imposing particular boundary condi-
tions, but found conflicting results to [52]. In a follow-up publication [56] the authors
then corrected their findings and agreed for a particular gauge choice by using the
quantisation method of Dirac.

» In [57], the authors investigated D-branes in a background with constant B-field. They
calculate operator products of open string vertex operators and find a non-commutative
multiplication in the world-volume algebra. In particular, again, the non-commutativity
is proportional to the B-field for small B.

» The famous [58] examines open strings in a constant B-field background. Amongst other
results, like the Seiberg-Witten map, it shows that the effective action for such a setup
can be described by a gauge theory on a non-commutative spacetime. In particular,
the authors compute an operator product expansion and interpret it as a commutator,
finding non-commuting coordinates [X¢, X7] # 0.

For the present work, these ideas provide motivation for the following theses: a nonzero B-
field can be the source of non-commutativity; canonical quantisation might provide the right
framework to capture this effect; it might be hoped that similar investigations in a framework
of conformal field theory bring concordant results.

Unfortunately, in order to connect non-geometry and non-commutativity, a dramatic
change in the setup is necessary. As non-geometry here is taken to be generated by T-
duality the investigation to follow has to be about closed strings. T-duality of open strings
(see for example [59] or [60]) shall not be considered.

Non-commutativity of closed strings has been investigated only very recently. This is in
particular due to the complication that backgrounds with constant B-field no longer provide
valuable examples as in this case such a field is gauge equivalent to no field at all. The simplest
non-trivial example thus is given by a constant H-flux, but that turns the underlying sigma
model into an interacting one which is technically much more involved. Nevertheless, there
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are important contributions that either deal with particular exactly solvable models, or with
approximations for small flux densities:

» In [30] the three-bracket structure for a particular WZW model with non-vanishing H-
flux has been investigated. The string coordinates for closed strings are shown to be
non-commutative as well as non-associative. The authors conjectured that the source
of the non-associativity is the H-flux itself,

[X¢ XT, X*] ~ HIF (2.2)

The results follow from a computation in conformal field theory with no particular
embedding into string theory.

= [28] provides indications of non-commutativity for the closed string coordinates in back-
grounds that are T-dual to backgrounds with non-trivial geometric fluxes f and H. The
investigation rests on an analysis of the possible monodromies and uses the mode ex-
pansion of the free string. This is argued to be valid as it makes the lowest order of an
expansion in the H-flux, that for small H fulfills the target space equations of motion.

» [31] investigates non-associativity for general closed string backgrounds with constant
three-form flux by computing three-point functions. The authors conjecture that the
relevant flux background is given by constant H-flux. As the back-reaction to the geom-
etry is argued to appear at second order in the flux only, the approximation is considered
valid for a conformal field theory at linear order in H. Furthermore, it is argued that,
by dimensional analysis, higher order o/ corrections cannot obstruct this linear order
approximation. The investigation deals with all four T-dual setups appearing in the
flux chain H - f — @ — R, and it is conjectured that the non-commutativity of the
string coordinates in the ()-flux frame is proportional to the winding of the string.

= [21] provides an example of flux backgrounds that is exact to all orders in o’ and has
a non-commutative structure for the closed string coordinates. It is constructed as a
freely acting asymmetric orbifolds. The non-commutativity is related to Q-flux by an
asymmetric Scherk-Schwarz mechanism.

For this chapter, in particular, the idea of an expansion in the flux parameter and the restric-
tion of the analysis to linear order has been inspiring. It was put on solid grounds from at
least two different perspectives, namely for the mode expansion of the string coordinates in
[28] and from a conformal field theory point of view in [31]. Here it shall be taken to be valid
also for the procedure of canonical quantisation.

There are also other approaches to non-commutativity in string theory, which only play a
minor role in the research presented here, but in some sense add credibility to the idea that
T-duality, non-geometry and non-commutativity are closely intertwined notions.

= Non-commutative tori: T-duals of a two-torus with nonzero H-flux are not necessarily
torus fibrations anymore. The “missing” duals can be modeled by non-commutative
tori; see e.g. [61, 62]. This is a more mathematical direction of research.

» Matrix models: [63] draws a connection between fluxes from the T-duality chain and
non-commutativity or non-associativity, respectively. It rests on the BF'SS matrix model
[64] that hypothetically serves as a non-perturbative formulation of M-theory, the pro-
posed unifying meta-framework for all five string theories.
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Method

The most basic example for non-geometry is the three-torus with H-flux and its T-duals [23].
It shall here serve as the object of study, with the following conventions: The first frame has
string coordinates X*, with u = 1,2,3, and a nonzero H-flux, i.e. a B-field that depends
linearly on the coordinates. It is denoted as the ‘torus with H-flux frame’. The first T-dual of
it has coordinates Y* and a vanishing B-field, as dictated by the T-duality rules. It is denoted
as ‘the twisted torus frame’ and still remains in the range of geometric string configurations.
The last T-dual, in contrast, is non-geometric. It comes with coordinate fields Z* and has
ill-defined target space fields G and B. The three frames are in accordance with the first
three parts of the non-geometric flux chain H — f — Q.
The main goal of this chapter is to find the commutator

[Z}(r,0), Z%(r,0")] . (2.3)

in the sense of canonically quantised string coordinates Z#. The usual procedure of canonical
quantisation, in this context explained in great detail for example in [14], consists of three
steps:

1. The classical solutions to the worldsheet equations of motion and the boundary condi-
tions are obtained as mode expansions Z* in the worldsheet coordinates 7 and o.

2. These coordinate fields Z* are turned into operators by promoting the particular ex-
pansion coefficients to operators.

3. By employing canonical equal time, i.e. equal 7, commutators to the coordinate opera-
tors consistent commutation relations for the expansion coefficients can be read off.

Being a well-established procedure in quantum field theory, canonical quantisation follows the
analogy to quantum mechanics, where position and momentum operators do not commute. It
simply claims that the field operator and its corresponding canonical momentum, obtained as
the functional derivative of the Lagrangian, do not commute. String theory is, in this sense,
simply taken to be a two-dimensional field theory on the worldsheet, having a set of bosonic
fields Z#. Conclusively, the standard way of quantising these coordinate fields Z* would be
to impose a right-hand side for (2.3).

Here, it is suspected that non-geometry undermines the validity of such a procedure.
Instead, the proposal is to leave (2.3) undetermined for the time being and gain information
about it by relating commutators from the twisted torus frame via T-duality. In that frame,
the fields Y* are suspected to be quantisable by the canonical procedure:

[Y#(1,0),Y"(r,0")] = 0. (2.4)
In detail, the applied strategy is suggested to be the following:

1. Solve the equations of motion for the Y* under appropriate boundary conditions. A
mode expansion is implied.

2. Promote an appropriate set of expansion coefficients to operators. Employ canonical
equal-time commutators and read off a consistent algebra of commutation relations for
the expansion coefficients.
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3. Use T-duality to construct a solution to the equations of motion for the Q-flux frame
Z#. The expansion coefficients are given by expansion coefficients from the twisted
torus frame.

4. Use the algebra of expansion coefficients from step 2 to compute the commutator (2.3).

Although this recipe might be considered straightforward, there are a couple of subtleties
that shall be commented on.

In step 3 the construction rests on T-duality formulated as rules that involve derivatives of
string coordinates in different T-duality frames. These are developed in appendix A, (A.10),
and are in a sense complementary to the T-duality rules (‘Buscher rules’) for the target space
fields (A.8).

To obtain a classical solution one has to involve integrations and thus not all constituents
of the coordinates Z* can be related to expansion coefficients of the coordinates Y#. In partic-
ular, there will arise new position zero modes that enter step 4 in undetermined commutation
relations. These can in principle be fixed at will but there are physical arguments and analo-
gies that indicate a favouritism of particular values. A whole subsection 2.4 is devoted to the
discussion of possible sets of such commutation relations, where, eventually, one set is argued
to uniquely meet all physical requirements.

Inspired from the literature, the whole analysis shall be performed as an expansion in the
flux parameter H. Although in the twisted torus frame it does not appear directly, the metric
contains components related to the original H-flux and thus can be expanded. Not only the
solution to the worldsheet equations of motion shall be expressed in this manner, but also it
is assumed that the canonical quantisation can be reasonably applied order by order in such
an expansion.

All results shall be restricted to first order in the flux parameter as it turns out that the
target space equations of motion are then satisfied automatically. Because the flux parameter
is taken to be infinitesimally small the whole approach is referred to as “dilute flux” approx-
imation. Concerns that topological constrictions render the flux parameter integer can be
rebutted as the actual parameter contains the inverse radii of the torus, see equation (2.27)
and the discussion there. Thus, a dilute flux can be reached by having a large fibre volume.

Not all commutation relations in the twisted torus frame can be determined. This is
basically due to applying the quantisation procedure order by order. Whereas the zeroth order
allows to find all commutation relations which then coincide with the free string relations,
the first order calculation is only able to solve for particular combinations of commutators.
Furthermore, as in step 4 only one particular direction of the coordinate commutator shall
be computed - the focus of this chapter lies in whether non-commutativity can be found at
all, and not in how it quantitatively reveals itself in all possible directions - the canonical
quantisation of the twisted torus is as well only performed in this (u,v) = (1,2) direction. In
a sense, the result should better be called a “partial” quantisation.

From the perspective of the target space fields G and B, the H-flux frame and the non-
geometric @Q-flux frame look similar when restricted to first order in the flux parameter ex-
pansion. One could thus think that it is not necessary to determine the solutions Z* by
T-duality from the beforehand obtained solutions Y#, but rather solve the worldsheet equa-
tions of motion directly. What prevents this idea from working is the rather involved boundary
conditions for the Z* that have to be imposed. These do not coincide with the ones in the
H-flux frame, not even in the dilute flux approximation. In the following, it is assumed that
T-duality provides the only systematic way to conclude on these boundary conditions.
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It could also be questioned to start from the twisted torus frame, that has quite more
involved equations of motion than the H-flux frame. Two reasons speak against starting
from the latter frame directly. First, one would have to apply two T-dualities and thus would
encounter more integration constants from integrating the T-duality rules. Second, these T-
duality rules themselves are roughly as complicated as the equations of motion for the twisted
torus. In total, such a procedure seems to be at a disadvantage.

In the following, only the torus fibration T2 x T shall be considered. To turn this into a
full string theory background, there have to be three more internal directions in the case of a
superstring theory. In addition, more ingredients like RR fluxes and orientifold sources have
to be considered!. In this sense, the quantisation presented here is only about a part of the
internal space and especially, non-commutativity is not to be expected in the four-dimensional
spacetime.

2.2 The geometric frame: twisted torus

In this section, the twisted torus background shall be investigated on a classical as well as on
a quantised level. Starting from a three-torus with constant H-flux, a T-duality is performed
along one of the two fibre directions to find the target space fields G and B for the twisted
torus frame. A rescaling of the coordinates hides all three torus radii and brings the worldsheet
equations of motion into a convenient form. Nevertheless, they consist of a highly intertwined
set of partial differential equations that involve the flux parameter H. The suggested method
for solving these equations will therefore be an expansion up to first order in this parameter,
which by an analysis of the target space equations of motion can be consistently taken to
be small. Additionally, due to the non-diagonal form of the metric, there is a non-trivial
boundary condition imposed on the first fibre coordinate that mixes it with the second one.
This, as well, can be handled with the flux parameter expansion.

The quantisation procedure follows the standard method of canonical quantisation and
can be parted into different orders in the flux parameter expansion, too. This allows for
determining all necessary commutation relations amongst the introduced expansion coefficient
operators. Nevertheless, the procedure does not allow for obtaining all possible commutation
relations and thus it is, strictly speaking, not possible to prove consistency of the quantisation.
Up to first order the fulfillment of the canonical commutators can be guaranteed, though.

2.2.1 Classical solutions

The standard worldsheet action of string theory in the form of Polyakov? shall be taken as a
starting point,

1

S Tl L 0 (Guu(X) 177 + By (X) €7) 00X 05" (2.5)
with n:r = =1y = —1, €76 = —¢,+ = 1 and all other components zero. By convention it
is o/ = 1/2. The dilaton term shall not be considered in the following investigation, as a
constant dilaton is assumed later on. The coordinates X* are here taken to be generic, but

'For a detailed account on consistent ten-dimensional constructions, refer to [65] or [66].
?Here as it can be found in [10], eq. (3.7.6). Cf. also with the form presented in the introduction, where
no B-field was considered.
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in the following will be taken to specialise to one of the coordinate sets X*, Y* or Z* that
were introduced above.

The first frame to be considered here, with coordinates X*, is taken to be a three-torus
with radii R, that is characterised by the torus identifications

Xt~ XM+ 2R, . (2.6)
This background shall be equipped with a constant H-flux
Hs = HdX!' A dX? AdX?, (2.7)

quantified by a constant H. This constant will make the expansion parameter for the classical
solutions and the commutation relations in the quantisation procedure after being taken
infinitesimally small later on. The target space metric has a diagonal form and contains the
three torus radii R,, whereas gauge invariance for the B-field is used to set the latter to a
particular form,

R? 0 0 0 HX3 0
G=|0 R: 0], B=|-HX® 0 0 (2.8)
0 0 R3 0 0 0

As can easily be seen from this setup, there is no dependence of the target space fields on the
coordinate fields X 2. This shows that there are two isometries in the defined geometry and
thus the sufficient condition for the existence of two T-dual configurations is satisfied.

As was explained above, the classical solutions to the worldsheet equations of motion in
the given T-duality frame are of minor interest only - they will, for a check of consistency,
be determined later on, see section 2.5. The procedure here is to perform a T-duality in the
X'-direction by applying the T-duality rules® for the target space fields (A.8). In this case
they read

1 1

Gy T R? (2.9)
Gap — Gz — Bgflz =R3+ (HX?’)?]%
and
(G+B)12_)_(G2;f)12 - _]%HXB Big = By =0
3 2.10
(G+B)21—>+(Ggf)2l:_]%HX3 Gi2 = G :_HR)§ ’ (2.10)

where all other components are mapped into themselves. As the new frame obtained by these
mappings shall be denoted by coordinates Y* it is required to set X3 = Y3, This is physically
justified as T-duality leaves invariant the p = 3 direction, that makes the base fibre of the
original configuration. For the quantisation of the third frame, to be discussed in section 2.3,
this gives rise to subtleties with the position zero modes. Throughout the whole analysis, the
coordinates thus shall be fixed to be identical in all T-duality frames, X3 = Y3 = Z3.

3There is a change of signs due to different conventions in this chapter, see the remarks in appendix A.
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Eventually, the target space fields after performing a T-duality in the g = 1 direction read

1 __HY3 0
Ry Ri
G—G=|_m2 gy (Hg;;f ol|, B=0. (2.11)
1 1
0 0 R?

Given the intricate structure of the metric one can check that in order to have a well-defined
manifold the torus identifications (2.6) have to be modified. It is sufficient to declare

YLYZ Y3 ~ (Y 427,72, Y?) (2.12)
~ (YL Y? 427, Y3
~ Y4+ 2rHY? Y2 Y3 + 21) |

which can be verified by recognising the invariance of the line element

1 HY?\? 2HY?
ds® = —(AY1)? + R3(dY®)* + | R3 + ( ) (dY?)? — =——dy'dy*.  (2.13)

In fact, the manifold (2.11) can be regarded as a three-dimensional nilmanifold, generated
by a particular Heisenberg algebra, whose Maurer-Cartan one-forms are rendered globally
well-defined by imposing (2.12).

It turns out that the so far explicitly shown radii R, can be conveniently hidden by a
rescaling

Y! - RY!, Y2 —y23 (2.14)

and its generalisation to any tensor,

1

I N TR 1

T — | B ornz (2.15)
Ry---TH forp=1

L. forp=1"

Ry

Furthermore, the H-flux parameter has to be rescaled as
H —> HR1RoR3 (2.16)

which can be motivated by a rescaling scheme similar to (2.15) that is adapted to the situation
in the original torus with H-flux frame.

The rescaling (2.15) leaves invariant the line element (2.13) as well as the worldsheet
equations of motion, which will be determined below. Moreover, it does not change the T-
duality relations (2.124), nor the canonical commutation relations, that will be imposed at a
later stage. For the target space fields, the only effect of (2.15) is that all radii are hidden in
Ga

1 —-HY3 0
G=|-HY? 1+ (HY?? 0|, B=0. (2.17)
0 0 1



2.2. THE GEOMETRIC FRAME: TWISTED TORUS 29

Having set up the target space fields for the twisted torus that shall be investigated here,
it is now necessary to specify equations of motion as well as the boundary conditions. The
former can be read off from (2.5), and for the rescaled fields (2.17) read

0a0°Y" = H (Y30,0°Y? + 0,Y?0°Y?) (2.18)
0a0°Y? = H (0,Y'0°Y?® — HY?0,Y?0°Y?) (2.19)
0a0°Y? = H (=0, Y'0°Y? + HY?0,Y?0°Y?) . (2.20)

The boundary conditions are chosen to be

Yi(r,0 4 271) = Y (1,0) + 2rN! + 27 N*HY?(1,0) (2.21)
Y3(r,0 +27) = Y?*(1,0) + 2rN? (2.22)
Y3(r,0 4+ 2n) = Y3(r,0) + 27N | (2.23)

in accordance with the above identifications (2.12). In particular, the condition for Y'! can be
traced back to the third line of (2.12). Furthermore, the introduction of a winding number
N* for all three coordinates is a slight generalisation of (2.12) that still preserves the line
element or the Maurer-Cartan one-forms, respectively.

The task of the next section will be to determine the most general solutions to this set of
equations (2.18)-(2.20) and boundary conditions (2.21)-(2.23).

Solutions to the worldsheet equations of motion

Before a solution to the worldsheet equations of motion is constructed, it is necessary to
make sure the consistency of the construction. In particular, it has to be ensured that Weyl
invariance is preserved at least to the one-loop level, as mentioned in the introduction. The
corresponding (S-functional conditions can be written as target space equations of motion,
here with zero B-field,

R+ 4(V%p — (0¢)%) =0 (2.24)

G
Ry — 5 R +2V,,0,¢ — 2G,, (V¢ — (0¢)%) = 0 .
Assuming a constant dilaton reduces these equations to

Ruw =0, (2.25)

where the components of the Ricci tensor without the above defined rescaling read

1 H 2 R%/g H 2 1 H 2
Ril= == , Rogss = — R=—=(=———1) . (2.26
1T oR2 <R1R2R3> » h22/38 2 <R1R2R3> ’ 2(31321%3) (2:26)

Equation (2.25) can be solved conveniently by assuming the so-called dilute flux approxima-
tion,

H
R1R2R3 «
In case of the twisted torus, the dilute flux approximation is also called weak curvature
approximation, and has for example been considered in [67, 68|, [28] or [31]. In a sense, such
an approximation avoids to add further ingredients like RR flux and sources as in [65].

1. (2.27)
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The rescaling (2.16) turns the dilute flux approximation into
H«1. (2.28)

Accordingly, any reasoning during the solving or quantising procedure is taken to make sense
up to the first order O(H*') only. This has an enormous impact on all steps that follow.
To begin with, the worldsheet equations of motion (2.18)-(2.20) simplify to

02.0°YH = HO!,,0,Y"0Y " | (2.29)
where the symbol 0 is an abbreviation for
0los = 0213 = —0°15 =1, (2.30)

with all other components being zero. This corresponds to an expansion of the target space
fields to

1 —HY3 0
G=|-HY® 1 0|+0H?,B=0. (2.31)
0 0o 1

To find solutions to these equations, the following strategy is applied: first, the boundary
conditions (2.21)-(2.23) are used to find o-periodic combinations of coordinate fields. Second,
those combinations are Fourier expanded with 7-dependent expansion coefficients. Third, the
coefficients can be solved for by applying the equations of motion (2.29).

Combinations that are 2m-periodic in o are given by

Y33 - N%3¢ | (2.32)
1
Y! - Nlo — N3Ho(Y? — N%0) + §N3HN20(27r —0). (2.33)
Their Fourier expansion reads

Yi(r,0) = N'o + 2 bl(r)eino

nez
1 .
+ H(N3O'(Y2 — N?%0) — §N3N2O'(27T —0o)+ Z 0711(7')6_1"”) (2.34)
nez
Y23(7,0) = N*30 + 3, 23 (r)e 7 4 H( Y (e ) (2.35)
nez nez

where a split of the expansion coefficients into different orders in H was introduced. It is even
possible to separate the full solution,

YH(r,0) = Y{'(r,0) + HY};(1,0) + O(H?) . (2.36)

That turns the non-linear equations (2.29) into a set of two sets of linear equations, a ho-
mogenous one for Y}' and an inhomogenous one for Y}y,

0a@®YI = 0 (2.37)
B0 0OV = 0M,, 0aYY YL . (2.38)



2.2. THE GEOMETRIC FRAME: TWISTED TORUS 31

At zeroth order, the solution is nothing else than the free string solution with winding
given by

1 o, _: .
by(r) = y* +p'1, bl Lo(T) = o (ke T — ok ™) (2.39)
or, when composed to the coordinate solution,
Y H I i o i 1 ~u —ino 4 W, —ino_
=y DTN Y (e alle ) (2.40)

n#0

where the abbreviation o = 7+ ¢ is used. As it is usually done, a decomposition into
left-moving and right-moving parts is used in the following sections,

Yo' =Y+ Yor o Yo' =Yg - Yk (2.41)
with
i 1., _;
Vi =yt Lo g ) e T (2.42)
n#0
T
Y(ﬁ%zyé+pﬁa,+§z Hozﬁe mo—-
n#0
and the natural splitting,
Y=y + YR, 9" =YL — YR (2.43)

P =pp+ PR, N =pf — k.

At order O(H"'), the Fourier expansion (2.34) and (2.35) is plugged into the corresponding
equation of motion (2.38),

aaaa( 3 clg(r)e*im) — O, 0o YOOV (2.44)

nez

1
— M3 0,,0% <N30(YO2 — N?%0) — §N3N2O'(27T - a)) :

The symbol A, is an abbreviation for Mo3 = 1 and all other components zero. Inserting
the zeroth order solution (2.40) gives

- Z e "7 (nPck + 2elt) = 0", (NPNY — pPp") (2.45)
neZ
o . .
_ 21/p Z e—ma <e—m7 (&Z(pp _ Np) + &Z(pl/ _ NV))
n#0 )
T (%, (0" + N°) + o, (0" + N7)) )

GMVP —io(p—m) ( ,—it(p+m) ~p v ir(p+m) . p ~v
Ty Z e e o, 0y, + € a0,
m,p#0

— Aog N3N2 Mg N3 Z e~ ino (6—171,7' a2 — el C¥2 ) )

n —-n
n#0
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Decomposed into single Fourier modes, this results in differential equations for each coefficient
with respect to its 7-dependence,

o2l = 0", (p°p” — NPNY) + A9z N3N? (2.46)
Quyp 2 ( —it2n Npa +€17‘2n a‘in&in> ,
n#0
n2cl 4+ 32cl = AMgy N3 (e*““” &2 — e a%n) (2.47)
0 inr [~ ~
+ S2(T (@ — NY) + G~ NY)

+e" (¥, (0 + NP) + o, (0 + N”)))

VP Z < —ir(2p—n) OépOé +€17’(2p n) T )
—p-n—p
p#0,n
forn #0 .

The last line was obtained by an index shift n = p—m. A general solution to these equations

is given by

2

w(r) = y% Py T (HM”P (p"p” = NPNV) + Ma3 NSNQ) % (2.48)
VP Z - (e T FP Y 4 el of nain> 7
n=0
ci(r) = ;@zﬂfygwj 10
+ Mg N3% T (efim G2 4 e a%n>
07 (T (@~ N+ A0~ NY))
_ it (@, (p” + NP) +a” (" + Nu)))
+ 0#,,,)% ; w<e—i7(2p—n) &k, + (i7(2p—n) Oép—paZ—p)
p#0,n
forn#0.

There are four new coefficients, a first order position y%;, a first order momentum p’;, and two
first order oscillators 74, v4. Having the expansion coefficients ¢}, at hand, the full solution
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at order O(H"') can be given by employing (2.34), (2.35) and (2.36),

i 1 . ~
Yh(T,0) =y + oy 7+ 5 D, — (GheT"T 4l ) (2.50)
n#0
72
+ 0%, (p" = NPNY) —
1 - -
0ty L (i - Nl Yl - VT

1 /-~ -
=0 1 (T 170l = Y9 ¥

2 . 1
+ Moz N3 <N2 % +7Y¢|x +o(YE — N20) — §N20(27r— U)) ,

with the abbreviation

. T _

Yy = % Z - (ake ™7 + ake™ ) (2.51)
n#0

. ; 1 . .

Ve =5 ), - (@he ™ —ale ™) . (2.52)
n#0

For obtaining the last but one line, it might be helpful to make use of the following relation,
1 /e V| P v P v
— 5 (W 1=78ls = Y¢12Y01s) = Yorls - (2.53)

Although there are many possible reformulations of (2.50), the form shown here makes clear
that the solution fulfils the boundary conditions. All terms but the last line are 27-periodic
in o, whereas the latter is exactly reproducing the last term of (2.21). Nevertheless, it is
possible to rewrite (2.50) as

9#1’ U v
Vh(r,o) = == (VY8 = VY0) + fh(os) + fh(o-) | (2:54)

which, together with the relation
1 o (NVUNP vy P vV Ay P
—Zﬁaﬁ YY) = YY) = 0.Yy 0vYy (2.55)

makes clear that the equation of motion (2.38) is solved.
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For later use, another rewriting of (2.50) shall be given, namely

i 1,_, 5 s
Yi(1.0) =y +p’§7+525(g{je NI 4 ke (2.56)
n#0
1% L (v vyP Iz 1 SV P v, p
—9up1(YoYo—YoYo)—9upZ(yy —4"y’)
H 1 \ VP v.p | YPV (27
+9yp1(Yoy — Yoy + Yy —Yoy)

1 - - > -
0%, 37 (PO =) + (O —y") = NV =) = N7(T5 = )
1 ~ - & -
0% S0 (BT — ) 4 15— )~ N - o) - NP )
" 1 2 2 v.p VAT
— 0", 1(7 +0°)(p"p” — NYN?)

- 1
+ Mgz N3 <T(Y02 — ) +o(Y§ —nN?) — 5(7'2 +0%)N? — TO'p2> .

2.2.2 Quantisation

Carrying out the canonical quantisation procedure, the following expansion coefficients are
promoted to operators,

Y NP AR oy Dl A V- (2.57)
They have to be arranged into an algebra of commutators such that the canonical equal-7
commutation relations are fulfilled,

[Y*(7,0),Y"(r,0")] = 0 (2.58)
[PM(T7U)7PV(T7 OJ)] =0 (259)
[Y*(r,0),P,(1,0")] =i 6" §(c — ') . (2.60)

The canonical momentum is given by

5L 1
T 00X T
1
T

Pu (G (X)0: X" + B, (X)0,X") (2.61)

G (Y)Y

with (2.5) and (2.17).
By construction, it is possible to split the analysis of the commutators for the expansion
coefficients into two separate orders in the flux parameter H.

Zeroth order - the free string

The metric (2.17) reduces to G, = nu = diag(1,1,1) at order O(HY). Accordingly, the
canonical commutation relations become

[Yg' (1, 0), Yy (1,0')] = 0 (2.62)

[0:Yy (1,0), 0. Yy (r,0")] =0 (2.63)
Yy (1,0), 0. Yy (r,0")] = ir n** §(0 — o) . (2.64)
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Taking into account the solutions (2.40) for Yp, one finds the standard * commutation algebra
[, a%] =0, (2.65)
[&ﬁw aryl] = [aﬁw aryl] =m 5m,—n 77;“/ )
[P, p"] = [N*,N"] = [p",N"] = [y*,y"] = [y*, N"] =0,
[y, p"] = 30",

[, 7] = [a, NYT = [ags, p"] = [ogn, N = [a5,, 4] = [am, 7] = 0,

valid for arbitrary m,n € Z*. To illustrate the procedure that is applied at linear order O(H%),
it is now shown how to obtain (2.65). First, a simplifying notation has to be introduced,

1=1L
€= * , (2.66)
12 R
and
S
ay for e = +1
ab = 2.67
e {aﬁ for e = —1 ( )
This helps to define
1
Op, = 5((37 +€dy) (2.68)
such that, for example,
1 .
G0 Yg =Pl + 5 3 al (2.69)

n#0

This is a particularly useful quantity, as it contains only two operators. In combination with
the derived commutator

1T

(00, Y5/ (7,0), 001, Y5 (7, 0)] = (€1 + e2)n*056(0 — o) (2.70)

where all three commutators (2.62)-(2.64) and derivatives of those have been used, one can
conclude on commutators of pt' and ah.. To this end, one inserts (2.69) and (B.1), and iden-
tifies the various Fourier coefficients. The results have to be inserted into the commutation
relations (2.62)-(2.64) to find all missing relation of (2.65). In particular, it has to be as-
sumed that the position zero mode can be split into a left- and a right-moving part, or more
concretely,

[WE vl = [y, o, ] =0, Yn#0, (2.71)

i
[ygl’pz2] = 0eye0 2’7/”/ . (2.72)

4ef. (1.4.6) of [10] or (2.2.7)ff. of [9)]
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First order

To proceed in the same manner as was done for the zeroth order the introduction of a more
convenient notation is indicated. For any expression, the addition of |g singles out only terms
of order O(H'). The vanishing commutator (2.58), for example, contains two terms at linear
order,

0=[Y¥7,0),Y(r,0")|u = H [Y§(1,0),Yi(r,0")] + H [Y5(7,0), Yy (1,0")] . (2.73)
One has to be careful, not to conclude too quickly on something like
0= [Y¥(r,0),Y"(r,0")lu ~ [Yfi(7,0), Yii(r,0)] (2.74)

which is of order O(H?) and not well-defined in the approximation used here.

To find out the linear order terms of the commutator between two canonical momenta,
(2.59), a little more work is required. This is mainly due to the non-trivial off-diagonal terms
in the twisted torus metric, as can be seen in

[0.YH(1,0),0.Y"(1,0")] = 7 [G"*(Y)P,(1,0), G"*(Y)Pr(1,0")] . (2.75)

To expand the right-hand side, one uses the general property of commutators that products
behave as

[AB,C] = A[B,C]| + [A,C]|B , (2.76)
the form of the inverse metric,
1 HY? 0
Gl'=|HY?> 1 0|+0H?, (2.77)
0 0 1

and the last commutator (2.60). Eventually, two directions have a non-trivial right-hand side,

[0.Y3(1,0),0.Y (0| = —inH §(0 — ') &, YE(r,0") , (2.78)
[0,Y3(r,0),0,Y?(1,0)]|g = —inH 6(c — o') 0, Y (7,0, (2.79)
[0:YH(1,0),0- YV (1,0')]|g =0 for all other (u,v) . (2.80)

The commutator of a coordinate with its 7-derivative can be obtained from (2.60) by multi-
plying with the inverse metric from the left. As coordinates commute, (2.58), the metric in
the canonical momentum (2.61) can be cancelled and as result one has

[YH(1,0),0.Y"(1,0")] = ir 6(c — ') G (Y)(1,0") , (2.81)
[Yl(T, 0),0:-Y(r, o)|lg =irH §(c — o) YO3(T, a), (2.82)
[Y2(T, o), 6TY1(T, o)y =irH §(c — o') Y03(7', a), (2.83)
[Y#(1,0),0.Y"(1,0")]|g =0 for all other (u,v) , (2.84)

when written out. Acting with a o-derivative on these, one finds

[0,YY(7,0),0.Y2(1,0)|u = [0, Y2(7,0),0: Y (1,0)]|g = inH 0,6(c—0") Y3 (7,0") . (2.85)
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Eventually, using (2.73), (2.80) and (2.85), a very useful commutator can be derived,

[aUelyl(Tv U)? 60'22 Y2(7_7 U/)]|H [aﬂel Y2(T7U)7 0022 v! (7_7 OJ)]|H (286)

= %H 0y0(0 — o) <€1 YE(r,0') + e Y (7, U)) ,
which is the linear order analogue to (2.70). The symbol € is used in the same way.

The next step in the quantisation procedure at linear order is to identify expressions,
analogous to (2.69) at zeroth order, that extract as few expansion coefficients as possible.
When choosing these expressions, one also has to take into account that only combinations
of commutators, as in (2.73), are determined. As it becomes clear after some steps in the
derivation, such a useful expression is given by

1 v
T2 1= 00, Vi 500 i (~0"00Yg_ ) + 00p(l e — 0l 0) = 2X o — 1))
1
+ 50 Y (=0 Yy + 0y — o)) - (2.87)

It shows the following dependence on the particular expansion coefficients,

" 3
P N €
Hél _ 7[‘[ + )\M23T (y2 _ 7TN2) (288)
L@ 1 L
n 5 Z e—inoe <’7¢;e + guypﬁ p(—yearpz)e + )\'U“Vpreﬁ O%e) .

n#0
To obtain this result, it was used that the symbol € allows for the following manipulations,

7 = —ey® + 2ey? (2.89)
and
N® =e(p} —p2,) . (2.90)

Furthermore, by definition of the symbol A, it is,
Mg N3YE = M\, ,NPY. . (2.91)
The structure of (2.73) is taken into account by considering the combination
[H 1% (r, U),&UQQYEJV(T, )] + [5061%“(7', o), H IIY (T, )] . (2.92)

It will be evaluated in two ways, similar to the procedure at zeroth order. First, the result
(2.88) can be plugged in. That will result in a mode expansion with particular commutators as
coefficients. Second, the definition (2.87) and all derived canonical commutators, in particular
(2.86), are plugged in. The result, again, is a mode expansion with zeroth order operators as
coefficients. Eventually, a matching between these two results gives the desired commutators.

From here on, all commutators are only evaluated in the fibre directions, i.e. all variables
p and v become placeholders for the particular values (u,v) = (1,2) or (2,1). As it was
mentioned in the introduction of this chapter, such a restriction is possible, as the following
investigation focuses on finding non-commutativity at least in one particular direction and
does not aim at classifying all possible commutators.
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To start with the first evaluation, (2.88), (2.69) and also the zeroth order commutators
(2.65) are plugged in,

[H T (7,0), 001, Yy (1, 0))] + [0, Y{' (7, 0), H T1Z, (7, 0")] (2:93)
H vt iN? ’ iN°e; v ~ime1(9-o’
- 5 ([p?{apeg] - [pHapéa] + T()\M23€1 —A 2362) + T 551762 ()‘M23 —A 23) Z ¢ malr=e)
m#0
—i v 1 14 —inog v 1 v
+ Z ! <[7ﬂne1apez] - 2[pH7aum61]> - Z e e <[’7n627p51] o 2[p%’a”52]>
m=0 n#0
1 — T €10 € 0'/
" 5 Z e i((m+n)T+mero+nes )([ﬁ‘nel,a;’lez] — [’yﬁewafnﬂ])) .
m,n#0

The second evaluation uses the definition (2.87) and many of the results so far obtained, and
gives

[H 1T (T, O'),agéQYbV(T, )] + [8061Y0“(T,0),H II¢, (7, )] (2.94)
— %THN?’ (0! —0) 0,0(c — 0') (A\aze1 — N agen)
= [H H; (1,0), 8022 Y (r,0")] + [aanol(T, o), H Hfz (1,0")] — %HN3 (0! —0) 0,0(0c —d')e

= [H IIZ (7, 0), 0o, Yy (1,0")] + [6’5611/02(7'7 o), H 1}, (r,0")] + %HN3 (0! —0) 0,0(c — 0’ )ea

iH
= %&1,—52 <1 — 27 §(0 — U')) (50511/03(7', o) — 0y YP(r, J’))
'
iH
+ (S @ (207 = Vi |s(r,0) = Yil [5(1.0) + @YFIs(r,0)) + &Ydls(r,0) ) dsd(0 — o) -

Using the property (B.3) discussed in the appendix, the commutator can be brought to the
useful form

[H 1I% (7,0), 8022 Yy (r,0')] + [0061}/0“(7', o), H IIY (7, )] (2.95)
H [iN3 iN3 . ,
=5 (4 (Aager — NVagea) + 7561’6261 (Aag — Aa3) Z ein(o—a’)
n#0

i —in(oc—0o’

_ 1551,—62 ( Z e in( )) (5061 %3’2(77 o) — 60/—61 Y()g‘E(T’ 0”))
n#0

ime

Tt daca (Wls(r.0) = Yi15(r.0) ) 4sd(0 = )

ime
1&M2@f+x;uvwo+muﬂman%aodﬁ.

It is now possible to match both evaluations (2.93) and (2.95). This will be done in two steps
where 7-independent and 7-dependent terms are matched separately. The former results in
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two equations,

(i, 02, = Php ] Yoe, e, (2.96)
€ —im(o—o' 1N3€ —im(o—o'
51 561,62 y3 Z me im( ) = Tl 561762 ()‘#23 - )\V23) Z € im( )
m#0 m##0
1 —i —ex0’ v v
+ 5 Z € m(ela €20") ([r}/ﬁnepa—meg] - [7—m627 aﬁnel]) .
m#0
(2.97)
The last equality can be viewed as a Fourier series in (o0 — ¢’) and is satisfied by
u u iN3¢; y
[’7#%1’0[—77162] - [7—meg7aum61] = 561,62 <y3m - 2 ()‘M23 —A 23)) ’ (298)

for all m # 0. Recalling that the whole analysis is restricted to (u,v) = (1,2) or (2,1), it can
be deduced that

iN3¢;
sl = B s ] = G (P = 252 ) (2.99)

Turning to the 7-dependent terms, one first has to notice the rewriting

e D) (00, ¥ls(r,0) ~ 00 Vls(ro)) (2.100)
n#0
imey

o (6 (Y3 15(r,0") = YPI5(r,0)) + 8o (Yo Is(m, ) + Yl I, a'>)> 0b(c — o)

1 —i(k+n)T ,—ie1ko ,—ieino’ 3 k—mn ! —imo 3 —imo!_ 3
:g Z e € (& O[(k+n)€1 4]{_"_” 651752 + g Z e elam€1 —e 620‘m52 .
n,k+#0 m##0
k#—n

Matching this with the 7-dependent terms in (2.93) determines the following commutators,

Ver,e, Vm#0, Vo k#0,k+n#0,

1 1 i
(s Pea] = 51PE Qmer] = [imer s Pea] = 5108 e, ] = g0ey (2.101)
ik—n .
[’Ylielvagkg] - [772%270‘]1%1] = zm (561,62 a?k+n)61 . (2.102)

As €1 and e can be chosen arbitrarily, (2.96) and (2.101) lead to

[pirs N?) = [Ph, N'1 = [pr, 0°] = [, p'] = 0 (2.103)

[mers N21 = [Yimey s N1 =0 (2.104)
i

[’Y'rlTLel7p2] - [p%{, ainel] = [Vglél,pl] — [p}_l’ Oggn“:l] = Zolgnel . (2105)

for all € and m # 0.
Not all commutators of the expansion coefficients have been determined so far. In partic-
ular, there is no information of how y4; commute with other operators. The reason is that
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strictly speaking it is still unclear whether the full algebra of canonical commutators can be
consistently fulfilled, as until here only the combination (2.92) has been investigated. In the
following, the canonical commutators and their 7-derivative forms will be fed with the above
results to check consistency and to find missing coefficient commutators, in particular from
the zero-modes.

The first canonical commutator to be looked at is [P,,P,] = 0 in the form (2.80), where
for (u,v) = (1,2) it reads

E[a Yi(r,0),0;Y?(r,0)]|u (2.106)
k— - /
— % : +Z (6—1(k0++n0+)&2+n +e i(ko_+no’ )O‘iJrn)
n,k#0,k#—n
17T

_ Z(yo (7, 0") + ¥ (7, 0)) 25 — o)

(6 (7,0) — 037, 0)) <” oo —o)+ D '

The right-hand side has been obtained by using a rewriting (2.56) of the H-order solution,
several zeroth order commutators and commutators obtained above. The whole equation is
satisfied automatically, as can be seen as follows. First, by summing the two equations (2.100)
for € = €5 = +1 one obtains the relation

i Z k — : Py
1 n (e—l(ka++na+)a%+n +e i(ko_+no’_ )az+n) (2‘107)
8 k+n

n,k#0,k#—n

= (0¥ 0) = 078 (1.0 + 5 (W Is(r.0) + Vils(7.0)) 208(0 = o) .
Second, by taking into account a property of the d-distribution given in (B.6), one can find
(871/03(7‘, o) — 0, Y3 (T, O'/)) S(c—0d')=0. (2.108)

By using these two relations, (2.106) can be confirmed. No new commutators are obtained
from it.
The second canonical commutator to be looked at is [Y#,P,] in the form (2.82), where

after plugging in (2.56) and several zeroth order commutators the following relation for
(,v) = (1,2) or (2,1) can be found,

1
IV, 0), 0¥ (1,0l = ¥ (o)l + 5 3 (7% 4 e )] (2.100)
niO
—imoy u ,—imo_ oYY /
[yH+pHT+ gme + Ymeé )7 T 0(7_70)]
m#O

- Z e (2P (r,07) + NP — 4NN
+ 25(0 — o) (Y§(r,0) + Y (1,0") = 20° + 2p°7 — N3(0 + o) + AN?(M930 + A a30"))

— é (YO?’(T, o) — YO3(T, o)+ N3(0/ —0)— 27871/03(7, o)+ 2p37') .
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The right-hand side can be further simplified by using first order commutators that have been
obtained so far and the d-distribution property (B.4) as well as

(Y()3|E(Ta o) = Y ls(r, 0’)) 5o —d')=0, (2.110)
which again follows from (B.6). In total, the following relation has to be fulfilled,

it §(o — o) Y3(r,0') = %[Y“(T,O’),@TYV(T, o)|u (2.111)
= [y“,p?{] [yﬁfp p"]
o 2 (3 + T 82D + e ([0 2] + [ 2) )

n;ﬁ()
_ é (4y3 + Y03|2(7_7 01))
+im 8(c —o') Yi(1,0") .

This can be achieved by setting

1
' ] + [yi 0] = I ol + Wi p'] = 597 (2.112)
1
[yla’)/iel] + [y}{’ a12’L€1] = [y27’)/717,61] + [y?{? a'}lel] = _%aiel ) (2]‘13)

for Vey, Vn # 0.

The last canonical commutator to be looked at is [Y#,Y"] in the form (2.73). Its two
parts are given by

i 1 /
[Yi(r,0) Y3 (r,0")] = (Y3 (70 yh + phy 7+ 5 3 — (e +a2e )]

n#0
Z (Y5 |2(7,0") + p°7) (2.114)
1 1 —in(c’'—0o
+ L (Flnrol) +2nin) 3 Lo
n#0
and
[Yé(’ﬂ U)aYOQ(Tv U/)] = [yH +pH T+ 5 2 Z TL —1n0+ +’Yl o= ) YVO2(7—7 U,)]
n#0
L (Y|s(r,0) + pP7) (2.115)

OO\H»-P\

(V¢ ls(r,0) = 2N37) )] L
n#0 n

The sum of these two expressions can be simplified by using some of the first order commu-
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tators obtained so far. An intermediate result is given by

0=[Yy(r,0),Y5(r,0")] + [Yi(r,0),Y{ (1, 0")] (2.116)
= [y' v — W2 ui) + o [N yi] — o' [N?, yg]
7 ([ 03] = [v2 pE] + ' yF] — [pQ,y}q])
i Y3 Y 2 ~2 ma+ mUI_
+ZT O|§)(T,O’) O‘E(TU ) + Z 7(gne +7 € )]
n;éO
% (ke b O ¢ [phy (B2 + e )]

e+ a;e—im—n))

i@l ] , L .
+5 2 ([ @™ + 2] = [ (Ghe " 4+ e )]
n#0

+ [yh, (@267 4 a2e™™0)] = [y, (dhe ™™ + ahe™™)])

T L L
+ E Z ﬁ (ai(e ino’, m0+) +Oéi<6 ino’_ ma_)) .
n#0
It can be simplified by using (2.101) to cancel the terms in iT, by using (2.113) to cancel

the last three rows, and by using (2.112) to cancel the terms in the third row. The resulting
condition is

0= F[Y'(r,0),Y*(r,0")]lu (2.117)
[YI(T 0),Yi(r,0)] + [Yi(1,0), Y5 (7,0')]
= [y uh] — [v% wi] + 0[N yi] — o' [N?, yg]

that can be fulfilled by setting

[y',yi] — [v% y] = 0 (2.118)
[N yi] = [N?yp] =0 .

This ends the derivation of the commutators in the (u,v) = (1,2) and (2,1) direction,
as all canonical commutators have been used. It shall be emphasised once more, that the
given relations are only sufficient but not at all necessary. They only provide one possible set
of commutators to fulfill the canonical ones, others might as well be possible. Furthermore,
there are commutators left undetermined as many relations only fix sums of commutators. In
a sense, the whole quantisation procedure is doomed to remain incomplete, because neither
an extension to higher orders nor processing other directions than (1,2) can deliver more
information on these fixed sums. For example, seeking commutation relations at second order
will only increase the number of terms in such sums,

Y e = H (Y0 Y] + Vi, YE) + [V, YED) (2.119)

As it will turn out later, the relations obtained here are sufficient to discover some properties
of the commutators in the non-geometric frame related by T-duality, though.
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2.3 The non-geometric frame

This section shows how to obtain coordinate solutions Z* in the Q-flux frame by integrating
the worldsheet T-duality rules for going from one frame to the dual one. Furthermore, it is
shown to what extent the commutator of two such coordinates can be computed using the
quantisation results from the twisted torus frame, but no further assumptions. In order to do
S0, it is of particular importance that T-duality as it is used in the following allows to express
the coordinates Z* in terms of the expansion coefficients of the twisted torus coordinates Y*.
As will be discussed at the end of this section, there will, nevertheless, appear integration
constants whose commutation relations are not determinable. Their values can be fixed by
employing various physical arguments, which will be done in the next section.

As has been argued in the introduction to this chapter, it is a priori not clear what the
canonical commutators in the non-geometric frame should be. The aim of this section thus
is to determine the coordinate commutators from canonical commutators in the geometric
frame of the twisted torus. Whether T-duality is capable of providing such a relation can
be questioned, and in particular it might be considered as a working hypothesis that the
integration of the T-duality rules can prepare the correct behaviour of the coordinates Z*.
One argument in favour of such a proceeding is that the T-duality rules correctly map one set
of canonical commutators in the torus with H-flux frame to the set of canonical commutators
in the twisted torus frame. At order O(H'), one finds

[0 XH(T,0), 00 XY (1,01 [0, YH(T,0), 00 Y"(T,0")]|1
[0 XH(T,0),0: XY (1,0)]lg <= [0,YH(1,0),0:YY(T,0")]|u (2.120)
[0 XH(T,0), 0. X" (1,0")]||u [0:YH(1,0),0;Y"(T,0")]|1 -

An example of how to proof this will be given in (2.125).

On immediate question is, whether the T-duality rules can directly map the commutators
[Y1,Y?] and [Z!, Z?] into each other. This would make the whole procedure of finding
classical solutions superfluous. In fact, it turns out that such a mapping is impossible. T-
duality, as has been mentioned already, only relates derivatives of coordinates, which is also
the reason for the above mapping to contain only commutators of o- and 7-derivatives of
coordinates.

In summary, it can be stated that T-duality allows to map certain commutators correctly,
and therefore it will be taken for granted that it also allows to construct all other commutators
from mapped solutions.

2.3.1 Classical solutions

To obtain the classical solution for the string coordinate fields Z# (7, o) it is necessary to solve
both the equations of motion and the boundary conditions. At first sight, it seems feasible
to directly solve the equations of motion, as they formally are identical to the equations of
motion in the frame X*#, up to linear order in H. This can be seen from the respective target
space fields, which for the non-geometric frame can be computed by applying the T-duality
rules® (A.8) in yu = 2 direction. As discussed in the introduction, a non-trivial denominator

5Again, it has to be noted that due conventions a sign change in the off-diagonal components occurs.
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appears and turns the configuration non-geometric:

1

mo 00 0 g 0
1 -
G=f|0 m 0|, B=f|HZ 0o of, (2.121)
2 1°%2
0o o & 0 0 0

with

332\ !
f:<1+<gi2>> . (2.122)

Applying the rescaling (2.15) and expanding only up to order O(H!) yields

1 00 0 —-HZ® 0
G=|(0 1 0|+0H?*), B=|HZ> 0 0]|+0H?. (2.123)
001 0 0 0

Up to a sign in the B-field, these fields agree to (2.8) after rescaling.

Although it seems that the expansion in H removes the ill-definedness and allows for a
direct solution, it is at this stage completely unclear, what the boundary conditions for the
coordinates have to be. There are arguments that determine them in a rather sketchy manner,
cf. [2], appendix C. But they are not sufficient to clarify the exact expressions in terms of the
notation established here, as can be seen by comparing the result of the following analysis
(2.147) with the suggested boundary conditions (2.148). In particular, the result (2.147) does
not at all match with the boundary conditions for the torus with H-flux frame (2.201), which
once more shows that non-geometry can appear in global features despite locally equivalent
setups.

To evade the question of how the boundary conditions can be determined properly, the
guideline to find classical coordinate solutions Z!(7, o) and Z2(7, o) shall instead be to use the
T-duality rules® for the coordinate fields derived in appendix A, namely (A.10) and (A.11).
Here, the coordinates Z* shall be constructed by performing a T-duality in the p = 2 direction
on the coordinates Y#. Using the rescaling (2.15) and the target space fields for the twisted
torus (2.11) the duality rules read, up to order OH?,

0o 713 = 0,13 (2.124)
0.7%=0,Y?> - HY30,Y"!
0,72 =0,Y?> - HY30, V' .

They, as mentioned above, allow to map commutators in different frames according to
table (2.120). The last line, for example can then be proven by

[(Z-XI(T, o), &’TXQ(T, o)lu = [d,Yl(T7 o), 8TY2(T, o)y —H [Y0380Y02(7', o), 8TY02(7', o]
=irH (Y§(r,0') = Y§(r,0)) 0,6(c — o) (2.125)
=irH (XS’(T, o) — XS(T, J)) 0,6(0c —d')

using (2.81), (2.64) and the setting Y5 = X§.

5There is a sign change in the last terms of rows two and three of (2.124) due to different conventions in
this chapter. See the discussion in appendix A.



2.3. THE NON-GEOMETRIC FRAME 45

To obtain classical coordinate solutions, it is straightforwardly possible to proceed in the
same spirit order by order by defining
7' =2+ HZ}, (2.126)
ZP=72+HZ% .

Zeroth order

Separated to different orders, (2.124) at zeroth order simply give
0r 78 = 0,Yy | 0525 = 0,Yy , 0:Z3 = 0,Y§ , 0,75 = 0. Y§ (2.127)
that can be integrated to

Zé (1,0) = 2 yl + Yol(T,o) (2.128)
Z(1,0) = 22— P + Y¥(r,0) (2.129)

i 1,00 .
=224+ p’c+ N1 + 3 Z — (aflcf”w”r — aie*m"—) i
n
n#0

Integration leaves two undetermined integration constants z' and 22, whereas the former
constants y! and 72 are removed. These new constants will play an important role later on
as there is no possibility to determine the commutator of their operator counterpart with any
of the other coefficients. Therefore, the procedure to determine the canonical commutators
[ZF, Z"] will always leave some particular freedom of choice.

Strictly speaking, new integration constants can also arise at zeroth or first order in the
third coordinate Z3. It can be obtained by integrating (2.124), namely

0,73 =0,Y3, 0,7 =0,V (2.130)
For both a physical and a technical reason, the following analysis assumes
Y3(r,0) = Z3(1,0) . (2.131)

First, from the physical point of view, the u = 3 coordinate is the base circle a two-torus
is fibered over in the X- and the Y-frame. T-duality transformations in the fiber directions
should leave it invariant. Also, the physics given by commutators with the p = 3 coefficients
should be left invariant, and thus it is reasonable to rule out changing integration constants.
Second, from a technical perspective, the target space fields G and B in the X- and Y-frame,
namely (2.8) and (2.11), are T-dual to each other only if the ;1 = 3 coordinates are identified,
X3 = Y3, Consistency in this respect thus also supports the above assumption.

First order
To obtain the first order classical solutions Z4;, the following equations have to be integrated,

0r 7% = 0, Y — HYS0,Yy , 0,72% = 0. Yf — HYP0, Yy, (2.132)
02y =0,V 0,25% = 0,V (2.133)
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using the general relations (2.124). As discussed before, it is assumed that Z3; = Y3, and for
Z}I one finds

Zy(1,0) = 21 =y + Y (1,0) (2.134)

allowing for an integration constant z}{ at first order.

The strategy to obtain Z% is as follows. First, the first relation of (2.132) is integrated
separately. This leaves an undetermined function of . On the other hand, the o-derivative
of the integrated expression has to match the second part of (2.132), which allows to solve
for the so far undetermined function.

To begin with, the solution Y2, given by (2.50), shall be straightforwardly rewritten as
follows,

72
2

+ 6 —ino4 +,}/ ma_)

i z ((0hi + PRI + e+ phad)e ™)
n;ﬁO

_1 Z 1 (Oél ol + & al)e—i(m0++n0,) ]

Yi(r,0) = vk +pH T+ (p'p® — N'N?) (2.135)

To simplify notation the following abbreviations shall be used,

Aft = p}a&g + PRy, AL =prad +plas, (2.136)

~1 1 i 3ol — a3l
Apm = dhad, + & a Apm = Qpa;, — oy,

n-—-m

Writing out the first half of (2.132) then gives,

0. 7% = —Nl(y3 +pPr 4+ N30) (2.137)

- i1~ ~ i
+ = Z <<g,21 + TAf — ENlozi — (y3 +pPr + N3o)a}L> e Mo+
n;ﬁO

i .
— <’y,% + TAﬁ + ENlai — (y3 + pPr + N?’a)a}l) e‘"”‘)

- Z l e~ 2inT
4 n
n#£0
_ 1 m + nAmnefi(mo++na,)
nm

8 n#0,m#0,+n
i 1 /1 w2 _ .
I Z - (al 3 i(n+m)oy 047171042@ 1(n+m)a,> ’

m®¥n€
n,m7#0 n
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which, after integration, can be found to be

1 ~l ~
Z%I(Tv J) = fH(U) - Nl(y3 + N30>T 2 T Z l—n ?l - al—nafl)

(2.138)
nsﬁO

i 1 - i i N - ~ i
13 (4 - Daf - Lovia - g - g N ) e

_ <’Yn +(r— DAL + Z(N1aB + pdal) — (v® + pr + N30)a711> eina'_)
n
A

n
1 1 -
+ = — nne—QmT
8 n
n#0
+ é LAmnefi(ma.FJrna_)
n#0,m+#0,+n
+ i 1 <a}naie—i(n+m) a 131 1(n+m)a,> .
n,m#0,m#—n n(n + m)

The function fr (o) is a so far undetermined, T-independent integration constant. The deriva-
tive of this whole expression, namely

9o Z?:z(ﬂ ) = f(0) — N'N37 (2.139)

30 (( o)Al - jL(Nl&i—(p?’—N%&;)—<y3+p3r+N%>ai)

n;ﬁ()
+ (’yﬁ + (17— %)Aﬁ + %(Nlozi + (p3 + N3)a,11) — (y3 + P37 + NSU)a}L) e_i"">

_ i Z m - nA e*i(mchrJrno,)

mn
8 n#0,m#0,+n nm

i 1
_i Z E (a}n&z —i(n+m)o4+ +al OZS —1(n+m)07) ’

n,m#0,m#—n
should match the second half of (2.132), namely
0073 = pi — p'(y® + N30) — N'N37 (2.140)
+ ;n?&g <<~72L + (7 + %)A,ff — %pl&i — (y3 + pPr + N?’a)&}l) e o+
(

i i )
R+ (4 1AL = Lplad = (4 + 7+ NooJak ) o)

n#0,m#0,+n

i 1/ e By
_ Z Z 5 (arlnaie i(n+m)o4 + arlnaie 1(n+m)07> .
n,m7#0
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This can be achieved by setting
l A —2inoc ) _ i l ~1 ~3 3
An_ne E [a +ab e ] . (2.141)

i
fr(o) = (p%—pl(y3+N30)+*Z Lad,
4 n#0 n 4 n#0 n
Integrating fy allows to give the full solution for Z%I,
1
Z3(r,0) = zf + (pf — p'y’)o — Nl(y3 + N3a)7 - 7(N1p37'2 +p'N30?) (2.142)
. 1
i Z — (ozl,n i - ozl,nozn 0' Z a,nan +al a3)
n?f() n;éO
1 . .
g Z —2mT o An_ne—Qma)
n#0
n#0

i i - ~ ~ —i
(( P DAl L0at - ) - 0+ P N ) e

i i A
- (7,% + (1 — E)ATI; + E(Nlai +pial) — (P + pir + N?’a)a,ll) e_”w)

+} Z 1 A, eilmos+no.)
8 n#0,m#0,+n nm
1 1 ~1 ~3 —i(n+m)ot aSe —i(n+m)o_
+ 1 Z n(n +m) (amane a ape ) .

n,m#0,m#—n

A new integration constant z%{ has been inserted. To simplify this expression a little, it shall
be noted that the third and the sixth row can be combined to

1 ~ -
Z(_YO?)'EY(HE + Y 2Y5 ), (2.143)
whereas the rest can be rearranged to give the final result,
Zh(r0) = +pho+5 3, ( Tnos _2eine) (2.144)
n#O
1 - -
— 5 (B1s¥ s - i 12731s)

1 - - -
+ 57 (Tl + P T ls — N'Yls - NPV s ) — 0 + PP + N s

1
*p1y30-*N1(y3 +N30_)7_7 §(N1p37—2 +p1N302)

! 1 ~1 ~3 1 .3
— Z ﬁ (O'J,_Oé_nan — O'_O[_noln)
n#0
1 1 1~3 3 ~1\ —inoy 1.3 3 1\ —ino_
+ 5 w2 ((pLan - pLan) e - (pRan - pRan) e )
n#0
1 1 ~1 ~3 _—i(n+m)oy 1 3 —i(n+m)
+ 1 Z n(n+m) a,, Qe — Qe
m#0
m?élfn

It turns out that for the computations to be followed in the next section it is helpful
to rearrange this huge expression once more. Its second line contains oscillator parts of
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coordinates only, Y}'|s;, which can be completed to full coordinates Y at the cost of adding
more terms. Technically, this simplifies some computations in the next section as there
the commutator of Z%I with YO1 will be computed, and thus the more full coordinates are
made appear the more often canonical commutation relations at zeroth order can be used.
Eventually, one finds,

L | |
Zi(r,0) = 2 + vy o + % = <§Ze‘m"+ - vﬁe‘m"—) (2.145)
n#0 n
1 1 s _
T Z n(n +m) (a}naie intmes — o) ade l(mm)g_)

m,n#0,m#—n
1 1 ~ ~1\  —ino
T Z 7( ((p" + NHad — (p* + N*)ay,) e "7+
n#0 n
+ (0" = Nk — (0! = N)ak) e7m7-)

i 1
~1 ~3 1 3
— Z Z E (O'_t,_OéinOén — O'_Oéinan)

n#Q0

1 1
+oTN'N3 + 1(7'2 + 03 (N'p? + p'N?3) + =

1 (v'5* + 3y°5")

1 ~ 5 = -
L (_y1YO3 + VS — 33T — y3Y01>

4

10 (=NUEE =)+ 0 — ) - NPT — 7)Y — )
1 ~ - > -

w1 (PO -7 - N - ) - P -3 - 3N (Y — )

1 - -
+ 7 (WY - )

Result

To summarise, the following classical coordinate solutions after performing a T-duality in
= 2 direction have been found:

ZNr,0) = 2" —y' + Yy (1,0) + H(zpp — ypy + Y (7,0)) (2.146)
Z*(r,0) = 22 = §° + Y (r,0) + HZ}(7,0)
Z3(Ta J) = YE)3<7—7 U) + HYEI(Tv J) >
where the complicated Z% is given above in (2.144) or (2.145).
As has been discussed before, from pure physical reasoning it is not clear what the bound-
ary conditions for the coordinates Z* in a non-geometric frame should be. The adapted
strategy here is to use the T-duality rules as a guideline and not assume any boundary con-

ditions in the first place. The given solution for Z%I allows to read off the following, rather
complicated, boundary condition,

Z2(1,0 + 21) = Z2(1,0) + 2mp® + H( — 2 N3 (Y — 1) (2.147)

i 1, = .
+2n(py —p'y® —p'Nm) — = Y — (a4} + ol 0d) ) .
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As a side remark, it shall be noted that this boundary condition - up to a constant shift
of the zero mode operators - has the form

Z2(r,0 +21) = Z3(1,0) — 2rHN3Z'(1,0) . (2.148)

This is expected from either a reasoning starting with a doubled worldsheet, cf. section 4.2.4,
or a reasoning on monodromies. Details on the latter can be found in [2], appendix C.

2.3.2 Quantisation

As already described, the canonical commutator of two coordinates Z! and Z? shall now be
determined, rather than imposed. This is strictly speaking not a quantisation but rather the
reverse procedure to the canonical quantisation in section 2.2.2: the commutation relations of
the expansion coefficients are use to construct the full commutator. To start with, the latter
shall be divided into different orders in H as

(21,27 = [21 =y, 22 = ) + [ — ! V) + Y, 2% — ) (2.149)
+H([2) 2 = P+ [ o' 23))
+ H (124, V31 + 13, Z3]) -

By construction, non-commutativity cannot stem from zeroth-order commutators. Ig-
noring all expressions that are at least of order O(H?') turns the whole setup back to the
quantisation of the free string and its T-duals, where non-geometry does not occur. All new
effects to be discovered, therefore, must at least be linear in the flux parameter H. In this
sense, it is imposed that

(Z5,28] =0, (2.150)

which, given the form of Z/', restricts the undetermined commutators at zeroth order to
[z} — 4!, any 0" order operator] = [22 — 2, any 0" order operator] = 0 . (2.151)

This states that z! has the same zeroth order commutators as y', and 22 the same as 2.
An immediate consequence is that the first row of (2.149) vanishes, whereas the second
row simplifies,

(Z4(7,0),2% — 5] + [2' — y', Z% (7, 0')] (2.152)

i 1 . )
= [eh 4ol 75 Y (G ke ) 22— ]
n#0

R R o
S G B R > 5(936 7L —Ale m"—)] :
n#0

using (2.134) and (2.144).

The computation of the last row of (2.149) is the most involved and shall presented in two
parts. First, only zeroth order commutators are used, whereas in a second step the first order
commutators are employed. Fortunately, exactly those sums appear during the calculation
that were determinable by the quantisation procedure in the last section. This indicates the
correctness of the whole procedure applied in this chapter, despite the complicated expressions
and subtle calculations.
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To start with, the second term of the last row in (2.149) can be written as

i ]. H / H /
Y3 (r,0), ZE(r, 0] = [Y (.00, 2 + o o+ 5 %) — (g2 7 — 42|
n#0

1 o
N3N i) (2.153)
4 n#0 n

1 ~ 3 ! _3 !/ _ _3 ! H !/ _
2 (Oéie ino’, . im(o'—0o) _ Oéie ino’_ elm(a O'))
i n(n +m)

. |
(3y3 +3N30" + pir + Y3(r, 0')) Z ﬁe_m(" —)
n#0

+ ia' (—y3 + N3(a -od)— Y03(T, a)) + ir <p30 + }703(7', o) — }703(7',0)> ,

+

| = 0O -

+

where its third row can be condensed to

1 1
“Yiln(r,0) Y ze P (2.154)
4

p#0

by introducing a new index p = m+n. The first term of the last row in (2.149) can be written
as

- i 1 . . ~
[Zh(7.0). Y5 (r.0)] = [k 4 vl 7+ 5 35 = (@he ™7 +one ") VP (0
n#0

1 L in(or—

— 5 (P 43N T 4 () ) e (2.155)
n#0

iN3(7'2 + 0% —200) .

+ ia (2 N? — pi7) + iT (}7(')3(0) — 3]3) ~1

Until here, only zeroth order commutators have been used. Taking now the sum of the re-
spective first lines in the last expressions, (2.153) and (2.155), it will contain exactly matching
combinations for using the first order commutators of the last section, namely (2.96), (2.99),
and (2.101) to (2.105). That is,

i 1 PR PR
[Yol(ﬂ o), 2% + pay o + % > (gie—‘”% - 'yze_m(’*)] (2.156)
n#0

i 1., . . ~
|ehph 5 Y - (e ke ) YR ()| =
n#0
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n [ylvp%{ /+% —(9%6 ino’, 726—1710/_)]
n#0
i 1
oS e et 5
n#0
+ 0" (Y5 (0) —9°) - iT(f/oS(U/> -7’ + iN?’(T? — o0’
i 1 .
—_ _N3 Z —_e~in(o'~0)
2
oA
1 1 il
— é (2y3 _ N3(0, + O'/) B 2p37_ + YDS(U) + }/03(0'/)) Z 767111(0 —0o)
n#0 n
i 1 - . .y _
e - o)
n#0

Two types of commutators are left undetermined by construction. First, commutators of 2%
with others, that cannot be determined due to their origin as integration constants. Second,
commutators of y* and g with first order coefficients. These will cancel out with (2.152).

The compilation of all intermediate steps, namely (2.152), (2.153), (2.155) and (2.156),
gives the end result of this section, the commutator of the first two coordinates in the non-
geometric frame, that is

%[ZI(T, 0),Z%(1,0")] (2.157)

= [2',25] + [z, #°]

. T([pl,zm N [p}{,%])
1 9 im 3 2 1 2 1 13
+o<[N 27 ] + EN > -0 <[p s zpl + [pw, 271+ Sy >
: 1 . N B o ~ ~
+ % - (em‘” ([@n 28] + [ 2°]) + €77 [z, 00 + [, 32]) )
o u
+ % = (e‘m"‘ ([om, 251 + [1n- 21) — €77 ([zar, 0] + [, 77]) )

i | S s L i
+1762ﬁ(0‘%<6 ino’, 1na+)_a131(6 ino’_ mcr_))
n#0
_ 1N3 Z ie—in(al—a) + ENS(O_/ . O') 2 le—in(a’—o) -
2 n? 2 n 4
n#0 n#0

Some comments are appropriate here:

= The commutator, irrespective of its undetermined pieces, is dependent on the worldsheet
coordinates. Although this could be interpreted as a specific feature of non-geometry,
here it shall be assumed that a physically sensible coordinate commutator must at least
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be independent of the worldsheet coordinates after taking the limit ¢/ — o. As can
easily be confirmed in the above expression, such a claim puts restrictions on various
commutators, in particular

0=[p", 2H] + [211, N*] + [pir, 2°] (2.158)
0= [NI,Z%{] + %N?’ — [pQ,z}{] — [p%{,zl] — %y?’ .

Additionally, the oscillator terms in rows five to seven get restricted, as will be discussed
later on.

= From a more abstract point of view, one could employ the T-duality rules (2.124) and
directly deduce

(0,21 (1,0), 050 Z2(1,0")] = [0,Y (1,0), (0, Y? — HY?0,Y')(1,0')] =0,  (2.159)

having employed (2.64) and (2.85). This implies that the above commutator (2.157)
can be written, up to possible contributions from distributions, as

[ZI(T, 0),22(7', )] = fi(r,0) + fo(r,0') , (2.160)

where f1, f2 are arbitrary functions. Thus, the o- and o’-dependence has to be separable.

All but the last row of (2.157) immediately show this kind of separability. Still, by using
(B.1) and (B.3), one can verify that

- i 3 i —in(c’—0) 1 3.1 l —in(o’—0) l 30 1 \2

6080( 2N Z e + 2N (¢! — o) Z e 4N (¢ — o) )
n#0 n#0

=irN? (6(0" — o) + (o' — 0)0,6(0" — 7))

~0, (2.161)

to be understood in the sense of distributions, as all expressions presented in this section.
In conclusion, there is no contradiction to (2.159), even with a number of undetermined
commutators. Furthermore, the last row of (2.157) seems to be a particular part of this
commutator.

This concludes the technical derivation of the coordinate fields commutator in one particular
direction, which shall now be discussed with respect to a possible non-commutativity.

2.4 Non-commutativity

As has been discussed in the introduction to this chapter, it shall be investigated whether
non-geometry can become manifest in non-commutativity of the string coordinates. The
main result obtained so far is the commutator (2.157) of the coordinates in the two fiber
directions. Due to the implementation of T-duality, that technically involves an integration,
there are undetermined expressions in the commutator involving integration constants z'+2
1,2 . . . . . . . . .
and zy". Their commutation relations with other expansion coefficients are in principle
indeterminable, and a to this stage consistent quantisation is possible for any value of these

commutation relations.
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From physical reasoning there are certain preferred values for the undetermined commu-
tation relations, and in the following it shall be argued for one set of such. It will lead to a
nonzero commutator [Z!, Z2]. Nevertheless, there are other possibilities to fix the commuta-
tion relations, even under the restriction that there must not be any worldsheet dependence
after taking the limit ¢/ — o. In particular, it is possible to tune (2.157) to zero, and thus
the answer to the question whether the string coordinates are commuting or not thoroughly
depends on how the commutation relations of z* and zf; are fixed.

2.4.1 Commutativity
It shall now shortly be investigated how commuting coordinates Z! and Z?2, namely
[ZY(1,0), Z*(1,0")] =0 (2.162)

can be achieved. As commented around (2.158), a dependence of the commutator (2.157) on
the worldsheet coordinates that does not vanish in the limit ¢’ — ¢ is considered unphysical.
A simple setup can solve this issue for the linear 7- and o-dependence in the third and fourth
row of (2.157),

(22, 0'] + [2* pE] = 2k, N?] (2.163)
i
(257, 9’1 + [2', 03] = 53/3
[, N'] = SN° .

This is a small limitation of generality, as there are other solutions to the second line of
(2.158). For rows five to seven of (2.157) there are at least two possible approaches. First,
one could choose to satisfy the weakest claim only and take

(i, aned + [24, 7mel = € (L2 amel + [2%,mc]) - (2.164)

The three rows then vanish after taking the limit ¢/ — o. Alternatively, one could choose to
have these rows cancelled amongst each other even before taking the limit by setting

1

[2Fr, ol + [2% el = —e-0ne (2.165)
1

[Z}{,O&?K] + [zla’)/?zg] = _%O‘ie , Ve, Yn # 0.

The last row of (2.157) requires a more careful investigation of the limit o/ — o. The last
two terms vanish, whereas the first term is

. 1 ) , o' o 22
ERENE D ﬁe—m(a —0) o' =0 _%%Ni% , (2.166)
n#0

The only possibility to compensate this term is to fix the following cumbersome relation,

;2
(21, 23] + [21, 2%] = I%N?’ . (2.167)

Although technically possible, there are two alarming observations with this setting. First,
it seems to violate the reasoning that no physical effect should stem from the zero-modes.
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This has been explained around (2.151) and could be interpreted in a slightly generalised
fashion by also setting [212, Ay] = 0 for some operator at order O(H"). Second, there is a
simple argument that fixes the value of the above commutation relation. The assumption to
be made is, that the zero modes y* and y; can be split into left- and right-moving parts, as
it was already done for y* in (2.43). Furthermore, all commutators of those shall take a form
where the right-hand side is proportional to d, ,, as has been assumed for the zeroth order
commutator (2.72). This will in particular set

e vird = Wi vhiod . W2 vhd = [V vi—d - (2.168)

One can now claim the following equality, keeping in mind that the T-duality between the Y-
and the Z-frame has been performed in the p = 2 direction, i.e. using a gentle generalisation
of (2.151),

(2% 28] + [z, 2°] = ' 93] + [ym 771 - (2.169)
The right-hand side can be determined using the above assumption,

', %] + Wi 7°1 = [vL. vire] — Wk YiR] + Wi, v1) — Whr-vR] =0, (2.170)

such that one has
[21, 25) + [25,2%] = 0 . (2.171)

This is in obvious contradiction to the fixing (2.167). It shall be noted that this is not
a technical contradiction as it is based on certain analogies that strictly speaking can be
relaxed at will.

In conclusion, commutativity of the coordinates Z! and Z? can be reached by a particular
setup of the unknown commutation relations but seems physically implausible.

2.4.2 Non-commutativity

Taking again as the guiding principle that the commutator of Z! and Z2, (2.157), must not
depend on the worldsheet coordinates after taking the limit ¢/ — o, one can adopt all but one
fixing of the unknown commutation relations from the preceding subsection. Namely, for the
following shall hold equations (2.163) and (2.165). For the commutation relations amongst
the zeroth and first order position zero modes, as has been argued above by analogy, it shall
be taken (2.171), namely

[21, 25] + (21, 2%] = 0 . (2.172)

This leaves exactly one source of a non-vanishing contribution to the full commutator, namely
the last line of (2.157), which in the limit reduces to

iN3 1 —in(o’'—0) o'>o i 7T2 N3 2.173
—3N 2 e — gV (2.173)
n#

Eventually, the coordinates Z' and Z2? do not commute,
1 2 / in? 3 /
[Z°(7,0), Z°(1,0")] = —?N H, foro —>o. (2.174)
This result, to emphasise it once more, does not follow by strict logic, but rather rests on the

two physically motivated assumptions that the commutator does not depend on the worldsheet
coordinates after taking the limit and that, by analogy, it is plausible to fix (2.172).
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It is possible to give another independent argument for fixing the commutation relations
(2.163) and (2.165). This may add more convincibility to the overall result of non-commuting
coordinates Z' and Z2. The argument basically employs the idea behind (2.172), which was
explained in the preceding subsection. As a general guideline, one assumes that the zero mode
operators z1? and z}f can be understood as the T-dual counterparts, after performing the
duality along the p = 2 direction, of y*? and y}f, and therefore have the same commutation
relations at order O(H'). This, to emphasise it again, has already been argued for in (2.151)
at zeroth order. Concretely, the following relations are assumed,

[Zl_yla”']zoa [Z}{_y}{7]=0 (2175)
[22—3%...]1=0 0
From this, not only (2.169) but also other relations can be inferred, as for example
(27, ane] + (2%, vme) = [0 anel + (57, el (2.176)

1
[2trs 0] + [ e = [t 0] + [¥' vl = =g - s Ye, Vn £ 0, (2.177)

where the second row already determines the commutation relation from the earlier quanti-
sation result (2.113). The first row can be processed in the following way: First one writes

V=it P=el-vi), (2.178)

and similar for y?q, gﬁ{. Second, as was already assumed in various places, one takes that
commutators between left- and right-moving operators vanish,

[Ae,B_] =0, (2.179)
such that the above relation simplifies to

[g%{’ a}le] + [gQ? ’771Le] = 6[3/627 aTlle] + 6[3/627 ’leze?] : (2'180)
Using again (2.113), multiplied by e, fixes the commutation relation

1
€[y627 Oé}]f] + 5[@/627 77116] = _6%05?15 > (2181)
using the same decomposition. In conclusion, (2.165) has been confirmed independently.
The relations (2.175) are even more powerful, as for example the second line of (2.163)
can be found straight away,
i
[Z}—va2] + [Zlvp%I] = [y}—lvp2] + [ylap%—l] = §y3 ) (2182)
using the quantisation result (2.112). In the same way, the right-hand side of the first row of
(2.163) can be determined from (2.118),

[z, N°] = [ypr, N?] = 0 . (2.183)

Arguing in favour of the particular values of the two missing relations in (2.163) is a bit more
involved but possible due to an analogy. From a physical perspective, the coordinates X!
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and Y? are in a sense equivalent: they are both the starting point for the T-duality to be
performed; they have similar boundary conditions with a simple winding that become very
complicated, but again similar, after performing the respective dualities,
X' - Y with Yi(r,0 + 27) = Y(1,0) + 20N + 2e N3 HY§ (7, 0) (2.184)
Y? - 7% with Z2(r,0 + 211) = Z2(1,0) + 27p° + 2aN3H (=Yg (1,0)) + .. ..
Technically speaking, the comparison can be made precise by looking at the classical solutions

at order O(H') for X} in (2.211), to be derived in the following section, and Y7 in (2.50).
They map into each other under the following exchange rules,

Th < yh y' o g (2.185)
Ty - Uk p' o —N

Phx < Dir N' & —p®

Ve < Vime g © —€ap

where the right column details Yy < —1702, which is also present in the boundary conditions
shown above. The modes x}q, i}{, Py and ’Y;(me are also introduced in section 2.5.

The assumption to be made here is that all commutators that involve these modes preserve
their value under the given exchange rules. Roughly speaking, that can be phrased by saying
that the physical content of the theory in the fibre directions is equal before the respective
T-duality is performed. In other words, the underlying claim is that the order in which the
two T-dualities are performed does not matter.

Having such rules at hand, it is easy to fix the two remaining commutators. For the last
line of (2.163), one first uses (2.185) to prove

(7%, pirx) + [T N = =", oH] — lyms p7] (2.186)

where in addition it was used that :i’}q can be replaced by yllq similar to the rules in (2.175).
Eventually, one finds

(24, N = [97. N = = [7% pux] — [v' o2 — [y p°] (2.187)
13 2 1 T 3
= ——y’ — = —N
5Y 7%, prx] 5V

where the first step originates from (2.175), the second step follows from the equation just
derived, the third step from plugging in (2.112), and the last one from (2.232), which relates
various modes by investigating their dependence via the T-duality rules, to be discussed in
section 2.5.

The last commutation relation, namely the first row of (2.163), can be obtained by

[, 0'] + [2% pi] = (95, 9"] + [5%, P (2.188)
= [Gi,0'] = [N*,yy] = 0 = [z3, N?] ,
where the first step follows from (2.175), the second step from (2.233), the third step from
applying (2.185), the fourth step from the quantisation result (2.118), and the last step by
matching the already found (2.182).

In summary, the particular values (2.163) and (2.165) that the unknown commutation
relations have been given to, are now argued for in a completely independent manner. This
still does not make a proof as the argument involved particular physically motivated choices,
but adds more convincibility to the result of non-commuting coordinates Z' and Z2.
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Origin of non-commutativity”’

The discussion has shown that it can be argued for non-commuting coordinate fields Z* in
the non-geometric Q-flux frame. More importantly, this feature seems to be a string theory
specific appearance, as it is notably connected to the winding number N3. And indeed, it is
possible to reveal the subtle adjustments that lead to a non-vanishing commutator, and to
show that they are rooted in the string oscillation modes. This will give an even stronger
argument, that strings are necessary to probe the special structure of spacetime in the non-
geometric setup, as particles cannot have winding or oscillation modes.

As can be seen from (2.157) and (2.173), the only relevant part of the commutator [Z, Z?]

is given by
— i 3 E 1 —in(o’—0)

This subsection gives a guideline to the details of how A arises in the above analysis, and
shows that T-duality plays a dominant role within the explanation. In what follows, first, the
origin of A in the non-geometric frame shall be spotted by tracing two different contributions.
After that, it is shown how T-duality induces subtle changes such that there is no A in the
two geometric backgrounds.

Non-geometric background: There are two different contributions to A, each of them
adding one half of it.

a) The first contribution can be seen in the second line of [Yy', Z%], (2.153). It comes from
the zeroth order commutator,

[y el =m0 O (2.190)

me’ " ne

where one of the o, stems from Ybl, and the other can be traced back to a particular
piece in Z%, namely the sixth line of (2.144),

1« 1 i L B
13 L (had - el - [phad —phal]e) . o)
#0
After using (2.190), one is left with two terms that add up to a piece proportional to
—(p? —p%) = —N3, giving %A.
This contribution appears as a particular feature of T-duality in the following sense: the

above term can be characterized by its 1/n? dependence. Such a dependence originates
from the third line of the solution in the twisted torus frame, (2.50),

1 : 3
0%, 5 7 (P ls = N Is + 0" Ydls — NVl (2.192)

and the particular form of the T-duality rules (2.132). To be precise, the crucial point
is the relation of o-derivatives on ZIQJ to T-derivatives on Yé, and vice versa,

0Tl =0 YR+, e Zh =0 YR+ ... (2.193)

that after integration produces from (2.192), amongst others, terms with a 1/n? depen-
dence.

"This subsection is taken from [2], p. 28-30, almost literally as it was predominantly written by myself.
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b) The second contribution comes from the commutator (2.99) between first order oscilla-

tors v4 and zeroth order oscillators o,

1 2 2 1 1_5 3 iN3¢
[’Ymelva—meg] - [’Y—meg’ amel] — Ye1,e2 ym— 2 . (2]‘94)

Applying it to one part of the first lines of (2.153) and (2.155),

[Yol(r, a),% 3 l(ﬁe*i"% 2eminol )] (2.195)

n
. 1 ~
_’_[% Z - (gn —inoy +’Yl —ino_ )’}/02(7_5 O',)] ’
n#0 n

produces pieces that combine into %A. It has to be emphasised that due to the d, , in
(2.194) only commutators with either two right-moving or two left-moving oscillators
are nonzero. As also several combinations of ¥4, 75 with o}, &), appear, the result is
very sensitive to the signs they come with. Schematically, it is

[a' +a' 5% =27 + [7 +’Y La? - aQ] (2.196)
o’

= ([’72a - ) ( [’Y y & ])
+ ([7 ,Ot ] [72 al]) ([’Y 7a1] - [7 y & ]) .

These are exactly the combinations that are available in (2.194). Here, the two possible
permutations for €; = €5 add up, while the terms in the last row are simply zero.

Table 2.1 gives an overview to the fate of the two contributions a) and b), given in different
lines, in the various T-dual backgrounds. The rightmost column depicts the discussion for the
non-geometric background we have given so far, where the expression 1+1 for the contribution
b) pays tribute to the subtle sign combination explained above. The middle column depicts
the situation in the twisted torus frame, to be described below. The first column shows how
the various contributions cancel out when one uses T-duality to go back to the torus with
H-flux frame. This shall be commented on in the last section 2.5 of this chapter.

Contribution H-flux Twisted torus | Non-geometric
a) [a, o] —% 0 %
1+1 1-1 141
b) [a,7] o T ES
Sum 0 0 1

Table 2.1: Contributions to (2.189) in units of A.

Geometric backgrounds: For the twisted torus, two things change when recapitulating
the above explanations. First, there is no type a) contribution - depicted by 0 in table 2.1.
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This is most easily seen by noting the absence of any term with N3/n? dependence in the
expression for Y}/, (2.50), that could contribute. Second, the contribution b) is zero due to a
sign change. As explained above, in the non-geometric situation there are two pieces coming
from only left-moving and only right-moving oscillators. Here, they appear with the opposite
sign and cancel out - depicted by 1 — 1 in the table 2.1. Schematically, this can be seen from

[a' + alﬁ2 +7°] + [’yl + 71, 07 + o] (2.197)
— (%o o?)) - (3% a'] - [7',a%))
+ (', a a']) = (% a'] - [31, %)

where again the last row vanishes and now the opposite sign of the first term on the left-hand
side causes the above mentioned cancellation. The sign change exactly is the well-known sign
change of the right-moving oscillators due to T-duality. In summary, there is no term (2.189)
appearing in the twisted torus frame thanks to subtle adjustments from T-duality. It follows
that the only source of non-commutativity has been removed for the coordinates Y#, and this
gives a nontrivial proof of consistency for the whole procedure.

2.5 The torus with H-flux

This section presents supplementary considerations to the above investigation: First, it de-
termines the classical solutions X* up to first order in the H-expansion for the torus with
H-flux frame, which was defined in (2.8). Second, it will show how the T-duality rules relate
the expansion coefficients of these X* with those of Y#. This underlines how the equations
of motion in each frame, i.e. either the torus with H-flux frame or the twisted torus frame,
are mapped to each other under T-duality. Third, it is shown that the quantisation of the
twisted torus is consistent with commuting coordinates in the torus with H-flux frame even
when taking into account the relations between expansion coefficients in both frames. In con-
clusion, these observations support the procedure that was applied to obtain commutation
relations in the non-geometric frame.

2.5.1 Classical solution

The flat torus with constant H-flux is defined by the target space fields G and B in (2.8),

R? 0 0 0 HX3 0
G=(0 R} 0|, B=|-HX® 0 0], (2.198)
0 0 R3 0 0 0

that enter the string action (2.5), together with the torus identifications (2.6). By rescaling
the coordinates and the flux parameter,

1
Xt~ Xt H— HRiRyR; . (2.199)
m

similarly to (2.15), the resulting equations of motion simplify to

000" X (1,0) = Hn ex,p05 X" 0- X" . (2.200)
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Here, 7 is just the identity stemming from the diagonal metric, n = diag(1,1,1), and € is
the totally antisymmetric e-tensor in three dimensions. The torus identifications are taken to
be fulfilled by the following boundary conditions,

XH(r,0+ 2m) = X*(1,0) + 27 NE . (2.201)

This allows for winding of the string, and to differentiate between the winding of the string
in the twisted torus frame, the winding number N )’é is supplemented by an index "X’

The solution, again, is found by expanding in the parameter H as it is taken to be small.
This is the dilute flux expansion that was explained in more detail in section 2.2. In particular,
also the present configuration solves the target space equations of motion up to order O(H?").
The coordinates are written as

XH*(r,0) = X} (1,0) + HX(7,0) + O(H?) , (2.202)
which separates the equations of motion into two differential equations, one for each order,

0 0° Xl =0 (2.203)
000 X = e, 0, XY 0, X8| (2.204)

with €, = n“)‘e)\,,p. By taking this expansion in orders of H and additionally Fourier
expanding the solution to the boundary conditions (2.201), the coordinates can be written as

XH(r,0) = Nio + Z bk (T)e "7 + H< Z c“Xn(T)e_i""> : (2.205)

neZ neZ

When inserting this expansion into the equations of motion, one finds at order O(H?) the
free string solution with winding,

Xb = a" + pm+ NEo + = Z - (ok,e —ino+ +of;{n6_i”0*) , (2.206)
n;éO

where again all expansion coefficients are supplemented by an index ’X’ to distinguish them
from the twisted torus frame.

At order O(H'), the insertion into the equations of motion results in an ordinary differ-
ential equation for the coefficients c‘;m in terms of 7, as was encountered in the twisted torus
frame,

o Z achn an) e*ina = <NXpX + Z Ral))(ne o _’_pza/;(nefina_)
neZ n#0
1 . .
+5 ) (dg(nag’(me*morlmo—)) . (2.207)
n,m##0

After separation into Fourier modes n = 0 and n # 0, the equations to be solved are

—820XO =ey, (NXpX + = Z Ao e” 2””) (2.208)
n£0
_52 2 u —inT

o n V=P —i(2k—n)T
Cxn — M Cxp =€ VP( PROx, € :

, 1
v _pP mnT ~V P
+pra’y_,e +§ E x5 _p€
k#0,n
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The respective solutions are

1 1 .
c&o(T) =zl + phyyT — ge“,,p (AN S — Z ﬁo&no&ne 2in ) (2.209)
n#0
and
L —inT inT
Ken(7) = 5 (ne ™ = €™) (2.210)
1 4 . 1 ok
— 5l = TRk Rk ) 4 Y e akaek e ).
k#0,n

Altogether, the coordinate solution X% at order O(H 1) can be given by

i

XW(r0) =ahy + oy 7+ 5

1 . .
2 (Fe ™ e ) (2.211)
n#0

7_2

- E'uup pg(N)V( ?

1 ~

- e'uup 5 T (NE(X{”E 7PZ(XS|Z)
1 ~

— €'y ZX(I)/|EX(/))|E .

As a side remark, it shall be noted that this solution seems to be the first formulation of
the most general solution to the equations of motion (2.203) and (2.204), and the boundary
conditions (2.201) in an H-expansion up to order O(H') in the literature. Nevertheless,
there have been other formulations, as for example in [31], equation (3.8). The difference to
the solution presented here stems from the difference in the imposed boundary conditions.
Additionally, this work does not restrict the coordinate solutions to the zero modes, contrary
to what [31] proposes in equation (3.40).

2.5.2 Relations from T-duality

Given the fact that the coordinate solutions Y# in the twisted torus frame are T-dual to the
coordinate solutions X* obtained here, it might be expected that the particular T-duality
rules (2.124) applied in the g = 1 direction give a relation between the respective expansion
coefficients. This is indeed the case, as will be shown in the following.

The most trivial relations can be obtained in the unaffected directions p = 2,3 at order
O(H"). They are given by

aTXg,fi _ 671/2)2’3 , aO_Xgﬁ _ 601/0213 , (2212)

which reads as
PEQ'B — 23 N)2(,3 — N23 (2.213)
ai’i _ ai’?’ ’ dg}i _ &%,3 ’ (2.214)

when resolved into relations between the single coefficients. Furthermore, the position zero

modes are chosen to be
723 = y23 (2.215)
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although they are not affected by the above relation as they drop out when applying the
derivative. For the u = 1 direction the T-duality rule reads as

0, Xg = 0,Yy , 0,X3=0,Yy, (2.216)

and can be fulfilled by
px =N', Ny=p', (2.217)

which states that T-duality interchanges momentum and winding, as expected, and

1

ok, =—al, ak,=al, (2.218)

which shows that the right-moving oscillators get an extra minus sign, which is expected as
well.

At first order O(H'), the solutions for the unaffected directions p = 2,3 can again be
matched by

X3P =0, Y 0, X5 =0,V (2.219)
or equivalently, by
Phx =PH (2.220)
2,3 ~2.3 ~
Vin =MW" s G¥n=Gn" - (2.221)

Additionally, one can choose
R T (2.222)

for the zero modes. The relation between expansion coefficients of the p = 1 direction at first
order is more involved, but can be obtained from the same reasoning. As a starting point,
one writes out the T-duality rules in that case, namely

0r Xt = 0, Yh — HYS0,YE, 0,X1 =0, Y — HYS0,YE (2.223)

which now contain an additional product term. The result is a rather complicated combina-
tion,

2 (phix — (N°y? = N2° —aN?N?)) + 3 (3 — Gn)e ™7 + (vkn +m)e ") (2.224)
n#0
= P’Yi'ls — 0’5 ls + N2V |s — N2YP s — Vi[5, Y| — Y5 [00- Ve ls — 2070, Y5 s

2 (—p +°p?) + D ([Gxn — Gnle ™ = [vin + vhle ™77) (2.225)
n#0

= N°Yils = N*Y(ls + 0°Y( s = 0°Y( s = YO |00- Vi s — Y0 |n0- Vi s — 20°0- Y s -
It can be solved by first taking the sum and the difference of the two above equations,
2 (px — (N*y? = N?y® — aN>N®) = py + 4°p°) +2 ) (Gxn — Gn)e " (2.226)
n#0
=2 (QP%YOZL‘E —2p7 Yorls — (251 | + 3/3)575/02L\2)

2 (prx — (N*y? — N?y® — aN?N?) + pyy — y°p?) +2 > (vkn + 9)e - (2.227)
n#0

= 2 (—2pRY5rly + 20RY5gle + (2Yggle + ¥%)0-Yorls) |
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and, second, reading off the conditions on the oscillators,

- - i - - 1 1 1 2 o
Ixn = +<93L + — (PG — PLOR) — SYsdn — 5 ~ ilai,m> (2.228)
m#0,n
1_fli3272371 271 i32 9.999
TXn = Vn + n(pRan pRan) ngOén 2 maman—m : ( . )
m#0,n
and zero modes,
i 1 5.0
Pix =i — ¥’ + (N%* = N** —aN?N°) — = ) ~aja?, (2.230)
n#0
i 1
Phx = —ph +y°p* + (N3y? — N%y® — nN2N?) + % ~aja?, | (2.231)
n#Q0
respectively. The latter relations can be simplified to
1 — N3 2_N2 3 N2N3 _1 l(~3~2 3.2 ) 2.932
Pux ( Yy Yy ™ ) 4 n ap_p ap_p ( . )
n#0
i 1,4
P =y + 7 ), — (@82, + ajel,) (2.233)

n#0
At this stage, two comments shall be made:

= Whereas the mapping of the first order oscillator modes reflects the sign change for the
right-moving part once more, the investigation of the first order zero modes resulted in
only one relation between p}{X and twisted torus frame coefficients. In addition, one
finds a restriction (2.233) of the zero mode pk. This is related to the fact that there
is no order O(H') winding in the boundary conditions for the torus with H-flux. As
T-duality maps winding to momentum modes, or o- to T-derivatives respectively, such
a constraint in the first order winding sector of X* is translated to a constraint on the
first order momentum sector of Y#. One may note, that the quantisation result (2.103)
is nevertheless fully compatible with the constraint (2.233).

» It can be expected that there is a trivial map between the solutions X 23 and Y22 in the
unaffected directions, as was found in the above derivation, because also the equations
of motion are mapped to each other under the T-duality rules (2.124). More concretely,
one finds

Y? e.om. (2.19) < X? e.o.m. (2.200) (2.234)
Y3 e.om. (2.20) & X3 e.o.m. (2.200) , (2.235)

valid to all orders in H. Exemplarily, the derivation of the first statement shall be
shown in the following. One has, starting from (2.200),

000" X% = He?,,0, X" 0, X" (2.236)
=H (—(0;Y' — HY?0,Y?)0,Y? + 0,Y3(0,Y' — HY?0,Y?))
= H (0,Y'0°Y? — HY?0,Y?0°Y?) .
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Together with 0,0°X? = 0,0°Y?2, this exactly reproduces (2.19). The other direction
can be worked out in the same way, starting from (2.19),

0a0°Y? = H (0,Y10°Y? — HY?0,Y?0°Y?) (2.237)
—H ((mgagxl + HX30,X2)0° X3 — HY?’&aXzaaXS)
= Hé?,,0,X"0. X",

with £ = (9}). The equations of motion for X and Y in the 4 = 1 direction, which is
the direction of the duality, are not related to each other. Rather, under the T-duality
rules (2.124) they are mapped to trivial conditions in the following way,

0= 0y(0-X1) —0:(0,X') = Y! e.om. (2.18) , (2.238)
0=0,(0;Y") =0, (0,Y") = X! e.om. (2.200) , (2.239)

which is reminiscent of the well-known statement that a duality rotation interchanges
field equations and Bianchi identities [69].

The latter remark shows that it is indeed possible to use the coordinate field T-duality rules
to obtain the solutions Z* in the non-geometric frame, as it can be expected that they also
map the equations of motion in the right way.

Consistency of the quantisation

Table 2.1 shows where the contributions to the non-commutativity in the commutator [Z!, Z2]
stem from. In addition, it shows that these contributions cancel in the case of the twisted
torus, as was explained in the preceding section. For the torus with H-flux, both contributions
appear as well, cf. the matching (2.228) and (2.229),

~1

an:§71L+ ;

(PLas —PLO) + .o Yxn = —Tm — —(PRoE —PRAD) + ..., (2.240)

i i
n o
and one might expect to find a contradiction to the coordinates X* being commutative.
Nevertheless, a closer investigation shows that T-duality induces a subtle sign change such
that there appears the right cancellation. In particular, that is: The type a) pieces, according
to the table, can be identified from some of the 1/n dependent terms in (2.240). Commuting
these with Xg|y, produces a term proportional to (p? — p%) = N3, similarly to the non-
geometric situation, giving here —%A. For the type b) pieces, a similar combination of signs
as in (2.196) leads to two parts adding up,

[@! — o' A% + 42 + [3* =21, % + o?] (2.241)

= ([/727041] - [VIaQQ]) - ['72>6‘1] - [’717&2])
- ([717&2] - [’?27051]) - ([7276[1] - [;ylva2]) .
Nevertheless, in total the two different contributions a) and b) appear with opposite signs

and cancel out, as depicted in the first column of the table. Again, there is no term (2.189)
remaining thanks to a rearrangement of signs, as expected.
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2.6 Summary and discussion

This chapter was devoted to shed light on the relation between non-geometry and non-
commutativity of the string coordinates. T-duality was used as a generating tool for non-
geometric backgrounds, and starting from a constant H-flux background, both T-dual frames
of the chain H — f — @ have been investigated. The main results can be summarised as:

= There are strong arguments that non-geometry in its simplest appearance causes
non-commutativity of the target space coordinates.

= The coordinates of the two fibre directions have a commutator,

i 2
[2'(r,0), Z2(.0")] = —"=-N*H | for o' —o. (2.242)

= The non-commutativity has a purely stringy origin, as it, first, is proportional to
the winding number and thus cannot be detected by a point particle, and, second,
can be traced back to oscillator modes of the string itself.

The chapter shall be concluded by the discussion of various aspects of these results and
how they are connected to ideas in the literature.

No proof: As was discussed at length in section 2.4.2 the derivation arriving at (2.242)
can strictly speaking not be regarded as a proof. It involves the fixation of certain commuta-
tion relations that are indeterminable by the proposed procedure. Although there have been
given strong arguments that partly involve conclusions by analogy, it is possible to decide on
another set of commutation relations such that the non-commutativity vanishes completely,
see equation (2.167). There does not seem to be a simple way to overcome this problem as
the basic obstruction enters in a manifest way: T-duality can always only relate derivatives
of coordinate fields, regardless whether it is viewed as a field redefinition on the worldsheet
or as a canonical transformation, cf. [15] equation (2.2.45) for the latter.

Direct quantisation: One might try to avoid the use of T-duality transformations and

quantise the string in the @-flux background directly. Keeping the thesis that canonical
quantisation does not work in a non-geometric setup, one could employ the method of Dirac
[70] for the quantisation of a system with constraints. In such an approach, the boundary
conditions for the string can be taken as constraints, similar to the suggestion in [71, 56],
where a Dirac quantisation for open strings was performed.
Contrary to the method applied in this chapter, the boundary conditions for the Q-flux frame
then have to be determined beforehand. Ignoring constant shifts, they have the form given
in equation (2.148), and as was discussed there, it is possible to determine such a behaviour
from an investigation of T-duality transformed monodromies [2] [28], that is not shown in
this work.

Non-geometric fluxes as source for non-commutativity: It might be suspected
that the ‘amount’ of non-commutativity is related to the corresponding flux @ in the non-
geometric frame. This is analogous to the findings in the literature, where for particular
setups the string coordinates turned out to have a non-commuativity proportional to the
B-field or H-flux, respectively, see for example [52] for the open string case or [28] for the
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closed string case. More concretely it shall be proposed that in the limit ¢/ — o, one finds

[ZH(1,0), 2" (1,0")] ~ i 3€ Q)" (2)dz? (2.243)
Ccr
where C* is a cycle around which the string is wrapped N? times. This proposal has been
spelled out already in the work [4], which will be discussed in the next chapter.
Indeed, it is necessary to set up a framework that is capable of implementing non-geometric
fluxes, before one can discuss the validity of (2.243). Nevertheless, there are various arguments
that the Q-flux in the frame Z* simply has the same numerical value as the H-flux in the frame

X* for the toroidal example®, as they are related to each other by T-duality transformations.
One way or the other, cf. (3.247), the Q-flux can be found? to be

Q3" =—-Qs* = —H , (2.244)
such that the above suggestion indeed comes with a right-hand side
i fj;ng dz3 = —2ri H N? | (2.245)
C3

in agreement with the result of this chapter up to a numerical factor that reduces to a
difference in conventions. In conclusion, it can be stated that:

There is reasonable evidence that the non-geometric flux @ is the source for non-
commutativity in the @-flux frame.

String geometry: It has become clear that strings probe geometry differently than point
particles do. This has to be understood in at least two different ways. First, by noting the
dependence of (2.242) on the winding number, or the integration around a cycle in (2.243), the
type of non-geometry investigated here can be characterised as a global feature. Local entities
that can be embedded in one single coordinate patch of the space-time do not encounter any
difference to a geometric situation. Second, one can formulate an uncertainty principle,

(AZNY2(AZ*)? > H? < N3 >2 (2.246)

that would make the fibre directions “fuzzy”. In principle, this would make it impossible to
determine or measure (in the sense of quantum mechanics) the string position. Still, the string
theory is well-defined, in contrast to the difficulties of defining a point particle quantum field
theory on fuzzy spaces. It shall be stressed once more that the non-commutativity derived
here only appears in the internal part of the full spacetime manifold, i.e. the compactification
space. In this sense, the “fuzziness” will never be observable in the four-dimensional effective
space directly.

T-duality as canonical transformation: T-duality can be viewed as a canonical trans-
formation [72, 73] and thus it might be expected that the commutators of coordinates are
preserved when changing the frame from Y* to Z#. This at first sight is in conflict with the

8See for example [39], where the value is N, cf. their equation (4.11). For @Q this is shown around equation
(4.16).
9The parameter H has to be added here, as it was neglected in (3.247), or the setup (3.235), respectively.



68 CHAPTER 2. THE TORUS WITH H-FLUX

results presented here, but can be resolved by noting two remarks. First, one would strictly
speaking only expect [0,Z", ) Z"] to be preserved, which is in absolute agreement with the
presented findings. Second, [72] for example does not take into account a B-field and therefore
is not applicable here.

Boundary conditions: It was shown that the boundary conditions for the @-flux frame
mix coordinates Z* and their dual coordinates Z*, see (2.148). In the doubled geometry
approach, that will be discussed in chapter 4, this behaviour will be implemented manifestly.
Especially, it is easily possible to reproduce the results of an investigation of the monodromies
as mentioned above, cf. page 140 ff.

(Non)-associativity: A possible check of the given calculation is to find a vanishing as-
sociator, defined by [Z3,[Z!, Z?]] plus permutations. As the non-geometric frame with only
@-flux is suspected to belong to the class of locally well-defined setups, the coordinate fields
should better be associative. In contrast, for the case of a background with R-flux, which is
the last part of the chain H — f — @) — R, this property does not hold necessarily, as has
been argued for in [30, 28, 31]. In particular, it was conjectured that the non-associativity is
proportional to the R-flux itself, in the same way as here the non-commutativity is propor-
tional to the Q-flux.

Up to linear order, the results presented above give a vanishing associator,

[2°,12", 2°1] = [45,12", Z°)|u] + [H Z31, [ 24, Z3]] (2.247)
= —iﬁH[Z?’ N?]
2370w
=0,

which seems to agree with the assumption that there is no R-flux in the Q-flux frame. Still, the
other permutations are to be computed from scratch by extending the canonical quantisation
in the twisted torus frame to the directions (u,v) = (1,3) and (2, 3), which will not be done
in this work.

The generic case of an R-flux obtained by T-dualising the @Q-flux frame seems to be
unaccessible by the procedure followed in this chapter, for the simple reason that the absence
of a further isometry does not allow to apply the T-duality rules once more. Therefore, it
is unclear how to connect the mode expansion of Z# with a hypothetical solution in the R-
flux background W*#. Nevertheless, it shall be noted that the doubled geometry approach
presented in chapter 4 and the target space investigations presented in chapter 3 are both
capable of describing R-flux backgrounds and, although this is not further pursued in this
work, in principle could make statements about the associator in question. As a small side
remark it shall be mentioned that there are attempts to define T-duality rules in non-isometry
directions, as for example in [68].

Three-brackets: In [30], the authors find that the commutator of two string coordinates
depends on the worldsheet coordinates, similar to the result (2.242) presented here. But in
contrast to the reasoning adopted here, where certain commutation relations were fixed by
the claim of worldsheet independent commutators, they conclude that the fundamental object
should be a three-bracket and do not investigate the commutator any further.



Chapter 3

Effective field theories

This chapter investigates the appearance of non-geometry in the context of effective field
theories, namely of double field theory and supergravity, presenting the results of [7, 6, 4]. It
pursues the question of how non-geometric fluxes can be made visible although they do not
appear in the standard formulation of such theories. In other words, it shall be asked for an
uplift of the fluxes that appear in the four-dimensional T-duality invariant superpotential.
Furthermore, the connection between non-geometric fluxes and non-geometry itself will be
explored in more detail, with particular emphasis on the question of whether non-geometric
configurations can be described by an effective field theory, or geometrised, in other words.

The structure of this chapter is as follows:
3.1 introduces the relevant ideas and connections to the existing literature.

3.2 shows how to reveal non-geometric fluxes in double field theory by employing a field
redefinition. It provides a geometrisation of non-geometric fluxes in the sense that they
appear as parts of geometric quantities such as the connection.

3.3 uses the analogous field redefinition in ten-dimensional supergravity, where again one
type of non-geometric flux can be recovered. The connection to double field theory is
made by applying a solution of the strong constraint. A simple dimensional reduction
offers the relation to the known four-dimensional superpotential. Eventually, the ill-
definedness of the effective field theory action for non-geometric configurations is shown
to be remedied in certain cases.

3.4 concludes by giving a summary of the results and remarking observations that may lead
to future research directions.

69
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3.1 Introduction

The starting point for this investigation is that there had been a lot of observations on non-
geometry and non-geometric fluxes in the literature that still lacked a consistent framework.
In particular, several proposals for the definition of non-geometric fluxes in higher dimensions
had been made, and often they were not consistent with each other. Non-geometry was
characterised as a global feature of string theory, that could appear even in simple cases of
double T-dualised three-tori. Some authors used the tools of generalised geometry [74, 75]
to enlighten these findings, some concentrated on defining a generalised bracket structure
that captures the connection between non-geometry and non-geometric fluxes. The following
results are particularly important:

» In [23] it was observed that non-geometric backgrounds can be obtained as T-duals of
geometric configurations. This was investigated in the framework of ten-dimensional
supergravity with the aim of finding new solutions that are not of Calabi-Yau type.
The three-torus with H-flux is mentioned as an introductory example, where its first
T-dual, the twisted torus, is described in detail. For the second T-dual, which will
here make the Q)-flux background, it is said that “the supergravity approximation is not
adequate to describe this background.” The authors propose as a rule of thumb not to
dualise twice along the isometry directions left after a particular choice for the b-field.
In summary, the paper is one of the first to mention that it seems possible to leave the
range of supergravity approximations by simply following the T-duality transformation
rules. This in particular motivates a search of better suited supergravity-like string
theory approximations.

= The appearance of non-geometric setups can be linked to a nonzero bi-vector [, as
was first observed in [76, 77| for the three-torus with constant H-flux. There, the
bi-vector appears as parametrisation of so-called S-transformations in SU(3) x SU(3)
structures of generalised geometry and prevents the existence of a global generalised
complex form, i.e. a globally valid model. This strengthens the idea that non-geometry
is a global feature, i.e. non-detectable locally, and that it can be captured by the object
B. Further evidence in that direction has been given in [78] and [79].

» A first attempt to define non-geometric fluxes in higher dimensions was made in [79].
Using generalised geometry, a bracket for generalised vectors is suggested. Fluxes are
seen as components of the generalised structure coefficients, and for particular subcases
the non-geometric fluxes () and R are defined as functions of the bivector 8. Again, it
is supposed that nonzero non-geometric fluxes can only appear globally, whereas they
can be gauged away locally.

= Another proposal for the ten-dimensional definition of non-geometric fluxes was made
in [53, 54], where a worldsheet model that incorporates a bivector was equipped with
a particular bracket, and, again, the structure coefficients are supposed to contain all
types of fluxes.

= [t was also suggested to construct a generalised covariant derivative that contains non-
geometric fluxes, where its nilpotency implies all Bianchi indentities [40, 79]. Such a
derivative can be used to obtain the expected four-dimensional potential [78].
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To condensate these observations one could state that the appearance of non-geometry is
connected to the appearance of a nonzero bivector [, and this bivector can be used to define
non-geometric fluxes @ and R. Therefore, the following procedure shall be pursued: In the
context of an effective field theory of string theory, namely in ten-dimensional supergravity or
in double field theory, a field redefinition has to be found that makes the bivector § appear.
The application of this field redefinition is supposed to bring the respective action into a
form that contains non-geometric fluxes and that probably can cope with the ill-definedness
of non-geometric setups.

The basic idea of a field redefinition stems from [79], where in equation (4.11) it was
proposed to replace g and b by new variables g and § that introduce non-geometric fluxes in the
structure coefficients of the generalised bracket. The particular form of the field redefinition
was derived from the possibility of different equivalent parametrisations of the generalised
metric ‘H, that appears as the metric of the generalised tanget space:

H=ETe=£7¢", & =KE with K eO(2D) . (3.1)

These parametrisations are equivalent to the internal O(D) invariance of an ordinary metric
that is expressed in terms of vielbeins.

Eventually, a field redefinition does not introduce new degrees of freedom. In the particular
case here, with (g,b) — (g, ), all degrees of freedom in b are expressed in terms of the new
degrees of freedom in 5. This is supposed to be in line with the fact that the known examples
of non-geometry, namely the T-duals of the three-torus with constant H-flux, are created
by the application of dualities and thus, as well, do not carry additional degrees of freedom.
On the other hand, it might well be that there are more involved non-geometric setups that
exceed the range of known effective field theories, such that a mere field redefinition does not
suffice. This will also be discussed in the following.

The present investigation will start with the discussion of a field redefinition in double
field theory before applying it in the context of supergravity. It therefore deliberately does not
follow the original development in [7, 6, 4], which went the opposite way. The reason is that
in double field theory, non-geometric fluxes can be introduced more systematically and their
definition is better justified from various aspects, whereas the discussion of non-geometry can
be held more conveniently for a supergravity theory.

Furthermore, it will be helpful to introduce the field redefinition in this order for another
reason: it is possible to perform a simple dimensional reduction that connects the supergravity
construction to the known four-dimensional potential. In addition, it turns out that by
integrating out the dual coordinates of double field theory, one can connect the respective
framework with the supergravity one. In this sense, it will be shown that the provided
implementation of non-geometric fluxes in higher dimensions indeed makes an uplift of the
proposed [33] fluxes in four dimensions.

Finally, the whole discussion will be restricted to the NSNS sector only. The most obvious
reason is that the general idea of a field redefinition rests on the parametrisation invariance of
the generalised metric. In double field theory, extra objects have to be introduced [80, 81, 82]
to capture fermionic degrees of freedom and it is not clear how to implement a field redefinition
there. Furthermore, it will turn out that the field redefinition is tightly connected to T-
duality, and there are only very few suggestions in the direction of fermionic T-duality [83, 84].
Accordingly, the following regulation shall be made: whenever “supergravity” is referred to,
actually the NSNS part of supergravity is meant.
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3.2 Double field theory

This sections shows how to systematically reveal non-geometric fluxes in double field theory.
The derivation follows three basic steps:

First, the above mentioned field redefinition is formulated and applied to the double field
theory action. The result has to be rewritten in a way that makes fluxes appear, which will
be done following covariance under diffeomorphisms as an additional guiding principle. Thus,
the second step is to find derivatives that are covariant with respect to one particular part of
the double field theory gauge symmetry.

As the field redefined action also contains winding derivatives, this task cannot be solved
by merely introducing ordinary Christoffel symbols. Rather, a very specific connection will
be used.

In the third step, various observations that can be made in the course of covariantisation
will be put together in order to find the correct definition of the non-geometric fluxes. It
turns out that R appears as the covariant field strength of 5, whereas () will make the
antisymmetric part of the new connection. Additional support for these settings is given by
the final rewriting of the action, where the respective objects appear as expected: R as a
square, @ in the scalar curvature terms.

3.2.1 Field redefinition

In the following, some basic aspects of double field theory shall be presented to set up the
framework, and then the details of the field redefinition are developed. Eventually, these can
be summarised by a recipe that consists of simple replacement rules to be applied straight-
forwardly.

Setup

A spacetime of dimension D = n + d is considered. It shall have the form of a product?,
R T (3.2)

Double field theory is a field theory that is formulated using a doubled set of coordinates. All
fields depend on both the coordinates 2* associated to the string momentum modes, and the

dual coordinates T; associated to the winding modes. The index i lies in the range 1,...,D.
Consequently, there are two types of derivatives,
0 = 0
0 = — o' = . 3.3
‘ oxt’ 0%; ( )

Coordinates and derivatives are grouped into 2D-objects,

XM = (i) . Om = (Z) , (3.4)

with the index M lying in the range 1,...,2D. It shall be noted that the 2D-vector X has
the dual coordinates in the upper half, followed by the coordinates, which collides for example
with the conventions to be used in chapter 4.

LCf. footnote 1 of [18].
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Indices M are raised and lowered with the constant matrix

NMN = <183 ]loD> : (3.5)
that is also used to define the O(D, D) group,
hyn € O(D,D) < hinh=n. (3.6)
It will often be taken advantage of the fact that 7 is its own inverse,
(MY =nyn VM, N . (3.7)

There are several formulations of the double field theory action [16, 17, 18, 81]. One that
makes many symmetries manifest can be expressed in terms of the generalised metric H,
which contains the conventional string theory metric? gij and the antisymmetric tensor b;; in
a particular way, ‘

HIMY = <gij ~bing"bi; - birg® ]) (3.8)
_gzkbkj gz] )
where the inverse metric is denoted with upper indices, (¢~1)¥ = g¥.

The generalised metric appears in various theories with different functions. Here it is
taken as a mere device to group the physical fields g and b. It indeed also carries properties
of a metric in the doubled space, but one has to be careful as the geometry is not the usual
one (85, 86]. In the context of generalised geometry, H is one of the admissible metrics for the
generalised tangent space. In the doubled worldsheet model to be presented in chapter 4 it
makes one of the possible forms the kinetic term may take. In all formalisms, a conjugation
of H by certain O(D, D) matrices allows to model T-duality transformations, see (A.24).

Using that the generalised metric is symmetric, 7 = #, one can easily show that it is
an O(D, D) matrix as defined above,

by g— bg‘lb> <g —bg~'b bg‘l)
HInH = ( _ - ” L) =n. 3.9
n g 1 g 1p, —g 1p g 1 n (3.9)
This, in particular, establishes the compatibility between raising and lowering the indices M
with 7 and denoting the inverse of HMY by Hurw,

HunHY = nuc H oy Y = magren™ P = 1 (3.10)
Because all fields are taken to depend on the doubled set of coordinates, i.e.
gij = gij(x,fn) s bij = bij(l',i') s (3.11)

any consistent double field theory action has to be constrained by the so-called “strong con-
straint”, B
0;0° =0, (3.12)

where the dot - does not only stand for any field or gauge parameter, but also for any product
of such. In particular, one has

0;A0'B + 0;BO'A =0 . (3.13)

2This chapter employs the usual convention that the coordinates x, as well as the metric and the b-field are
denoted by lower-case letters in effective field theories.
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This guarantees the reduction of the degrees of freedom to the standard ones and, in a sense,
makes the core of how double field theory is related to supergravity. Also the consistency of
double field theory relies on the strong constraint, as for example its invariance under gauge
transformations and also the equivalence of its various formulations can only be shown up to
this condition. The strong constraint can be motivated from the closed string theory level
matching constraint Ly — Lo = 0, cf. [16].

It is possible to rewrite the strong constraint as

oMoy =0, (3.14)
to show that it is O(D, D) invariant. Moreover, for products one finds
MAB =0 . (3.15)

From a physical point of view, the strong constraint locally renders all fields independent of
either the coordinates or the dual coordinates. This, of course, may not simply generalise to
a global solution ¢ = 0 when going from one patch to another, although this solution is often
assumed to show certain properties of the theory.

One possible 2D-dimensional effective action of double field theory is given by

S = f dzdi e ( %HMNaM’HKL ONHEL — %HMNﬁN’HKL oL HmK (3.16)
— 200 d ONHMN 4 aHMN 0y d ond ) .

It has been constructed in [18]. Apart from the string theory metric and antisymmetric tensor,
that are packed into the generalised metric, it contains the dilaton field d(z, Z), that will later
on be related to the D-dimensional supergravity dilaton.

One remarkable feature of this action is its manifest O(D, D) invariance, which can easily
be checked by noting the proper contraction of all indices. This invariance can be interpreted
as T-duality invariance and makes one of the main motivations for investigating double field
theory, as has been discussed in the introduction.

Instead of using the above action, the following subsection employs another formulation,
developed earlier in [17], that is completely equivalent to (3.16),

1 .. . _ _
S = dedi 6_2d< — Z g’kgﬂ gpq (ngkl Dqgij — Dz‘glijgkq — Digpl Dj&zk) (3.17)
+ g% ¢ (Dyd DjEx + Did DjEn) + 4g7Did Did ) :

with calligraphic derivatives defined as

D;, = 0; — &kék , @z = 0; + gkzék . (3.18)
The key object of (3.17) is the, from the sigma model point of view, natural combination

Eij = gij + bij , (3.19)

that, to underline it, is neither symmetric nor antisymmetric. A formulation in terms of £ is
of great convenience when performing the field redefinition later on.
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There are several important properties of the action (3.17), four of which shall be discussed
in more detail in the following.

Background independence: The first formulation of a double field theory action in [16]
was presented in terms of a fluctuation e;; around a constant background E;; = Gj; + B;j.
This background, nevertheless, entered the action directly and it was not obvious that double
field theory inherited background independence from string theory.

Technically speaking, background independence is defined, cf. [17], as that a constant
part of the fluctuation field e;; can be absorbed into a change of the background field E;;.
Denoting this constant part as x;;, it shall be claimed that

S[Eij, €ij + Xij] = S[Eij + Xijs e;j] , (3.20)

where it is allowed that e;; is changed by a field redefinition. Indeed, it was possible to prove
background independence of the original double field theory action, by confirming §S = 0, up
to quadratic order in e;;, under

Seij = xij + O(e) (3.21)
(5Ei' = _Xij .
Moreover, the object &, being
Eij = Eij + eij + 0(e?) (3.22)

turns out to be background independent in the sense discussed here,
6&ij =0+ O(e?) . (3.23)

This implies that also the metric g;; and its inverse are background independent, as well as
the calligraphic derivatives (3.18).

In conclusion, the double field theory action (3.17) is written in terms of background
independent objects only and thus itself is background independent in the above sense. It
shall be noted, that the dilaton d does not change this result.

T-duality invariance: For an arbitrary O(D, D) matrix element

h= <CC‘ 2) e O(D, D), (3.24)

the action (3.17) can be shown to be invariant under the transformations

X >hX (3.25)
o0—>hTo
E — (a€ +b)(c€ + d)_1 ,

where the dilaton transforms as a scalar d'(X’) = d(X). In particular, each term of (3.17) is
invariant separately, which will become important later on.

For a spacetime (3.2) with constant background fields, string theory possesses an O(d, d, Z)
T-duality symmetry that can here easily be seen as a subgroup of the O(D, D) symmetry of
double field theory. In this sense, double field theory, especially in the formulation (3.16), but
also as (3.17), is a T-duality invariant framework.
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Gauge invariance: Double field theory possesses a gauge symmetry that can be parametrised
by an O(D, D) vector & = (£4,&;), i.e. 68 =0 for

OcEij = 00y — 04 + LeEij + Eay (096" = ¢T) £y + L8y (3.26)
1 o . .
bcd = —5 (0,6 + 0'6,) + €0, + &, (3.27)

up to the strong constraint. In this expression, L¢ denotes the standard Lie derivative with
respect to £ and Eé the dual Lie derivative with respect to &,

Le€ij = 5 0p&ij + 0:87Erj + 0,65 Ex (3.28)
Le€ij = E0"Eij — "Gi&ry — ;& (3.29)

To prove the gauge invariance in the form of (3.17), a long and rather elaborate calculation
is necessary due to the non-linear transformation behaviour of &, cf. [17]. In contrast, the
generalised metric can be found to transform linearly,

SeHMN = PopHMN — (oM ep — ape™) HPN 4+ (aNep — ope™) HME (3.30)

and gauge invariance in the form of (3.16) can be proven more elegantly, cf. [18].

Supergravity reduction: It is possible to reduce (3.17) to the standard NSNS super-
gravity action in ten dimensions. To halve the number of coordinates a global solution to the
strong constraint is imposed, ¢® = 0, that renders all fields independent of the dual coordi-
nates. The reduction then discards a volume factor {dz. Furthermore, the dilaton field d(z)
is turned into the conventional dilaton ¢(z) by a field redefinition,

lgle > =72, (3.31)

After dropping the integral of a total derivative, one finds that (3.17) reduces to

1 g
Sy = fdx lg|e~2? (7?, + 4(0¢)* — EHiij”k) , (3.32)

with H-flux
Hiji = 36[ibjk] , (3.33)

and the curvature scalar R constructed from the metric g.
The gauge transformation (3.26) of double field theory for the considered limit ¢* = 0
reduces to
555@' = »ngij + 2a[i§j] R (3.34)

which is exactly the combination of a diffeomorphism parametrised by the vector field £ and
a two-form gauge transformation parametrised by the dual one-form ¢&;.

Field redefinition

Inspired by the observations discussed in the introduction to this chapter the first step in the
analysis to follow is to implement a field redefinition that makes visible the bivector £, i.e.

(9ij> bij» 8)  — (33 B, ) (3.35)
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It shall be expressed by changing the parametrisation of the generalised metric,

2 MN _ (95 — bikg™bi;  birg"!
—g™*by; g"

:< gij  —giBY >
B* g g9 — B*GgupY )

which corresponds to the internal O(2D) symmetry of the generalised vielbeins that determine
it, cf. (3.1).

The notation is as follows: redefined fields get an extra tilde, except 5 that corresponds
to b in the original variables. For the derivatives this does not produce confusion, as the
derivative without tilde and the dual one with tilde have to be exchanged under the field
redefinition, which will be explained below.

A short calculation brings the four equations in (3.36) into a convenient form: First, one
reads off the upper row and finds two equations that determine the old field g and b in terms
of the new ones,

(3.36)

9= ~830) =@ =BG FH) (3.37)
=3 (@ @ -8
b=—@ ' A TBEFA T =3 (@ AT -G =) (3.38)
For the second equation, on has to use
b = —g8 =33 (G A -G - 5) - (339)

Second, it is immediately clear that g and b can be expressed as the symmetric and antisym-
metric part, respectively, of the inverse of (§~! + ), or in other words,

G +B) T =g+b=¢. (3.40)

By defining » - -

EY =g +pY (3.41)
the field redefinition (3.35) can be brought into the form
El=¢. (3.42)

The transformation of the dilaton is defined such as to leave the double field theory dilaton
field or the NSNS measure, respectively, invariant,

gle 20 = 72 = \/|gle=? . (3.43)

It now turns out that the O(D, D) invariance of the double field theory action (3.17) can
easily be exploited to avoid any computation when performing the field redefinition (3.42).
First, one can check that a transformation (3.25) with h = »n brings £ to its inverse,

E(x,2) —» & @ o) =E Y x,2) (3.44)

where the transformation X — 7nX has been written out explicitly and the indices of the
right-hand side are lowered by 47 implicitly. Such a transformation could be regarded as a
T-duality transformation in all directions if it was not for the non-compact directions.



78 CHAPTER 3. EFFECTIVE FIELD THEORIES

Second, by comparing the left- and right-hand side of (the index structure is again im-
plicitly guaranteed by insertions of 5;)

(G +8) (&, 2) = E(F,2) = E'(2,7) = (¢ +V)(2,7) , (3.45)

one can define the rules that are equivalent to the field redefinition (3.42). Once taken into
account that each term of the action (3.17) is invariant under any O(D, D) transformation
separately, these rules read

g—-gt, VB, 0eod, (3.46)

where the last exchange takes care of undoing the transformation of X.
To summarise, starting from (3.17) one performs an O(D, D) transformation with A = n
and then replaces all

L, —E9, DD =3_E8%,, D, ->D=0+E45,. (3.47)
The result is

S = f dadi =2 ( - igikgﬂgpq (Drev Drgi — DIEvpIgh — DIENDIER)  (3.48)

+ gy (D'd DIEN + Dia DIEW) + 4g,D'dDld ) .

In this form it is far from obvious, that the field redefinition has revealed any hidden
feature of non-geometric fluxes. Contrariwise, it looks like the rewriting has not helped at
all. An additional guiding principle is needed, in order to reformulate the above action in a
more enlightening way. This principle is covariantisation.

3.2.2 Covariantisation

In the following, the simple claim of using covariant objects in the field redefined action
(3.48) will help to reformulate it. The idea is that, basically, one would like to replace the
non-covariant derivatives D by proper covariant derivatives. On the other hand, double field
theory possesses a rather involved gauge symmetry (3.26) that goes far beyond ordinary
Riemannian geometry in 2D dimensions®. It is difficult to have derivatives that are covariant
with respect to the full gauge symmetry, and the introduction of ordinary Christoffel symbols
is certainly not enough.

Interestingly, one half of the double field theory gauge transformations is sufficient to in-
clude ordinary diffeomorphisms for the field redefined metric. Taking this as a guideline, the
covariantisation shall be restricted to only that half of the gauge parameter space. In partic-
ular, it will then be necessary to find winding derivatives that covariantise diffeomorphisms.

As the preceding section has implemented the field redefinition (3.35), the starting point
here is the correspondingly redefined gauge transformation. In particular, by applying (3.47)
and its extension to the gauge parameter, namely

¢ o &, (3.49)

3See also the recent proposals of generalised diffeomorphisms, [86, 85].
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to (3.26), one can obtain the gauge transformation rule for the new field &,

08T = LY + ¢ — ¢ + L&Y — EF (04 — 01€r)EY (3.50)

The respective Lie derivatives for contravariant objects are defined as
L8 = §3E + BEEN 1 G SN (3.51)
L€ = ¢FoET — 0,81EM — eI T (3.52)

One can see, that ¢ parametrises diffeomorphisms for § and 3 in the fourth term of (3.50),
whereas transformations parametrised by §~z act non-linearly. Following the idea discussed
above, only the ¢ gauge transformations shall be considered from here on, i.e. the other half
of the gauge parameter &M is set to zero,

§&=0. (3.53)

Of course, as the whole process to follow is only a particular rewriting of the action (3.48),
invariance under the remaining half of the gauge transformations is retained, but will be
hidden.

In this limit, one can deduce the following transformation rules for the fundamental fields
g and B that make the symmetric and antisymmetric part of g, respectively,

0¢gij = Legij (3.54)
0B = LefY + 0T — I
The construction of covariant derivatives with respect to these transformations will be pursued

step by step in the following. It is therefore useful to denote the non-covariant part of a gauge

varied object by

In other words, any object is considered transforming properly, i.e. “covariantly”, if it under-
goes a diffeomorphism parametrised by the gauge parameter £*. This is indeed the case for

the redefined metric,
A¢gij =0, (3.56)

but, more importantly, not the case for the redefined antisymmetric tensor,
Aef =00 — ¢, (3.57)

as both can be seen from (3.54).

Scalars

Any scalar, by definition, transforms covariantly in the above sense. Taking the dilaton b as
an example, the transformation rule therefore has to be

¢d = E'0id (3.58)

to fulfill Agi) = 0. Not surprisingly, taking the winding derivative of a scalar quantity will
not result in a covariant object,

3¢(0'9) = 0'(£0;0) = 0;(0'0) + '€ 09 . (3.59)
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A simple observation helps to find the proper derivative operator: one can add
— 0,8 — 0,0 =0, (3.60)
which is zero up to the strong constraint in its form (3.13), to the above equation and find
0(0'9) = £10,(0'0) — 0;6' "¢ + (0 — 7€) ;0 (3.61)
= Le(0'9) + AeBY 06 .

Given this result, the obvious definition

Di =0 - pig; (3.62)
is indeed the correct first step in finding a fully covariant derivative,
A¢(D'@) = 0. (3.63)
This statement can also be checked by simply writing out the Lie derivative,
Le(D'g) = €"0y(D') — D gy’ (3.64)

= £"0p0'0 — € 0np0;6 — BYE 0006 — M GOKE" + B Ombln€!
= 6(0'9) — (0e5™) 0k — ™66 (019)
= d(D'9)
where the strong constraint had to be used in the third line.
Although this is only the first step in the proposed procedure, the commutator of two

such derivative operators provides important insights into the structure of the non-geometric
fluxes by suggesting their respective definitions. It can be computed as

(D", D7} = (0" = 5™ 0m)(&" = 5" 00)d — (i = j) (3.65)
= 2005V 0p — 26" 0 V010
= —3DVpMog — 05 D
and by defining the following objects,

Qi = 0,89 (3.66)
Rk = 3Dl gikl | (3.67)

will be simplified to o - o
[Df, D] = —R*0, — QY DF (3.68)

These objects will indeed become the non-geometric fluxes @) and R later on, but here it shall
in particular be noted that R“* is a covariant object, or in other words can be regarded as the
field strength of 3%. To prove this property, one can again simply compute the Lie derivative
and compare it with the result of a gauge transformation (3.54),

££Rijk _ gmamR[l]k] . 3Rm[lj(’}m§k] (369)
= 36M0,, 0 37 4 3¢ma,, 80, B7F) 4 3emanlio,,0,87M + 30melia,, f7K]
— 60mclI gEIm 4 65m 0,610,881 — 38m" 0, 819 6, F]

= 8¢RIV
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where the strong constraint was used at several places. Eventually, this is
A¢RI* =0 (3.70)

The object Q¥ fails to be a covariant 2, 1-tensor, as can be suspected from the appearance of
a simple partial derivative. Its definition is given based on similar suggestions in the literature,
e.g. (4.13) of [79] or (40) of [54], and will be further justified by its correct appearance in the
Bianchi identity (3.105) and in the four-dimensional potential (3.220) later on.

Vectors and Tensors

The above constructed derivative operator D can now be used to define covariant derivatives
for any vector V* or co-vector Vj,

ViVi = D'V - T, ivk (3.71)
g - .
V'V; = D'V; + TV,
where a new connection 1" has been introduced, that shall be determined in terms of the

physical fields g and 3 in the following. The covariant derivatives defined here are taken to
extend in the usual way to any tensor as

VAT = DI 4 Ty i 4 T — (3.72)

A first condition on the connection I comes from the claim that the derivative of a vector is
a covariant tensor, namely

Ae(ViVI) L0 . (3.73)

This will be imposed in two steps: First, by a short calculation, one can determine the failure
of D*VJ to be a covariant tensor,

Ae(DVI) = 6¢((0" + B™0)V) — Le((0" + B™0n) V) (3.74)
= V' orE + BV 0,008
= —Diovh .

Second, one notes the following rules for determining the non-covariant part of a sum of two
arbitrary objects A and B, or the contraction of any object Cj” with a covariant vector V¢,
respectively,
Ag(A + B) = AfA + AéB (375)
Ag(CLHVP) = (ACVP . (3.76)
The rather surprising second relation can be proven as follows:
Ae(CLIVP) = (60,7 )\VP + CH95:VP — Le(Cp7VP) (3.77)
= (L’ng”)V” + (Angij)Vp + Cpijﬁgvp
— &OR(CYIVP) + 0k CFIVP + 0, R TP
= (Afcpij)vp ’
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where in the second row A¢V? = 0 was used. Eventually, by applying these two rules to the
left-hand side of (3.73) and taking into account the result (3.74), one can conclude that the
connection has to transform non-covariantly,

Al = —Digpe . (3.78)

This implies that the antisymmetric part of I' cannot be set to zero, as it, as well, does not
transform covariantly. In other words, the connection has to have torsion.
A second condition on the connection shall be that it is metric compatible,

Vight = Dight — T, grk — T ikgiv 20 (3.79)
This allows to separate the symmetric part as
D) = Tp — Gy (gpif‘p[ﬂ] + gpj\f‘p[il]) ’ (3.80)

where an abbreviation for the Christoffel symbols in terms of the new derivative D' has been
used,

.1 e

D = Sdu (D'g" + Digh - D'g") . (3.81)
To determine the antisymmetric part of r completely, a third condition has to be imposed.
It is not derived from an abstract principle but can rather be viewed as a particular choice
that is consistent with the construction so far. The idea is to investigate the commutator of
two covariant derivatives acting on a scalar. Taking into account the definition as V'¢ = D*¢
and the condition (3.73), the result has to be a covariant tensor by construction. Using the
result (3.68), this translates to

[V, 9]0 = [DF, DF]g — Ty D43 + Ty DA (3.82)
— R — (Qu + 259 DFG

It can be shown, that the second term of the right-hand side is a covariant object itself:

A¢ ((Qkij + 2fk[iﬂ)[)kq3) = A¢(QiV + 20419 DF g (3.83)
= (2Dligpe?! — 2Dlo i) DR
=0.

In the first row, (3.76) has been used. The second row used (3.78) and
AeQr7 = 2Dlig el | (3.84)

which can be checked straightforwardly. It is therefore a covariant restriction of the con-
structed derivatives to set
[Vi, Vi = R0 , (3.85)
which is the same as .
Ll = —§Qk” : (3.86)
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This solves for the new connection I' without any left-over ambiguity, and by adding (3.80)
and (3.86), it is given as

g - o 1 ..
B = T+ gud i Q) — Sk (3.87)

It can now be checked explicitly that this connection transforms as required by (3.78). The
calculation is tedious, but straightforward for the symmetric part:
AL ) = 60,0 — £, ) (3.88)
= 110" 5" O + Gradmg V™ — 0,00 — Grag™ o’
— 3900 0mg” + 500" 0 T — LG €™
— gulpd €U G + Gug” 0p0VE + Gadpn€ BTG + G 001G
— gu0"€10,5 + Gra B OnOm€ ™ — B0 0D G
+ 0" 00" — Ga0ng ' VE — GG 0 0me!
= — 0,00 — gm0, 67
— —DUgel

The antisymmetric part can be determined from (3.84) immediately, so that in total one finds

Agkazj _ Agfk(ij) + Agfk[ij] (3.89)
— —DUoeh) — Dlig,el]
= —Digpel .

This concludes the determination of a derivative for arbitrary tensors, that makes the &
diffeomorphisms manifest. In summary, only two conditions had to be imposed, namely
(3.79) and (3.85). A third condition, (3.73), is satisfied automatically.

Torsion

The antisymmetric part of the connection I" does not transform covariantly, as can be seen
from (3.78). Thus, it is not possible to define a torsion tensor in the standard way.
Interestingly, the trace of the connection, to be denoted by T°,

O | - )
T =T = Sap D' — Qi (3.90)
is transforming covariantly,
AT M = —odFe' + 80,008 = 0, (3.91)

using the strong constraint. From now on, this vector 7° shall be called torsion. It appears
at various places and will be necessary to rewrite the double field theory action in the desired
manner later on. Here, two examples of its occurrence shall be given: First, for an integration
by parts, one finds

dedi‘«/|§| ViVIW = — fdxdiw/|§| W (V'V; - 2TV;) (3.92)
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for an object W and a co-vector V;. To prove this relation, it is useful to note

D'/|g| = —%\/@ Gpa DG = —/13] (T + Q™) . (3.93)
Second, the torsion appears as the inhomogenous part of a “covariant strong constraint”,
ViVip=T'Vip#0, (3.94)
with V; being the ordinary covariant derivative of Riemannian geometry with a Levi-Civita
connection based on the metric g.

Riemann tensor and curvature

A Riemann tensor for the covariant derivative can be defined by applying the commutator of
two derivatives to a co-vector. The straightforward calculation shows

[V, VIV, = [DY, D]V, + 2DUT 7Py, 4 21, lilmIT, dlpy, (3.95)
+ Q" D"Vi + Qu TPV,
— —RIPY, Vi + RV
where (3.68) was used and the Riemann tensor R, is defined as
R0 = DTl — DIFy 4 Tyt Tl — Pyt 1 Q0 Tyl — RUOTL, . (3.96)

Given that the left-hand side of (3.95) is covariant, as well as the first term of its right-hand
side, one can conclude that the Riemann tensor defined here is a covariant object as well,

AR =0 . (3.97)

It is antisymmetric in the first two indices ¢ and j by construction, which is also reflected
in the definition. But additionally, it can be shown that R is antisymmetric in the last two
indices k and [. This is done in two steps: First, the commutator of two covariant derivatives
is applied to a vector,

[V, VIVE = —RiPY, vk — RV (3.98)
Second, this is compared to the relation for a co-vector (3.95) with a raised index k,
[@i’@j]vk — —RiUPY,VF 4 Ridkly;, (3.99)
with the desired result,
RUK — _Rilk (3.100)

In contrast to the ordinary Riemann tensor, R has no exchange symmetry between the two
index pairs. This can be seen by spelling out the Bianchi identity that follows from the
Jacobiator,

0L ([V9, [V, V4] + [V, [95, V] + [V5 [V, 97]]) 6 (3.101)
— ViRl ¢ — R [H, v,]¢ + R T
— —aVIRHM ¢ + 3R FI VG + v, RT*F DG | (3.102)
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where in the second row (3.85) and (3.98) were used. The third row was simplified by noting
[Vi,Vi]¢ = /70,6 — T,DP6 (3.103)
and a relation that is implied by the strong constraint,
D'R* 3¢+ Rk Dlg = 0 . (3.104)
Furthermore, there is a differential Bianchi identity for the R-flux tensor, namely
VIR = | (3.105)
that can be checked by straightforwardly spelling out its explicit form,
40V RIMI 4 4 gPlig RIMI 4 6 Q1 REP — ¢ | (3.106)

This relation can be compared to (78) of [87] and (11) of [88], which by construction do not

contain a dual derivative. Nevertheless, the agreement with these equations makes further

evidence that the definitions of the non-geometric fluxes (3.66) and (3.67) are correct.
Applying the above relation turns the Jacobiator into an algebraic Bianchi identity,

3R 4 v Rk — 0 (3.107)
or, after raising the index [,
ROM 4 Rk RRIL = I RUK (3.108)

The failure of the Riemann tensor R to have an index pair exchange symmetry can be deduced
from this Bianchi identity by simply writing out particular index permutations,

R — QM = gli pilkt _ glk gl (3.109)

Interestingly, the right-hand side is only nonzero for nonzero R-flux, which fits well the picture
that this type of flux arises in geometries that do not even have an ordinary local appearance.
It shall be noted that the above (3.107) can be written out explicitly,

ORI* = 3(DliQ — @ i) | (3.110)

and then, in the limit ¢ = 0, exactly reduces to equation (75) in [87].
The construction of a scalar curvature is straightforward. First one can define a Ricci

tensor by setting - e
RY = Rklk_y . (3111)

This quantity is defined uniquely as there is only one independent non-vanishing contraction
of the Riemann tensor, due to its symmetry properties. Explicitly, the Ricci tensor reads

RY — DM — DT 4 1,0 quk _ fpki P (3.112)
DM T M T -

where the first row used (3.86), and the second row used the definition of the torsion tensor
7" in (3.90). Again, contrary to ordinary differential geometry, the symmetry properties of
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the Ricci tensor are unusual, which can be inferred from the unusual Bianchi identity (3.107).
One can find that the antisymmetric part is non-vanishing and given by the R-flux,

o 1 y
R — —ika’W . (3.113)

This can be checked by tracing (3.109) or by direct computation. Nevertheless, the scalar
curvature is defined in the usual way,

R = iRV . (3.114)
It is by construction a scalar under diffeomorphisms parametrised by &°. This completes the

collection of covariant objects that are necessary to rewrite the field redefined double field
theory action.

3.2.3 Rewriting the action

In the following, it shall be shown that it is possible to use the covariantisation discussed
above to rewrite the double field theory action (3.48), which was obtained from performing
the field redefinition (3.35).

As a surprising result, all terms occurring organise into simple structures when expressed
in terms of the covariant winding derivatives. In particular, the R-flux (3.67) appears in a
field strength term, i.e. as a square. Moreover, there will appear two Einstein-Hilbert terms,
one that is associated to ordinary derivatives ¢;, and another that stems from the scalar
curvature R. The latter contains the Q-flux as antisymmetric part of the connection, such
that both non-geometric fluxes have obtained a geometric role.

Because the computation is lengthy and technical, the final result shall be given first. It
is

S = ded@ G| e2? (R +R— %R”kRijk +4(09)? + 4(D'¢ + T")Q) : (3.115)

In principle, this can be shown by simply writing it out and comparing it with (3.48). But
as it necessitates many integrations by parts, the reader shall now be guided through this
process.

The first step is to introduce the new derivative (3.62), which can be done by noting

D= —§io;+ D', D' =30, + D' . (3.116)
It is furthermore convenient to note a consequence of the strong constraint, namely
D'Ad;B + 0;AD'B =0 . (3.117)
for any fields A and B. This helps to rewrite the last term of the action S” in (3.48), as it is
0;dDid =0 , (3.118)
such that the result is

45;D'dDId = 4(§" 6;dd;d + §i; D'dD’d) . (3.119)
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The other two terms in the second row of (3.48), namely the off-diagonal dilaton terms, can
be expanded to

GG D' ADIER + Gugu DA DIEW = —2(0pd 015" + Gj1 Od DI BM (3.120)
— ik D'd 0" — GiguD'd DI gM) .

The first term that is quadratic in € and can be expanded to

1 e 1 ~ o1 g

— 7 Gik G5t Gpg DPEX DIEY = == Gik G197 0,G" 0s5” — 7 Gik G970, 8% 0,87 (3.121)
1 e e - -

— 7 9 Gjtdpa (DPG™ DY + DPBM DUBY)

where the strong constraint (3.13) was used to cancel some terms. Eventually, the introduction

of the new derivative (3.62) can be completed by noting that the remaining two terms expand

to

1 ~mr ~ e~ = 1 1
< 0ikG719pq (DigP Dighs + DIEPIDIET) = 590 org'™ g™ + 5000 B ok (3.122)

+ %gmgﬂapq (D'g"DIg™ + D'BP D7 B™) — Gjugpq (0B D5 + 0kg? D7 7).

The next step is to collate all terms from (3.119), (3.120), (3.121) and (3.122) that are
independent of 5 and contain only standard derivatives ¢;. Concretely, these are the respective
first terms of each piece. Their sum exactly makes the curvature scalar R with respect to
standard derivatives and the standard connection I', plus the kinetic term for the dilaton in
terms of the standard derivative, up to a total derivative. Namely, by using

- 1.
&id = 5z¢ + nglaigkl s (3.123)
and the scalar curvature

R = §"o %y — ' o,I%yy + 1P, Tk, — TP, Tk, (3.124)

kl~mn ~pu

OkOmbiu — GG OkOmiu + 30mGinOrkdpu (2675 G

_ %gkzmglngpu + %gkmgnpglu o gmpgknglu _ 2§mn ~kpglu) ,

_ glmgku

one can show that
~ij ~kl | ~rsa ~kl A ~ij 1. ~Ip A ~kq
49" 0,d0;d = 20,d 1" — 7 Gik 919" 0rg" 053 + 59pg OkG" 019 (3.125)
— R(G) +4(00)* = 0 (7 (~a1g"™ — 375", ) ) -

This can be cross-checked by noting that the first line of the above equation is what remains
from the original double field theory action (3.17) after setting 0" = 0 and b = 0 and replacing
gij — Gij- Using that this action reduces to the standard supergravity action (3.32) proves
the right-hand side of the above statement up to the total derivative.
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Putting together this part and the remaining pieces, the Lagrangian £’ of the action (3.48)
under investigation has been brought to the form
2L = R+ 4(09)* + 4(Dd)? — 1Girgj1Gpq (DPB¥ DI3Y — 2D g DI 371) (3.126)
+ 2gi g D'dD g* — 2;10pd DY BN + 2g5.D'd 0,5
— 15ikG315™ 0,8 0587 + L Gpq0 BP0,
~ Gtdpq (OB D? G + 043" D )
— §9ikj1Gpq (D5 D15 — 2D'g'" DIgH)
where from now on the total derivatives are not shown explicitly. As a next step, the terms

linear in the dilaton in the second row of the above expression are removed by another
integration by parts, resulting in

L' = R(§) + 4(0¢)* + 4(Dd)? — LGikGj1Gpq (DPBM DIBY — 2D 5P DI M) (3.127)
= D'D?ij = 39Ginpq (D5 DG — 2D'g7 D5™)
— 2§ D'6,B% — 2D' ;5 68" — G519pq OB DI g™
— 2Gikgng"® 0rBM 058 — L5pq0kBT OB — Gij OB 0gBY .

The last two terms of the first row can be recognised to be the square of the R-flux tensor,
as defined in (3.67),

— 3Gk Gj1dpg (DPBH DBY — 2D 8P DI B*) = —35,,54;G,1 DI g2 DU gM) (3.128)
= — LR RI*

Now, the definition of the Q-flux (3.66) can be applied after writing out some of the winding
derivatives D?, in particular for the term (Dd)?. Furthermore, some additional integrations
by parts are performed, this time also in the dual coordinates directions. The result is

2L = R+ 4(09)* + 4(D§)? — L RI* R, (3.129)
- igikgjlgrs Qrkl Qsij - %gqukpolkq - gij Qppi Qqu
—2Q"* D' Gir, — 3j1Gpq QuP D3 + Qp" i 5" D' Gira
— D'Dig;; — D' (gijgklf)j@kz) — 24, DIQM
— Y GikGj1Gpg (D g DG — 2D' g DI gM) — 1513 GraGmn D' DIg™™ .
The discarded total derivatives are
+e2 o (6_2d (D7gi; — §;;Q7" + gijgklbigkl)) : (3.130)
in the dual coordinates directions, and
+e2 gy (e_2d (G107 85 — B (Dgs; — Q1) (3.131)
+ 0" + 950G — 855" D) )

in the standard coordinates direction.



3.2. DOUBLE FIELD THEORY 89

The last but one step in this computation is to identify the terms of the new scalar
curvature R, and this considerably simplifies the Lagrangian in the form above, (3.129). A
straightforward, but tedious calculation shows

R = —1Gi0mnd" Qx™ Q" — 15,5 Q1 — §,,Q17 Q)Y (3.132)
+ 201" D'Gir. — 3j1Gpq @k D’ 7 + Qp'" 5135 D'
— D'D7g;j + D(3:,6" D7 git) + 2:; D' Q"
+ 195 (D'gr D’ §* = 2D'5a D*5 — Gru§mn D'g* DIg™")
by simply writing out the definitions (3.112) and (3.114). This expression matches many
terms in (3.129), which then can be written compactly as
2L = R+ R+ 4(04)? + 4(Dg)? — L RI* Ry, (3.133)
—ADY(Q"*gir) — 2D"(3:;6" D’ gy
up to total derivatives.
The last step is to recognise the second row in the above expression as

4D (@1 gu) — 2D (3 DY) = AV~ TT) (3:134)

which can be rewritten by using the rule for integrations by parts, (3.92), in the form

4ded£ Gle 20V = 4fdxd:i e 20 (2VI T + 2T'T5) . (3.135)
This completes the square
4(D@)? +4(V'T, — T'T;) = 4(Dig + TY)? (3.136)
and the final result is
UL = R+ R+4(09) +4(D'g + T — LR Ry, , (3.137)

which exactly matches (3.115) and thus concludes the proof.

Final result

In summary, it has been shown how to apply the field redefinition (3.35) to the standard
double field theory action (3.17), and how to reformulate the result using a new diffeomor-
phism covariant derivative (3.71), that contains both derivatives and dual derivatives. It is
conjectured that the non-geometric flux () is the antisymmetric part of the new connection
f‘, whereas R is the covariant field strength of .

The rewritten action (3.115) is made of terms that are separately invariant under D-
dimensional diffeomorphisms of the coordinates z‘, parametrised by the gauge parameters
¢'. The remaining gauge invariance of double field theory, parametrised by 5,-, is hidden but
retained.

As a side remark, it should be noted that one could decide to covariantise the other half
of the double field theory gauge transformations. The procedure is exactly the same as it
was implemented here, but one would have to work with the original field variables g and
b. Eventually, the resulting action would be* as (3.115) with all indices reversed, the dilaton
redefined and R replaced by H. In a sense, this provides an alternative proof for the full
gauge invariance of double field theory.

“See p.18 of [4] for details.
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3.3 Supergravity

So far, it was possible to reveal non-geometric fluxes in double field theory, but non-geometry
itself has not been investigated. This section will show that ten-dimensional supergravity
makes a better framework to do so. Furthermore, despite some indications and consistency
arguments, it is so far not completely clear whether the objects Q and R are indeed con-
nected to the four-dimensional objects that appear in the T-duality invariant superpotential.
Eventually, it cannot be guaranteed that the above findings are independent of the particular
doubling of the coordinates that is implemented in double field theory.

This section then suggests four further steps in the analysis. First, the field redefinition
(3.35) is implemented in the framework of ten-dimensional supergravity, namely its NSNS
part. Again, and independently of the previous considerations, the fluxes ) and R appear in
a very particular way, and their definitions agree to the ones given above when cutting the
dependence on dual coordinates.

Second, it will be shown how the procedure in ten dimensions can be related to the
approach in double field theory by employing particular solutions of the strong constraint.
This confirms the consistency of the whole construction and shows that it is not intrinsically
relying on the doubling of the coordinates.

Third, a very basic dimensional reduction with two moduli will be performed, that even-
tually reproduces terms with the correct scaling behaviour. It makes an independent proof
that the proposed objects @) and R are indeed suitable to describe non-geometric fluxes.

Finally, non-geometry will be investigated for the particular case of a three-torus with
constant H-flux. It turns out that the field redefined supergravity action offers a well-defined
framework to describe such a setup. This indicates that, indeed, non-geometric fluxes and
non-geometry are closely interrelated. A few generalisations of these findings shall conclude
the section, they are supposed to clarify the features of non-geometry in the context of effective
field theories.

3.3.1 Field redefinition

In the following, the field redefinition of the preceding chapter is translated into the frame-
work of ten-dimensional supergravity. Its application turns out to be very involved on the
calculational level, such that first a subcase of the most general procedure shall be considered
in detail. Later on, the full result is given without writing out all the details of the respective
derivation. Interestingly, the restriction is not too severe as for example the three-torus setup
is part of the subcases.

Concretely, the transformation (3.35),

shall now be implemented at the level of the supergravity action, namely its NSNS part,

1
§— Jd:): gle™ (R + a(e0) — J|HP) | (3.139)

noted using the abbreviation

1
H = g Honp ™™ (3.140)
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Again, the transformation rules for the respective fields can be read off from the change of
parametrisation in the generalised metric, (3.36),

j — bikg"™bi;  birg" Gij —gir B
HMN _ <ng A I L I 3.141

—g"%br; g9 B%gr; g9 — B% g Bl ( )
In this context, H is not part of the theory itself but rather taken to be a mere bookkeep-

ing device that indicates the correct rules. Technically speaking, the metric and the b-field
transform as

g=(G " +eB) g G B! (3.142)
b= (37" +eB)'BE " —€B)",

with € = +1 as has been shown in (3.37) and (3.38). For later convenience, the following
abbreviation shall be introduced,

G =g + g (3.143)

The letter G has been chosen to distinguish this object from the double field theory object £
of the previous chapter which has a dependence on doubled coordinates that do not appear
in the supergravity framework here. Using the property

GT =Gz, (3.144)
the field redefinitions can be written as

Gmn = (G (G )np (3.145)
gmn = GrinkgkpGip
binn = (G mkB™ (G ) -

To leave the measure invariant the dilaton is defined to transform as

e *4/13] = e7**\/]gl . (3.146)

This can be worked out as

ol _ det _ TN _ N
72 = o2 [ e enl 1) = L - gl (3.147)

where the second equality used that det g and det g have the same sign according to (3.145).
The transformation of the dilaton itself can thus be written as

6 =6~ pr(n(l — 5353) | (3.145)
where it was used that for any invertible matrix A one can write
In(det A) = tr(ln A) , (3.149)
and that in this case
1-8385=9""3 (3.150)

is invertible.
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Simplifying assumption

Having the field redefinitions (3.145) and (3.146) at hand, it is basically a matter of plugging
them into the supergravity action (3.139) and work out how the non-geometric fluxes @ and
R arise. This indeed has been done in full generality in appendix B of [4], and the result will
be shown at the end of this section.

The emphasis in the following is rather on illustrating the procedure and showing parts of
the calculational details, as well as, more importantly, keeping track of the total derivatives
that arise thereby. These total derivatives will play a key role in the discussion of non-
geometric features of the field redefined action. In order to keep the presentation clear, only
a subcase shall be investigated here. It is defined by the following constraint,

gFm e, =0, (3.151)

that is supposed to hold for any field. Its application can be supported by the observation
that it precisely holds for the T-dual of the twisted torus of chapter 2, a background that is
characterised by nonzero @-flux. This important case of a non-geometric situation can thus
be fully captured by the restricted investigation of this subsection, see the discussion around
(3.245).

More generally, any background with a block diagonal metric along a base B and a fibre
F, such that all fields have isometries along the fibre F, will satisfy (3.151) if the b-field is
purely along F as well. This can be seen as follows: First, the isometries locally imply that
the fields can only depend on the coordinates of the base. Second, the inverse of (3.145),
namely

g=g—"bg'b (3.152)
B=(g+b)bg—b)",

shows that also 8 and g are along the fibre F, with a mere dependence on base coordinates.
The only nonzero derivatives are thus along the base B, but this exactly proves the assumption
(3.151). From (3.146) one can conclude in the same way for the dilaton.

In particular, given this general range of application, it turns out that all three T-dual
frames of the preceding chapter 2 are satisfying the constraint (3.151). Namely, these are the
torus with constant H-flux, the twisted torus and the above mentioned @Q-flux frame. Even-
tually, although the constraint does not allow for any R-flux, see (3.195) and the discussion
below, it still allows for interesting backgrounds that feature non-geometric properties.

One of the main advantages to impose the constraint (3.151) on the technical level is that
it implies the following relation,

(G1),,, 0" 0k = Om , (3.153)

which can be proven by simply multiplying with G4. This equation simplifies the following
calculations as it helps to eliminate the object G;l. The final result is supposed to be a valid
ten-dimensional action for non-geometric fluxes in terms of § and 3, and therefore should
better not contain inverses of sums of these fields. It should be noted, though, that also
without any simplifying assumption all inverses cancel, but in a more subtle and concealed
way.
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There are two other useful relations that are implied by (3.151) directly or its structural
foundations just discussed. First, one has

OB Om =0, (3.154)
which can be proven from
Op(B"0m) = 0. (3.155)
Second, one has in addition
B =0, (3.156)

which can be inferred either from the general reasoning of 5 being only along a fibre F,
or an integration by parts of any term with the structure (3.151). Interestingly, a closer
investigation shows that the latter reasoning refers to the former anyway: Assuming F;, and
f to be some combinations of fields with an index n plus arbitrary other indices, or arbitrary
indices at all, respectively, integration by parts can be written out as

2\ lgl FuBons = o (7213l FuB™ 1) = o (7213l Fu) 8™ (3.157)
— e 2\/|g] Fu(0xB™)f .

The last term of the first row vanishes by assumption, as well as the left-hand side. To show
(3.156) one might discard the total derivative. But, as will be discussed later on in more
detail, for non-geometric situations this cannot be done anymore. Still, it is possible to argue
that the derivative is only nonzero for a coordinate in the base B, as was discussed above,
where the component of 8 is zero. But with such a reasoning, one is back at proving (3.156)
directly. Conclusively, one might say that (3.156) is fully compatible with integration by
parts.

Curvature scalar

This and following two subsections show how the field redefinition is worked out for each of
the three terms in the action (3.139). As the calculations are lengthy, the material presented
will be a bit technical. But to emphasise it once more, they make an independent check of
whether the field redefinition used in double field theory can help to reveal non-geometric
fluxes also in the ten-dimensional framework alone.

The first part is now concerning the scalar curvature term. Using its basic definition, as
in (3.124),

R = glnakrknl - glmamrkkl + Fpnnrkkp - Fpnkrknp (3158)
= ¢ g™ OOy — 69" Ok Om iy + 2 0mGin Ok gpu (29" g g

_ %gkmglngpu + %gkmgnpglu _ gmpgknglu _ 2gmngkpglu) ,
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one can show by simply substituting (3.145) that the field redefined version R is given by

R = R + OmGnpOrrs (257G G + 257G gP% + Lgms g™ ") (3.159)
+ Gin kB 0B + S Gin 0B O B
— 25" G4 010mbpg — 257 (G 1) pg Ok Om GIP
— 0 G (= 2575 (G ) snOnpr + 2575 ™ (G ) snOpliar — 26" G (G ™) pn Ok irs
= 375" (G pnlrbrs — 3™ GG ) psOndar + 375 (G ) psOknr)
— 0mG™ (G gn0pG™ + ggn0pGT™ — 1 g4p0,G™)

— OGP ORG" (= (G )pn (G N er = 3(GT)pr (G )sn — Grndips + 3Gpsinr) T

At places where, at this stage, no further simplifications can be achieved, g,,, was left as it
stands, without expressing it in terms of § and 5. At many places the constraint (3.151) and
its descendants (3.154) and (3.156) have been used. Furthermore, G~! is taken to be G;l.

As later on, all the terms containing G ! shall cancel amongst each other when combining
the above with the other two parts of the action, it is necessary to bring (3.159) into a slightly
different form. This will be done in two steps, where the first is to note the two identities

amangrs§km< - (G_l)snakgpr + (G_l)psakgm‘) + ngmgpsgnramgpngkﬁsr =0 (3'160)

onG5 5™ (G onlpiiar = (G )pslnir ) = 29000 OKB™ =0 . (3.161)
They can be proven by noting a rewriting of the field redefinition (3.145),

(G Dps + (G ) (3.162)
(G40 + G -8,
G BTG -8, = g

(Gil)(ps) =

1
2
1
2
((

cf. the formulations (3.37). This rewriting helps to recover the hidden g in the respective last
terms of the above identities.

Now, one can note four identities that resort terms in a particular way,

77" 0mG™ (= 2(G ™) snOkGpr + (G V) psOhiinr) = —0mG ™ GG (G 1) psOkGnr  (3.163)
+20m GGG (= (G ) enOkGpr + (G ) psOrdin)
§%G" 0m G (2(G ™) snOpdgr — (G psOndar) = OmG™G™ §%(G™ 1) psOndigr
+20,, GG 5™ (G ) snOpdar — (G )psOndar)

G5 0mG™P0KG (= Grndps + 3 Gpsinr) = 8" " Gpsinr (— 50m G"pakG” + 40, GP" O BT
OmG™ (9gnpGT™ — 3 9gpOnG™) = L gpg0m G 0} G™ — 4G4 0™ 0p B .

Then, the above (3.160) and (3.161) will cancel the respective last terms when taking the
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sum of all four identities. This sum is now used to simplify the expression for ﬁ,

R =R + OkGsuOmTpq (29kmg“qus + 2579k g 4 1g“q§5m§kp) (3.164)

+ GpgOk B 0 BT + $Gpg Ok BT O BP

— 2" G100 Gpg — 267 (G 1) pgOkOm G

— 0 G (= 25" 3" (G DiwOkdrs — 577" (G )1wOkrs

+ ™5 (G wlodrs — 55 (G )1s0kGor)

— O G ((G™1)1g0uGI™ + Lg100,G™)

+ 0 G ORGP 3G (2(GT (G + 5(G™H)so(GNip + gatpw) -
One important observation here is, that the third line contains second derivative terms that
cannot be canceled by any other term in the action (3.139). They will be removed by inte-

grations by parts that consequently bring in new terms containing the dilaton. To see which
dilaton terms will arise from the kinetic terms this shall be the next step of investigation.

Dilaton term and total derivative

The claim of an invariant measure for the supergravity action lead to the field redefinition
(3.148). Its derivative can be computed as follows,

Om® — Om® = 10m (tr(In(1 — BGB7))) (3.165)
= 1tr((1 = 8383) ' om (1 — B357))
= 10(G710nB + G G BOmG) — 1r(GTT 0,8 + GG BOmG)
= HG VomB* + (GG OmGnp B
= 1GP0m0pq + (G H0mG* = 10,

Here, the second row used that for every invertible matrix A, in particular for A = 1 — 3§34,
one can express the derivative that appears as

Omtr(ln A) = 0, In(det A) = tr(A™10,,A) , (3.166)
cf. equation (3.149). Using the standard definition of the square, namely
(00)° = g"" Orpome ,  (09)* = §"0kdOm , (3.167)
one can find the difference of the squares to be
(00)% — (09)* = (§"™ — ") 0k POme — Lg"™ChCiny + g™ Chdmd . (3.168)

The first term on the right-hand side vanishes by the simplifying constraint (3.151), whereas
the others can be written out as

(aQB)Q = (6¢) lgkmg guvamgpqakguv - %gkmgpq(G_l)uvamgpqakau (3-169)
— 317G (GO G P ORG™ + G G0k GpgOm® + §H(G ) pg OGP O -
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This result shall now be compared with what remains after integrating by parts the second
derivative terms in (3.164). For general fields f with arbitrary indices and F*™ with at least
two indices up, an integration by parts has the form

fd% e~ 2, /1g] F*™ 00 f = J AP ok (e724/|G] F¥ 0, f) (3.170)
+ J dPz e=2%,/|g] ( (Qé’kqg - %gmakgpq) Fhm _ akam)am .
This can be applied to the two terms in the third row of (3.164),

25" 57104 OmGpg+25" (G 1) pg kOGP = 4G5 0h (5P 0mipg + (G 1)pg@mGP)  (3.171)
+ OkGuvOmpg (25757 + 5™ (2575 — §*°5"7))
+ (G pgOkGun OGP (255 — GG
+ 257G (GO G 00 GP + t.d.

where the total derivative is given by

d. = e—2;|gya’“ (e72V/131 25" (#90mipg + (G )pmG™) ) (3.172)
This total derivative turns out to be important later on when discussing the appearance of
non-geometry in the field redefined action.

A comparison of (3.171) and (3.169) shows that the first term on the right-hand side of
the former exactly matches the last two terms of the latter when taking into account the
factor in front of the dilaton square. Even more, by using the derived constraints (3.154)
and (3.156), one can bring the effect of the field redefinition on the scalar curvature and the
dilaton terms into a quite compact form,

R =R +4(09)* — 4(09)* = —35"55"' 5 (951 — Fo1)OrmFuwOnpa (3.173)
- ~kmamGpl (gpq(G_lﬁrﬁkgrq - %(glqur + (G_l)qp(G_l)lr)akGrq) — t.d.
It turns out that the remaining terms, apart from the total derivative, can be matched com-

pletely with what the expansion of the H-flux contribution gives. This part, therefore, makes
the last issue of the investigation.

H-flux term

Using its definition and the field redefinition (3.145), the H-flux term of the supergravity
action (3.139) can be written out as

= _(G:i)p[makﬁpq(Ggl)n]q - 2(G:i)p[m3kG€qbn]q .
What makes the computation to follow particularly difficult is the antisymmetrisation ap-
pearing in this formula. It necessitates the use of many more indices than before, so for

this subsection they can get subindices, as for example in ki, ks,.... The final result will be
expressed with an ordinary set of indices. Furthermore, it turns out to be helpful to leave



3.3. SUPERGRAVITY 97

e = £1 in G_! unspecified at this stage. Later on, this freedom of choice will help to cancel
terms of the form G_'G.,.

The term |H|? under investigation is constructed by raising the indices with g, it therefore
reads

% |H‘2 gklelemQQan((G_l>m1plak1ﬂp1q1 (qu>n1q1 + 2<Gel )mlplale‘?llqlbmm) (3'175)
X

€1
((Gfi2>p2[m26k2/8p2q2 (Gezl)nz]QQ + 2(G762)p2[m26k2G€2q bnz]lZQ)
MH+@)+@3),
where the antisymmetrisation of the first factor can be neglected because of the second

bracket, and the result is given in three types of terms (1), (2) and (3). They shall now
be computed separately, where the notation

D? = G*9, (3.176)
will be used.

3(1) = 3(97 )G ) mup O B (G s (G2, ) o 2 B2 (G s (3.177)
= (Ip1ps9a1929s152 — GprsaFarazGsipe — GprpadarsaJsign) Dt B D2 P24
= Ip1p29q1g2G°" 7 0, BP9 O, BP*P — 2G4, g, Op, B O, P20
= §p1p2§Q1Q298182581ﬂp1Q1 O, P27 .
Here, the first row used the abbreviation (¢g~!)2 for the first three metric contractions in
(3.175) with the respective indices ki, k2, m1,ma2,n1,n9; the third row used the constraint

(3.151), and the fourth row used the derived constraint (3.154). For the second term, one
finds

32) = 12(9_1)3(G5_11)m1p1 O GE} ™ by (Gfiz)pz[mzakzﬁmlp (Gezl)nz]qz (3.178)
= 4 (GpipoTGtigoGsiso — GprsaGtigaGsips — IpipoTtisosige) ﬁtth(Ggl)qlthilel‘“ D3 grace
- 46@‘”‘” N (Gf_l)‘h%) ( — Ipip2 Gt 05, GO 0, B2 + 0 G]glql@meQqQ)
= 49p1p297 " 0s) 5p2q2( ~ Jq142 0,071 + €(G )q1q2682Gp1q1)

= —40p1p29g1029" 7 051 B 1 0, BT + 4Gy G772 05, GO (9q1qzaszG€2q2 - (G 6529p2qz) .

q1q92
Again, the constraint was applied. The last row is a rewriting to match the third term, which
is the most complicated one given the double appearance of b.

3 (3) = 12(g7 ) (G, ) mupy Ok GP b1 g1 (GZL,) pama Os G2 by 10 (3.179)

€1
= 2(Fp1podtitadsiss — Iprsadtitadsips — IprpeJtosaJsits
— Ip1t2 GpatzJsiso + TprsaFtopasits + Gty Gtas20s1pz)
x (0, = (G N)qrus ") (g3 — (G )goun 1) DI G D2 G2
= 2(9g102 = Ja1a2)Opo G T Op, G2 P + 2G°1°2 05, G191 05, G20 (§p1p2gq1q2
— IpigeJaqrp> + 2§p1qz(Ge_1)q1p2 — Ipip29q192 — (Ge_l)QQpl(Ge_l)qlpz) :

Expanding the last row makes the promised matching,

3(3)=-3(2)+ 2(9%9‘!2 - gqmz)angplql amgquQ (3 180)
+26°1°205, G2 (2Gp1py (G 1) 410,052 9™% = (TprpaIrae + (G D)y (G V) iy ) 052 GE2)
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Putting everything together gives, now back in ordinary indices,

|H|” = %gpqgrsgkmakﬁpramﬁqs + (9pg — pq)0rg*P 059" (3.181)
+ 5" 0KGP (280 (G )gs0md"™ — (Gprdqs + (G sp(G V) gr) OmG™) .
A comparison with the intermediate result (3.173) shows that all but the first term in the

above expression are cancelled against what the calculation had given so far. In total one
finds

R — R+ 4(09)* — 4(00)* — L|QP + L|H|? = —t.d. (3.182)
where the definitions )
QF = 5,Q™" Qo 5 GmaGr (3.183)
and
Q™" = o™, (3.184)

have been chosen to reveal a square term. They agree with the double field theory computa-
tion, cf. (3.66), and the related suggestions from the literature mentioned there, but, again,
have to be understood as suggestions that will be supported by other observations. This
concludes the computation of the field redefined terms.

Final result

In total, the above considerations proof the following result:

o J v ‘g‘e_%j (a0 =51 ~ (3.185)
_ fdx e (R + 429 — 51QP) + de Gl td.

where the total derivative in the last term is given in (3.172).

This shows that it is indeed possible to reveal non-geometric fluxes in the framework of
supergravity by employing the field redefinition (3.145). As the restriction (3.151) has been
assumed to simplify the presentation, only the flux @) is appearing, whereas the R-flux cannot
be reconstructed. Furthermore, () appears in a very particular form that is similar to the
former H-flux. These findings can and will be generalised below.

Before drawing the connection between the above result and the respective results for
double field theory in the next section, a few further points shall be discussed right away.

Total derivative: In field theories it is common practise to neglect total derivatives as
it is assumed that they integrate to zero. This is usually justified by claiming that all fields
vanish at infinity or that they have trivial monodromies on compact integration manifolds.
In the present investigation, the total derivative that appeared was kept explicit in the final
result because exactly the latter claim might be violated. This can be checked explicitly by
using the three-torus with dilute flux as an example. Its target space fields were defined in
(2.8) of chapter 2, in the rescaled guise they read

100
g={0 1 0], b=(-25 0 0]. (3.186)
00 1
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Although this situation is geometric, its description in terms of (g, 3, ¢~>) offers non-trivial
torus monodromies. Using (3.152), one finds

1+ ($3)2 0 0 xz3 0
g= 0 1+ (z3)% 0 B = ! —x3 0 0 (3.187)
0 0 1 L+ @)\ o7 o o
and a dilaton
- 1
¢(x3) = ¢(x3) + = In(1 + (23)*) , (3.188)

2

which all do not transform properly under x3 — x3 + 2m. The total derivative term can be
computed using (3.172) and indeed does not integrate to zero,

27
. 4;(;3 _ 8
dz=d 20 =73 ) _ p2002m) 0 3.189
fo x33<e 1+x§> ‘ 1+ 4n? (3:189)

In general one will find that the original supergravity action and the field redefined one are
only equal up to a constant,

S[gb¢] = S[§,8, 6]+ const. (3.190)

On the level of the path integral this constant might matter, as it is not necessarily propor-
tional to 2.

To summarise, it is not possible to neglect the total derivative term in general and claim
the complete equivalence of the two actions presented in this section. Rather, one could
decide to change the theory by dropping the total derivative at all. This will be discussed for
non-geometric backgrounds in section 3.3.4.

Non-tensorial character of (): One has to be careful with the term that contains the
Q-flux. The object @ itself does not transform as a tensor under diffeomorphisms in general,
and therefore this term is not completely equivalent to the square of the H-flux. Nevertheless,
it can be shown that the constraint (3.151) turns @ into a (1,2)-tensor and thus makes |Q|?
transform as a scalar,

B¢ = Lef™™ = €FaLA™™ — E™BE — OpeT BTk (3.191)
AeQp™ = 0¢(0pB™") — Le(0p8™") (3.192)
= 20,0:6mpMF — 0 for 0, =0

Relaxing the constraint would add more terms to the field redefined action such that the total
invariance under diffeomorphisms is retained. It should be emphasised once more that the
restricted action fully applies to the important case of the torus with H-flux and its T-duals
discussed in chapter 2.

No simplifying assumption: It is possible to apply the field redefinition (3.145) to
the supergravity action (3.139) without any additional assumption. The calculation can be
performed in absolutely the same manner as presented here, but will be more complicated.
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This has been done in [4], appendix B, with the result

S = de Gle2¢ (fé +4(09)? — 3| RJ? (3.193)
+4gi; 8" 37 opd 01d — 20, 01 (56587 57")
— 1506315 QM Qs + 35,,Q1P Q1
+ 3j19pg B (QrP 0 g™ + 05" Q™)
— LGndidna (B 500,57 — 287 3°0,570,5") )
+ jdx |§|e_2(73 t.d.

The total derivative is given by

1
-5
e=29/1g]

where a few g are left for convenience, but actually have to be replaced by (3.145).

As @ will not transform as a tensor without the constraint (3.151), the first term in the
third row of the above action has not been written as a square. It is rather the whole set
of rows two to four which transforms properly. In contrast to the former result (3.185), the
Q-flux is not anymore appearing in a simple form that is similar to the H-flux — which could
have been anticipated from the respective result in double field theory.

This is different for the R-flux, which is defined as in the double field theory case (3.67)
but without dual derivatives,

(e72V1al (53" 0mia = 9" 9" Omgpa — P9 = §"™)) ), (3.194)

Rkmm = 3vlk g gmnl (3.195)

The motivation for this definition is similar to the arguments there. In particular, R trans-
forms as a tensor due to its antisymmetry,

Rkmn — 3gplkyg gmnl (3.196)

where V denotes the standard covariant derivative. In this sense, the actual equivalent to the
term |H|? is |R|?. Furthermore, it shall be noted that for clarity the abbreviation

e 2 — \/]gle %® (3.197)

has been written out.

It can easily be checked that the above action (3.193) reduces to the restricted one (3.185)
by imposing (3.151), which in particular sets the R-flux to zero. The total derivative term
truncates accordingly.

3.3.2 Connection to double field theory

In section 3.2 it was shown that the double field theory action (3.17) can be reduced to the
conventional NSNS supergravity action (3.32) by solving the strong constraint in the most
straightforward manner, 0 = 0. Furthermore, a field redefinition was performed in order to
make the non-geometric fluxes @Q and R visible, expressed in terms of a new field variable
B. This section has shown how the very same field redefinition in the framework of ten-
dimensional supergravity is able to make the R-flux visible again, while the @-flux remains
somewhat obscure.
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A natural question that might arise, given these results, is whether the field redefined
double field theory action can be connected to the field redefined supergravity action. This
would make an independent cross-check for all the calculations done, and furthermore provides
insight into the geometrical role the Q-flux plays in the ten-dimensional framework. The flux
() in ten dimensions would then be the reduced antisymmetric part of the connection terms.

Indeed, such a link can be drawn. Once the field redefined action (3.115) is reduced by
solving the strong constraint, ¢ = 0, it equals the field redefined supergravity action (3.193).
This can be seen by comparing the intermediate result (3.126) with (3.193) directly. Except
for an integration by parts to sort out the dilaton terms, these Lagrangians match under the
reduction

0=0 = D'=-p"p;. (3.198)

Again, a volume factor Sdi has to be discarded?®.
In summary, this chapter has discussed and established the following connections:

DFT (%)

field covarianti- B
DFT (5) redefinition DFT (5/) sation [DFT (g? 57 (z))J

0=0 0=0
v Y

field redefinition 10d supergravity (§, ﬁ; QE)

10d supergravity (g, b, ¢)

ﬂkmamzo
Y

restricted B
10d supergravity (g,8,¢)

The double field theory action in its generalised metric formulation [18] can be restated
in terms of the object £ = ¢g + b. This formulation simplifies the implementation of the
field redefinition that then exchanges &€ for £ = £7!. In particular, each term is invariant
separately such that the exchange is roughly speaking only a matter of inverting all indices,
cf. (3.47).

The result, a double field theory action in terms of £’ is not straightforwardly helpful
regarding the investigation of non-geometric fluxes and non-geometry, and thus has to be
rewritten in a D-diffeomorphism covariant manner. This covariantisation offers a formulation
in terms of new variables g, § and d~> that reveals the R-flux as the covariant field strength of
5 and the Q-flux as antisymmetric part of the connection.

5Some further details can be found in section 2.3 of [4].
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These three formulations (3.17), (3.48) and (3.115) are equivalent to each other, which is
indicated in the second row of the above diagram. Technically speaking, one has to integrate
by parts to switch from one formulation to another, and the respective total derivatives have to
be kept in the case of non-geometric backgrounds as will be discussed below. For well-defined
setups the equivalence holds, at least classically, without further restriction.

On the level of ten-dimensional supergravity, one can switch directly between a formalism
in terms of the usual NSNS variables g, b and ¢, i.e. the action (3.139), and a new formalism
in terms of §, 8 and ¢, i.e. the action (3.193), by employing the field redefinition. This is
shown in the third line of the above diagram. Again, for non-geometric setups there appear
non-trivial total derivatives that have to be treated with care.

In the course of the above investigations, a simplifying assumption was made. It leads to
a restricted ten-dimensional supergravity action (3.185), that is shown in the last row of the
diagram.

There are two straightforward connections between the double field theory framework and
the supergravity framework. Both times, the strong constraint has to be solved by 0 =0and
a volume of {dz has to be integrated out. This is depicted by two vertical arrows between
the second and the third row in the above diagram.

As a side remark, another observation shall be made here. One other obvious solution to
the strong constraint of double field theory obviously is given by

2 =0. (3.199)

This will keep the dual coordinates only. The reduced action can be shown to be
- . , L . 1 ..
g — Jdi +/| det gii| 2% (R(g”, 0) + 4Gy 0'¢) ¥ — ER’J’%zijk) (3.200)

which is most easily checked by using the intermediate result (3.129). All terms containing Q)
vanish, as well as the standard curvature scalar R and the standard dilaton term (d¢)2. All

derivatives reduce to o
DZ — a’l , (3201)

such that the remaining terms organise into a new scalar curvature R(§", é) Additionally,
the R-flux is now given by its reduced form

Riik = 3oligikl (3.202)

and the dilaton ¢’ has to be defined as

\/| det gii| e72¢" = =24 (3.203)

Another way to check this rewriting is to use (3.115) and
e /17l (f?id; + Ti) — (e‘¢ |§|) + O <ﬁ"”'e—¢\/|g|) . (3.204)

The action (3.200) has to be understood as having all upper and lower indices interchanged.
In particular, g* is the metric on a space with coordinates Z;; 8" transforms as a two-form
under Z-diffeomorphisms, and RYF is the same field strength associated to it as H is the
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field strength associated to b;;. More generally, it has been shown in [17, 80] that (3.200) is
precisely equivalent to the standard NSNS supergravity action.

This result could be interpreted in the following way. Keeping only winding derivatives
in the field redefined double field theory action (3.115) corresponds to a T-duality in all
directions [80, 81]. It is the combination of using the O(D, D) transformed field variable
&, cf. (3.44), and keeping the transformation of the O(D, D) vector X, that was formerly
undone in (3.46). As the R-flux after setting d; = 0 behaves like the H-flux in the standard
supergravity action, it appears justified to conjecture that they are only dual descriptions of
the same physical content.

This indicates that the non-geometric fluxes that have been introduced in this chapter do
not make any new degree of freedom, as one can also expect from applying a field redefinition
and as was already supposed in the introduction to this chapter. And indeed, it might be that
not all non-geometric setups can be captured by the present framework, as will be further
discussed in the last section.

3.3.3 Dimensional reduction

It is possible to obtain a generic four-dimensional scalar potential for the non-geometric
fluxes @ and R by taking into account a volume modulus and the four-dimensional dilaton.
Although this provides just a very simple dimensional reduction of the higher-dimensional
actions presented in this chapter, a comparison to suggested forms for that kind of potentials
in the literature can be drawn.

Furthermore, having at hand such a link, one might conjecture that the presented actions
indeed provide an uplift of the four-dimensional non-geometric fluxes. This in particular
provides further evidence that the suggested definitions of () and R are the correct ones.

The starting point is the ten-dimensional action (3.193), which now shall be reduced in
the setup of an unwarped compactification ansatz

Mg =RY x Mg, (3.205)

reflected by a metric of the form

~ my g;u/ (xA) 0 )
nla™ = (7 D) (3.206)
Indices p,v, A denote external directions, indices i, j, k denote internal directions, and the
index m is supposed to be a ten-dimensional index. All fields are set to their vacuum expec-
tation values denoted by an index (0), where in particular the dilaton is expected to have a
constant vacuum expectation value. The fluxes ) and R are restricted to have internal legs
only, which can be achieved by setting

B = g — g — (0 and B9 = gY() (3.207)

Two four-dimensional scalar fields, here denoted as moduli, p and ¢ shall be introduced
as fluctuations of the metric, or the dilaton, respectively, around their vacuum expectation
values. The former modulus corresponds to volume fluctuations in the internal manifold. In
total, the reduction then takes the form

Sa™) = 0 + p(a*) (3.208)
Gij(=™) = p(a*) 3 (") . (3.209)
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Two comments shall be made at this stage:

= [t is assumed that there exists a background of the prescribed form. This is justified
by the fact that the two moduli p and ¢ appear in any compactification, independent
of the particular model. Furthermore, having no warping seems less problematic when
compared to the analogous situation in type IIB supergravity compactifications, where
it simply leads to a large volume limit.

s The vacuum expectation values §(0), qg(o), B are not specified explicitly, i.e. they are
simply assumed to be solutions of the equations of motion. For the restricted case, i.e.
when (3.151) holds, these equations are written down in (3.225) and (3.226).

Eventually, the rather simplistic approach here is at least sufficient to reveal the scaling
behaviour of the non-geometric fluxes in the respective four-dimensional potential, which is
what is intended in this section.

Geometric fluxes

To illustrate what kind of information can be obtained from the reduction procedure presented
here, first the four-dimensional potential of the standard NSNS supergravity action (3.32)
shall be computed. The next subsection then presents the corresponding results for the field
redefined action.

Using the same notation and construction as defined above for the original fields ¢, g and
b, the appearing terms show the following dependence on the two moduli p and ¢,

V0giil = 0* A/ 19| (3.210)
Re=p" Réo)

Hiijijk _ p—3 HZ(ngH(o) ijk :

where the second equality refers to the internal curvature scalar with R = R4 + Rg. The full
action (3.32) can be brought to the form

1
Sp = M} fd4:): A/ |9%| (Rf +kin — -5V (p, a)> : (3.211)
4

with a potential V' given by
Vipo)=o2(p Vg +p ' V}) . (3.212)

This reveals the known scaling behaviour of the two contributions Vi and V¢, coming from the
H-flux and geometric flux, respectively, in the most accessible way. The particular definitions
are

M? 1 g
o _ M} 6 (0) (0) r7(0)ijk
Vi =" Jd v /lgy)| J5H G H Y (3.213)

M3 0 0
vp = -2k [dn o) R

A few more conventions entered here:
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= The supergravity action has been supplemented with a prefactor

1 1

= The string coupling was taken to be given in terms of the vacuum expectation value of
the (constant) dilaton,

gs = e? . (3.215)
= A four-dimensional dilaton has been defined for convenience,

o=p"2e? . (3.216)

= Some constants were repackaged into a four-dimensional Planck mass

v
2r2g2

(My)? (3.217)

with vy being the volume of the internal manifold in its background configuration,

vy = fdﬁm/ Iggf)l . (3.218)

This of course presupposes that the internal manifold is compact.

= The transformation to Einstein frame, denoted by an additional index E on the respec-
tive quantities, was performed by rescaling the external metric as

g =0 gl . (3.219)

= The kinetic terms of the moduli p and ¢, i.e. all terms that contain derivatives on these
fields, are not of interest in this investigation and thus have been collected under the
label “kin”.

More importantly, it has been assumed that the fields ¢, g and b are well-defined in the sense
that they can be integrated over the compact internal manifold. As this might be automatic in
the context of ordinary effective field theories, such a claim could be violated in non-geometric
configurations where the fields can, for instance, acquire non-trivial monodromies. A solution
to this threat is provided by using the field redefined action, as will be discussed in the next
section. But before doing so, the reduction procedure shall be applied to precisely that action
without differentiating between well- and ill-defined fields.

Non-geometric fluxes

By translating all the above conventions and definition to a field basis QE, g and (3, the unre-
stricted action (3.193) can be brought into the same form (3.211), but with a potential

Vip,o)=0(p " VP +pVi+0*VR) . (3.220)
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To get this result, one should take into account that by definition of the reduction procedure
all terms containing 3¥™0,,¢ vanish. In particular, it is

= 1 i~ _
—285m0,,d = 80, InA/|g| = §ﬁk P10 pq » (3.221)

which helps to verify that the only dilaton kinetic term in (3.193) is the standard one after
reduction. Furthermore, the respective terms in the potential can be identified as

M2 o ~
Ve — —704 Jde VIgDI R (3.222)

M? 1 y
o _ M4 6 ~(0)] * p(0)ijk p(0)
Vi = o fd z A3 12R TRk

0 Mf 6 ~(0) Lo sk ij 1. Ip - kq
Vg =—— [z \/|g;;"| | — 79319 Qr™ Qs + S GpeQr P Qi
Vo J 4 2

+ o Qi 0mg™ + 045" Q™)

1. . 5 L o ~
- Z ik9519pq <ﬁprﬁqsar klasgw - QBlT/Bjsarglpasgkq>
1 B 5 — . .
+ 5 |§| gpqakgpq am (\/ |g|gz]61kﬁjm> > )

where in the last equality all fields on the right-hand side are understood as carrying the
index (9, i.e. as being vacuum expectation values.

The potential (3.220) contains two new types of scaling behaviour when compared to the
standard result (3.212). These correspond to the terms induced by non-geometric fluxes.
Interestingly, this makes another independent argument in favour of the definitions of Q;7%
and RY* in (3.184) and (3.195). Even when ignoring the structures that arise by using these
definitions, one could simply sort the result of the field redefinition according to the scaling
behaviour in the potential (3.220) and find the same result.

Furthermore, the resulting potential can be successfully compared to the literature. In
[89] it was argued that the most general potential that can arise from the NSNS sector is
given by

Vip,o)=c(p Vig+p ' VP +p VO +0* VR) , (3.223)

with VQO and VR9 being constants depending on the four-dimensional fluxes () and R. One can
straightforwardly recognise that this result is confirmed by the potential derived here. As b
was replaced by 8 in the field redefinition, there is no V) in (3.220) though.

In other words, one can draw the conclusion that the field redefined action (3.193) pro-
vides a ten-dimensional lift of the four-dimensional flures QQ and R, since it reproduces the
corresponding terms in the potential.

Restricted case

For the case where the field redefinition is simplified by the assumption (3.151), it is possible
to draw another link to the literature. Given the setup for a dimensional reduction discussed
above, the equations of motion imply constraints on the fluxes when the external manifold is
required to be Minkowski or de Sitter. These constraints match the findings that have been
suggested for example in [49].
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As a starting point, the field redefined action (3.185) shall be slightly generalised in the
sense that it is completed with an H-flux term,

S— fdxe% r (R + 4(09)* — %|Q!2 - ;|H\2> . (3.224)

Such an additional term can never be the result of the field redefinition (3.145) if the respective
indices are taken to range over all dimensions. On the other hand, one could assume a product
structure of the internal manifold such that there is an H-flux turned on with legs in only one
factor, while the field redefinition is applied to the other factor, which then contains Q-flux
only. A mixed action like the above would then exactly capture the right degrees of freedom.

Another way to motivate (3.224) is to call it a heuristic approach that helps to take
into account the H-flux along the dimensional reduction. In this sense, it can be viewed as
being halfway between the original fields (¢, g, b) and the completely redefined fields (¢, §, )
obtained from an intermediate choice of parametrisation in (3.36). The a priori appearing
additional degrees of freedom are assumed to cancel due to Bianchi identities [87].

The ten-dimensional equations of motion for ¢ and g can be determined as

0= o (8¢72V/Iglg"™0mo ) + e 7*\/Ig] (2R + 8(09) ~ QI* ~ |H[?) (3.225)

1 1
0 = Ry = 5GmnR + 2gmn ((09)* — V?¢) + 2V, Vo + 19mn (JH? + Q%) (3.226)
1

1 1
4Hmqunpq - ZQmqunpq + §mequnq )

whereas the equations of motion for b and S are not of interest in the following. They are
determined in [7] for an extended definition of @ that here shall not be elaborated on.

Two assumptions of the reduction setup have to be recalled here: first, the spacetime is
assumed to have product structure without warping; second, the fluxes H and @) are assumed
to have internal legs only. In particular, one has R = R4 + Rg with

9 1 3
R = gmann = _§v2¢ + 5(a¢)2 + Z|}I|2 + 1’Q|2 (3227)
v 2 2 Lo 140
Ri = 9" Ry = 2(00)* = V2 — 2V, V"¢ — _|H* + Z|Q , (3.228)

obtained by tracing the Einstein equation (3.226).
Having a Minkowski or de Sitter spacetime translates to a non-negative four-dimensional
curvature scalar, which for the assumed case of a constant dilaton gives the constraint

1 1
0<Ry= —§|H|2 + 5]@\2 : (3.229)

read off from (3.228) directly. On the other hand, using (3.227), one can solve for the H-flux
and replace it by the internal curvature,

0<—Re+ Q. (3.230)
Physically, this can be interpreted by extracting two statements:

= The non-geometric flux @) is capable of compensating negative four-dimensional curva-
ture contributions from other fluxes.
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= Due to a balancing effect of the non-geometric flux @, it is possible to have positively
curved internal manifolds.

At this stage, a comparison with the literature is straightforwardly possible. First, one
can recognise that under the simplifying assumption (3.151) the terms in the four-dimensional
potential, namely (3.222), reduce to

1

Vi~Re, Vo~ 5]@\2 ., Ve=0. (3.231)

Additionally, one can infer that the contribution of an extra H-flux term as in (3.224) will be
1

Vi ~ 5\1{\2 . (3.232)

With these settings, the conditions (3.229) and (3.230) can be found in equation (5.3) of [49].
There, further ingredients like RR-fluxes, sources and warping have been considered, which
should be set to zero for comparison.

Although these results promise progress in solving the typical problems of flux compacti-
fications, as for example finding at least Minkowski, if not de Sitter, vacua, a drawback arises
immediately when taking into account the dilaton equation of motion (3.225). For a constant
dilaton it dictates to solve the above conditions by setting

Ri=0, Re=|H=|Q, (3.233)

which does not allow for de Sitter solutions anymore. At this point, it becomes clear that
non-geometric fluxes alone do not guarantee the possibility of such spacetimes, the above
mentioned other ingredients are still necessary. Of course it is possible that the relaxation of
the constraint (3.151) allows for more elaborate setups that do not suffer of such drawbacks,
but this rests even more on whether there are genuine solutions of all equations of motion in
ten dimensions, that make real non-geometric backgrounds.

3.3.4 Non-geometry

So far, it has been shown how to reveal non-geometric fluxes in a framework of effective field
theories, namely in double field theory and in NSNS supergravity. Until here, one could
simply notice that as a particular method to rewrite these well-known actions in a more or
less useful way. In the following, it will be shown how the new descriptions can be used
in actually non-geometric configurations and how it is possible to repair the ill-definedness
appearing there.

A case study

It is instructive to first investigate the special case of a three-torus with constant H-flux. This
setup allows to reveal some features of non-geometry and how they can be accommodated by
the field redefined action. The basic construction has been described in detail in chapter 2
from the perspective of the worldsheet theory, a short comment on how it translates into the
target space considerations of this chapter has been given on page 98. The necessary details
shall be repeated here.

On the geometric side, the basic construction is a torus fibration 72 x S' that makes
three of the internal directions. A full background can be obtained by completing this with



3.3. SUPERGRAVITY 109

additional dimensions, an appropriate external spacetime factor and some other ingredients
as shortly discussed in the previous chapter. In the following, the three dimensions shall only
serve as a toy model and it will be ignored that they alone do not suffice as a valid string
theory setup.

To make up a three-torus, the coordinates x

't~z 4 27, (3.234)

1,2,3 are periodically identified,

where in contrast to chapter 2, all radii are taken to be of unit length for convenience. The
metric is thus given by the unit matrix, and a constant H-flux is added by the following
b-field®,

100 0 a3 0
ga=(0 1 0], ba=[-25 0 0f. (3.235)
00 1 0 0 0

This defines the first T-duality frame, so the fields are subscribed with an index ‘A’, and are
identical to the ones discussed in (3.186). The only coordinate dependence is on the base
fibre x3, such that there are two isometry directions. These allow for two T-dualities, the
corresponding frames are denoted by indices ‘B’ and ‘C’, where the former is the twisted torus
frame and the latter the non-geometric frame.

The importance of this example is on the one hand underlined by its frequent appearance
in the literature (cf. the introduction to this chapter), but on the other hand especially
emphasised by the fact, that in all three frames, the simplifying assumption (3.151) is fulfilled.
This will be checked explicitly in the following, but can also be deduced from the fibre structure
and the coordinate dependence of b and g. Roughly speaking, /3 defined by (3.152) will never
have a component in the x3 direction that makes the only coordinate dependence of any field
in any T-duality frame, i.e.

B90;=0, (3.236)
which exactly is (3.151). This also holds for the dilaton, as in order to have two isometries it
depends on x3 only,

dA = pa(zs) . (3.237)

A monodromy z3 — 3 + 27 induces a simple gauge transformation of b, and the action
1

S = dew/]gA\ewA (RA +4(3pA)? — §]HA\2) (3.238)

is well-defined. As has been shown in (3.187) and (3.188), this is not anymore the case for a
description with the redefined fields (<Z~>, g, ). A monodromy in the third coordinate induces
changes of all three target space fields, that cannot be undone by any symmetry of the field
redefined action, in particular not by a diffeomorphism. In conclusion, the standard NSNS
supergravity action is capable of describing background A, whereas the @-flux action (3.185)
is not.

The twisted torus frame B can be reached by applying a T-duality in the x; direction. Its
target space fields read, cf. (2.17),

1 —XI3 0
gg=|-z3 1+2% 0], bg=0, (3.239)
0 0o 1

5The constant H has been dropped compared to chapter 2, and there will be no dilute flux approximation
here.
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with the dilaton not being changed,

1
08 = 94— 50 ((94)11) = 64, (3.240)
according to its transformation rule (A.12). The standard NSNS supergravity action and its
field redefined counterpart conincide in this case, as the field redefinition (3.152) shows,

=98, Be=bs=0, ¢p=0s5. (3.241)

Furthermore, all fields are well-defined, where in particular the monodromy x3 — x3 + 27
for gp can be compensated by a diffeomorphism”. In conclusion, background B is geometric
and thus not of further interest in the given context - although this property was crucial in
chapter 2.

A second T-duality transformation, this time along the x5 direction, constitutes back-
ground C. The target space fields read

1 1 0 0 1 0 —x3 O
gc = {0 1 0 , bo = szs 0 0], (3.242)
and
1 1 )
¢c = ¢p — 3 In ((9B)22) = da — 5 In(1 + 3) . (3.243)

All three fields are ill-defined, as they have a non-trivial monodromy for x3 — x3+27. In par-
ticular, the b-field cannot be patched over the full base circle by using gauge transformations
or diffeomorphisms only. Furthermore, not even the torus volume

1

volg = det g0 = ———
(1+ 23)?

(3.244)
has a trivial monodromy. But as the fields were defined as T-duals of well-defined ones, a
patching with T-duality transformations could make ¢¢, go and bo well-defined as well. This
will be discussed later on in more detail. Accordingly, the background is truly non-geometric

and therefore suspected to be describable by the field redefined action (3.185). And indeed,
the new field variables are surprisingly simple,

100 0 —xz3 0
ge=(0 1 0), Bc=1|zz 0 0], (3.245)
00 1 0 0 0
and .
dc = ¢+ 5l +a3) = da, (3.246)

according to (3.146). Additionally, the simplifying assumption (3.151) is fulfilled, as in 3% 0,
only j = 1,2 is generically nonzero but the fields depend on z3 only. The metric go and

the dilaton ¢¢ are well-defined under the monodromy x3 — x3 + 27, whereas B¢ seems to
be problematic due to the lack of a proper gauge symmetry in this formalism - in contrast

"Cf. (2.12), which can also be formulated as a lattice action, e.g. (2.24) in [90]. T thank D. Andriot for
pointing that out.
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to the double field theory approach of the preceding section (cf. (3.50) with dual derivatives
appearing). Nevertheless, the field redefined action is not touched by this subtlety as only
the constant non-geometric flux ) enters with

(Qc)s™ = —(Qe)s* = —1. (3.247)
In other words,
S = jdx\/@e_%c (ﬁc + 4(06¢)? — %|QC|2> (3.248)

is capable of describing the non-geometric background C, whereas the original NSNS super-
gravity action is not. The two descriptions differ by a total derivative (3.172) that does not

integrate to zero,
2
J dzos 6—2¢A4i - 6—2%(2”)877T (3.249)
0 1+ a3 1+4n2’

and it is strictly speaking a change of theory when switching between the two actions. This
point shall be discussed in more detail later on.

To conclude the present case study, one can record at least three important observations:

= The fluxes arrange into the proposed T-duality chain along the different frames. A
constant H-flux in the first frame A is transformed into constant geometric flux in
frame B (visible as Rp = —1/2) with no other fluxes, that finally is transformed into
constant Q-flux in frame C visible after the field redefinition. In summary, it is

Ha 5 f5 I Qo (3.250)

This is also good evidence for that the suggested definition of the @Q-flux is correct.

= Non-geometry appears through non-trivial monodromies of the fields and hinders the
definition of a regular patching along the manifold.

= There is a preferred field basis for each frame. The geometric frames A and B have well-
defined actions in terms of the original NSNS supergravity fields ¢, g and b, whereas
the non-geometric frame has a well-defined action in terms of the redefined fields ¢, g
and S.

These observations can be put into a broader context, which will be done in the following.

General considerations

The above case study motivates the following line of thought, that due to its broad implica-
tions shall be formulated as carefully as possible in a scheme of suppositions and theses.

= Supposition 1: Non-geometric configurations can be obtained by T-duality transforma-
tions on geometric configurations with a well-defined NSNS supergravity field content,
i.e. a proper target space interpretation.

= Supposition 2: Such non-geometric configurations, obtained by a T-duality transforma-
tion, are ill-defined in the context of NSNS supergravity and cannot be described by it,
although they are well-defined in string theory.
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= Main thesis: There is a preferred field basis for any field configuration, whose respec-
tive action is well-defined and at most differs by a total derivative from the NSNS
supergravity action.

These statements shall be defended one by one and critically evaluated against other evidence
in the remainder of this section.

Supposition 1: The first supposition basically serves to set the range of applicability for
the following considerations. Due to its logical structure it is strictly speaking already proven
by the observations in the above case study: There is at least one non-geometric configu-
ration, namely the three-torus with -flux, that has been generated by the application of a
T-duality transformation to a well-defined geometric configuration, namely the three-torus
with constant H-flux. The more important impact of supposition 1 comes from the implicit
exclusion of non-geometric configurations that arise in a different way. For example, there
are genuinely stringy constructions that are supposed to be non-geometric, stemming from
conformal field theory considerations. Asymmetric orbifolds make such examples [91]. At
first sight, they are out of range for effective field theories like the NSNS supergravity used
here, and therefore shall be ignored in the following.

Another question is, how far reaching such an exclusion of other constructions will be.
In other words: Is the set of all non-geometric configurations in string theory in any way
exhausted by the ones obtained from T-duality? The most obvious answer to that question is
of course negative, given at least the asymmetric orbifold construction mentioned here. But
this statement might be relativised when taking the perspective of four-dimensional effective
field theories. A first hint comes from the fact that the non-geometric fluxes constructed here
enter the four-dimensional potential in the right way. There, they were originally added ‘by
hand’ [33] to make it T-duality invariant, as was already discussed in the first chapter . In
this sense, a theory that is capable of uplifting the @- and R-flux terms, here obtained in
(3.222), exhausts all possibilities.

The case study above has shown a slight drawback, though. A background with non-
geometric H-flux (3.242) was translated into a well-defined description with nonzero @-flux
via the field redefinition. The field redefined action (3.248) does not contain any H-flux
anymore. What is in principle impossible in that framework, is to have nonzero H- and
Q- or R-flux at the same time. As the b-field is always traded off against 3, it cannot be
elsewise. On the other hand, there are indications [92] that such configurations make valid
string backgrounds and it is clear that they are not describable by the approach presented in
this chapter.

A more detailed discussion of how the field redefinition provides an uplift of different
configurations in the four-dimensional setup helps to clarify the situation. This can be con-
veniently done by classifying gauged supergravities using the embedding tensor formalism?®.
The embedding tensor © lies in the representation of the global duality group of the ungauged
supergravity and encodes which subgroup of that is promoted to a local symmetry. Accord-
ingly, it encodes the masses and couplings of the respective gauged supergravity. Any two
embedding tensors related to each other by a duality transformation lead to physically equiv-
alent theories. More precisely, a theory with fields ® and embedding tensor © is equivalent to
a theory with redefined fields h(®) and the duality transformed embedding tensor © = h(©),

8See [37] and references therein.
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where h is the duality group element. In terms of actions, this is

Sgauged sugra [(I)’ 6] = Sgauged sugra [h((I)), h(@)] . (3251)

In other words, physically inequivalent theories are exactly in one-to-one correspondence to
different orbits of the duality group.

For the present case, the duality group should be the T-duality group O(6,6) and, indeed,
there are flux compactifications of the ten-dimensional supergravity (3.32) to four dimensions
whose duality group contains exactly that one. Nevertheless, such compactifications do not
make complete orbits under O(6,6) and it shall here be concluded, that the method presented
in this chapter provides the necessary completion. This is summarised by the following dia-
gram, which can be thought of as the completion of the diagram on p. 101, leaving out its
second row:

.| Double field theory (H) |

field redefiniti -
ec recetnition 10d supergravity (g, 8, ¢)

10d supergravity (g, b, @)

flux compactification flux compactification

Y Y

4d gauged supergravity © 4d gauged supergravity © = h(©)

heO(6,6) duality

The standard set of field variables (g,b,¢) provides one part of the duality group or-
bit in four dimensions, indicated by the embedding tensor ©. A field redefinition in the
higher-dimensional description to some new variables (g, 3, é) corresponds to a change of the
embedding tensor © — © = h(©) by an element from the missing part of the duality group or-
bit. As has been shown in the previous section, this change is induced by a reparametrisation
of the generalised metric H in the respective double field theory. Such a reparametrisation
arises naturally, as H is in general an O(d, d) element, with d = 6 in this case.

Eventually, it is possible to answer the question raised above in slightly more detail. A
theory using the field redefined action is part of a duality group orbit that has at least some
subset within the region of geometric configurations in the space of all possible configurations,
or embeddings, respectively. Put differently, supposition 1 restricts the range of applicability
of the presented procedure to configurations that are generated by T-duality transforma-
tions, and this is the same as to consider only such orbits that have overlap with geometric
configurations. This is shown pictorially in figure 3.3.4.

To conclude, it shall be noted that there might be solutions to the equations of motion for
the redefined fields (g, 3, qz;) that are not related to any geometric configuration. These could
then be regarded as elements of the respective duality group orbits in four dimensions, that
have no overlap with the geometric configuration space. It thus might be possible to relax
supposition 1.

Supposition 2: The second supposition clarifies the status of non-geometric configura-
tions. As they are assumed to be generated by T-duality transformations, which leave the
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Gauge orbits

—\/
—\/
Geometric
configuration
space (9,0, 9)

Figure 3.1: Gauge orbits and the field redefinition

path integral of the respective string theory, i.e. worldsheet model, invariant, they are valid
configurations from that perspective. On the other hand, the example of a three-torus with
H-flux has shown that from the perspective of the target space geometry this is not clear
anymore. Rather, the fields acquire non-trivial monodromies under the torus periodicities,
e.g.

gc(x3) = go(x3) = go(ws + 2m) (3.252)
where g;, is not diffeomorphism equivalent to gc. But, as the structure group is restricted to
be GL(d) at most, it must be when considering the overlap of two patches in the base circle
that contain the identified points 0 ~ 27. Strictly speaking, the metric g¢ fails to be a proper
tensor.

It follows straightforwardly that if the structure group was enlarged to O(d, d) the mon-
odromies would become unproblematic. The transition function needed in the overlap of two
patches then simply consists of a stack of three operations: the first is the reverse T-duality
transformation that was used to create the non-geometric configuration, it returns go to the
geometric g4. The second operation is a diffeomorphism, or element of the geometric struc-
ture group, that is needed to patch in the geometric version of the overlap. Eventually, the
last operation is the inverse of the first and returns the patched field ¢4 to its non-geometric
counterpart g

The target space theories used in this chapter do not allow for such an enlarged structure
group and thus are incapable of describing non-geometric configurations in the above sense.
As a side remark it shall be noted that this makes part of the motivation to find doubled
sigma models with O(d, d) covariance, which will be explained in more detail in chapter 4.

Supposition 2 generalises these observations, as it states that non-geometry, restricted in
the sense of supposition 1, will always manifest itself in the form of problematic monodromies.
This has two consequences:

= An integration of fields over the whole manifold becomes problematic. This comes as
follows [93]. Given an open covering {U;} for M, and a function f : M — R divided by
a partition of unity subordinate to the covering, the integration is defined as

J fAVlgl dzr A -+ Adxyg = ZJ fin/lgl deg A -+ A dayg - (3.253)
M i JUi

A different covering will not change the result because the volume element is invariant
under a change of coordinates. On the other hand, for a non-geometric configuration
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this is not sufficient as was shown above. The volume element is not invariant under
T-duality transformations that are necessary to define the patching. Different coverings
will result in different values for the integral, which will then become ill-defined. Strictly
speaking, this will turn the action ill-defined and finally cast doubt on the theory itself.

= From a similar reasoning, it becomes clear that total derivatives on compact directions
will in general not integrate to zero anymore. This was exemplified in (3.249). Further-
more, the change from the standard NSNS supergravity action to the field redefined
action with @- and R-flux becomes non-trivial. The correct identification is (3.185), or
(3.193) in the general case, which explicitly keeps the integrated total derivative term.
Accordingly, it is, without further assumptions, not correct to state that the two actions
are equivalent.

Although these two consequences have already been observed in the case study, the purpose
of restating them here is to generalise these observations to all cases of non-geometry in the
sense of supposition 1.

Main thesis: After the context has been prepared carefully, the main statement is formu-
lated under the status of a thesis. It basically says that the ill-definedness of a non-geometric
configuration can be cured by using the field redefined action (3.193). This generalises the
observation that there is a preferred, i.e. well-defined, field basis in each frame of the three-
torus example. To be precise, the claim here shall be: There is always a field redefinition
such that the obtained action is well-defined and at most differs by a total derivative from
the original one.

The total derivative might not integrate to zero, so it could be called ill-defined. Roughly
speaking, one could say that the ill-definedness of the theory is sourced out into the total
derivative term by using the field redefinition. In other words, using an appropriate set of
field variables will shift the problem of non-geometry to the process of changing to these
variables. One subtlety in this reasoning has already appeared in the case study: It might be
that all terms in the action are well-defined, but some of the basic fields are not. Namely, 3
in (3.245) still has a problematic monodromy, where on the other hand it only appears in the
form of a constant @), which is unproblematic.

In order to strengthen the main thesis, it is very helpful to consider a generalisation of the
procedure in this chapter. Actually, the two field bases (g, b, ¢) and (g, 5, $) can in some sense
be considered as particular examples for a whole variety of possible choices. The generalised
metric used to define the field redefinition can be parametrised by generalised vielbeins,

H=ET94E . (3.254)

Accordingly, the two field bases were obtained from particular choices,

£ = (_:_Tb e9T> , E= (8 ;ff) , (3.255)

with e and é being ordinary vielbeins for g and g, respectively. As there is a whole O(2d)
symmetry in the freedom to parametrise H, there is also other field bases that might be used
to find the preferred field basis for a given non-geometric configuration®.

9A similar reasoning can be found in [94].
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Given that it is possible to find the right field redefinition such that there only remains
an ill-defined total derivative term, it shall here be proposed that this term is dropped. Of
course, that is, strictly speaking, a change of theory. But there are some arguments that help
to justify such a procedure:

= As already mentioned, the field redefined action - without any total derivative term -
seems to be reducible to the expected four-dimensional potential.

= In the double field theory framework, the field redefined action allows for a geometric
interpretation of the non-geometric fluxes, once the total derivative is dropped. This
is in good agreement with the fact that non-geometric backgrounds are valid string
backgrounds and, in a sense, should not be special.

= [t is not surprising that the NSNS supergravity as a theory of point particles has to be
changed when considering non-geometric setups, because there the one-dimensionality
of the string becomes crucial.

This concludes the discussion of the proposed theses about how non-geometry could be dealt
with by the field redefinition applied to effective field theories as double field theory and
supergravity. It shall not be kept secret that some of the claims made here are rather extensive,
if not bold. To find more examples that supply the case study is therefore highly important
and subject of current research work [92, 91].

3.4 Summary and discussion

This chapter has presented an investigation of non-geometry and non-geometric fluxes in the
context of effective field theories of string theory. The two major results shall be phrased as:

= A field redefinition can reveal non-geometric fluxes in double field theory and
supergravity.

= Non-geometry can be dealt with, at least in some cases, by using the field redefined
theories.

It has been shown that there is a close connection between the results in double field theory
and supergravity, as they can be related by solving the strong constraint and integrating out
the dual coordinates. Furthermore, the ten-dimensional supergravity framework allows for a
generic dimensional reduction that reveals the correct scaling behaviour of the non-geometric
fluxes. This supplies evidence for the proposed definitions and completes the interrelations
between higher-dimensional frameworks and the four-dimensional stage. In particular, it
shows that there is a geometric interpretation of non-geometric degrees of freedom when
working with the 2D dimensions of double field theory.

Non-geometry itself has been exemplified by the three-torus with H-flux and its T-duals.
The suspected duality chain from geometric H-flux to geometric f-flux to non-geometric -
flux has been confirmed, and, indeed, the occurrence of nonzero Q-flux implied non-geometric
behaviour of the physical fields. In the supergravity framework, this typical ill-definedness
can be cured by using the redefined variables, which motivates the notion of a preferred field
basis. For setups that exceed the special case of three-tori it is assumed that such preferred
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field bases also exist and suffice to remedy any non-geometric bulkiness.

To complete the discussion, a few more points shall be presented.

Degrees of freedom: Introducing additional field variables in the effective field theory
action rises the question about degrees of freedom. Here, one could simply reply that a field
redefinition does not change the number of degrees of freedom. On the one hand, such a
restriction is desirable, as there must not be new fields given the well-defined set of string
modes that are taken over to the supergravity framework.

On the other hand, some non-geometric setups are created by T-duality transformations
of certain backgrounds, and T-duality mixes scales such that is is not clear anymore what
the set of string modes to be described should be. In principle, it could be that a low-
energy effective action of non-geometric string setups has to take into account more modes
than supergravity or double field theory. The present framework does not provide such an
extension, as for example the field redefinition always trades H-flux off against non-geometric
flux, but at least all non-geometric setups that are within the T-duality orbit of a geometric
background can be dealt with.

Backgrounds with nonzero R-flux have to be considered with care. To generate them
by T-dualities one has to perform transformations in non-isometry directions, which, strictly
speaking, is not possible as long as one argues along the lines of Buscher. This is in accor-
dance with the usual statement that R-flux backgrounds even lack a local description [33].
Nevertheless, there are suggestions to use Buscher T-duality rules in non-isometry directions
“formally” [92]. In particular, backgrounds with several types of fluxes turned on at the same
time where obtained by employing the double field theory framework of this chapter and the
notion of “non-geometric” branes. Following this idea implies to add an H-flux term in the
field redefined supergravity action (3.193), and thus to add more degrees of freedom.

In [95], such a procedure was indeed suggested as an extension of the framework presented
here. It was compared to the democratic formalism of supergravity [96], and so some addi-
tional constraints have been introduced to keep the number of degrees of freedom. In [94],
the authors propose another point of view, where the standard supergravity and the field
redefined supergravity in terms of S are only limiting cases of a general field redefinition.
They have shown that there exists a subtle mathematical structure that captures all cases,
in particular ones with H- and non-geometric flux at the same time, and that the number of
degrees of freedom is reduced by Bianchi identities.

Remedy non-geometry: The presented field redefinition allows to shift ill-defined terms
that appear in the action into a total derivative. One option then is to drop such a total deriva-
tive, and, strictly speaking to change the theory, in order to have a well-defined framework.
This was proposed here, but at least three other options have to be noted:

= [t might not be necessary to keep the notion of Riemannian geometry with transition
functions in GL(D). One could allow for more involved constructions that embed the
effective field theory in a well-defined manner also for non-geometric setups. An example
of such is the Lie algebroid construction of [94].

= Double field theory offers involved structures, like the gauge symmetry (3.30) or O(D, D)
invariance, that here have not been considered in order to deal with ill-defined fields.
So far, it is not exactly clear how to employ these peculiarities of double field theory to
deal with non-geometry in 2D dimensions, but ideas can be found in chapter 4 of [86].
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General considerations of how to define a geometry framework for double field theory
beyond the standard one are given in [85].

= Eventually, one could take the existence of well-defined actions for non-geometric se-
tups seriously and suppose that these are effective theories that belong to a particular
formulation of a string worldsheet theory. In particular, one might suspect that such
a sigma model has to have doubled coordinate fields and can be connected to double
field theory as its respective effective field theory. Then, roughly speaking, the extra
coordinates could help to make non-geometric configurations well-defined, for example
by providing a geometrisation of T-duality.

In particular, the ideas of the last point shall be pursued further in chapter 4.

Non-geometric (- and geometric f-flux: It was shown that in the supergravity
framework (3.193), the non-geometric flux R appeared as the equivalent of the former ge-
ometric flux H. The remaining terms containing S could not be sorted into a square of
the non-geometric flux @), which was compared to the situation in the double field theory
framework, where () made a part of the connection and was hidden in the curvature scalar.

The idea that the same identification can be done in the supergravity framework was
pursued in [95], where it literally turned out that ) is the actual analogue of the former
geometric flux f. This can most easily be seen from!'"

R = — (1" MenegQa" Qa + 20caQa"Qp™ + 2R f*cimap) (3.256)

where () appears as part of a second curvature scalar that stems from the analogue of the
Levi-Civita spin connection.

Gauge transformations of 3: The double field theory framework allowed for gauge
transformations of the new field 3, see (3.54), which use the dual coordinates. It seems that
this is not possible for the supergravity framework: the Kalb-Ramond field b was replaced by
B, and whereas the former has the usual gauge transformations, the latter has none due to
the lack of dual coordinates. In other words, there is no analogue of the invariance

db—db for b—b+dA (3.257)

for bivectors, as there is no analogous derivative. It seems that the action (3.193) has lost
the former gauge symmetry and therefore carries too many degrees of freedom.

This issue has been investigated more closely in [95]. It has been shown that the b-field
gauge transformation is hidden by the field redefinition. The former

bob+s, with Smn= iy (3.258)
becomes
G- @+ @ +p)s) g1+ @G +8)s)
Bo@+ @ +8)s)  (B-G +8)s@ BN +@G 1 +8)s) T, (3.259)

using (3.145). The field redefined action is then invariant under this transformation. It is
alarming, but expected, that the metric transforms under a former gauge transformation.

Equation (4.15) on p. 31 of [95]
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However, the authors have shown that one can introduce a differential constraint such that
the above reduces to an invariant metric and a shifted 8 in analogy to the standard behaviour
of g and b.

Inverses in the field redefinition: In general, it seems problematic to have inverses of
matrices appearing in the particular equations that define the field redefinition, as it is not
guaranteed that they exist. A closer look shows that for only two objects existence has to be
assumed,

G+, (M-85 " . (3.260)

There are at least two arguments in favour of such an assumption:
= For the case of a three-torus with H-flux and its T-duals, the respective objects do exist.

= The respective final results in the double field theory and the supergravity framework
do not contain any questionable inverse. It seems plausible, that one can find adapted
field redefinitions for cases with no inverse that produce the same result.

Scherk-Schwarz reductions: There have been recent attempts to find a direct connec-
tion between double field theory and four-dimensional gauged supergravities. The most suc-
cessful approaches [97, 98] use Scherk-Schwarz reductions, that compactify the 2D-dimensional
double field theory with D = n + d on doubled twisted tori T%¢. To avoid the doubling of
external spacetime directions, one takes vanishing dual radii, i.e. the effective space is n + 2d
dimensional. The fields are chosen to have a very particular dependence on the according
coordinates, as for example the generalised metric is restricted to the following ansatz,

Hon (2, Y) = UP (Y ) Hpg (2) U (Y) (3.261)

Coordinates x refer to the external coordinates, i.e. the four-dimensional target space, and the
coordinates Y refer to the internal doubled space. The “twists” U make generalised internal
vielbeins that encode the geometry of the compactification manifold.

In general, it was found that double field theory then reduces to the electric sector of N = 4
gauged supergravity. The RR part has been included as suggested in [80, 81]. In addition, all
types of (non-)geometric fluxes H, f, @ and R have been identified with particular gaugings
of the effective theory, such that, as suspected here, double field theory provides an uplift of
these fluxes in higher dimensions.

The detailed procedure is different for the two approaches: Whereas [97] takes the gen-
eralised metric formulation (3.16) but enhances the global symmetry group O(D, D) to
O(D,D + N) by adding N vector fields, [98] first rewrites the double field theory action
in terms of structure functions Fj. that then are chosen to form particular flux backgrounds.
Both formulations indicate that it is possible to relax the strong constraint without violat-
ing the necessary consistency conditions in the four-dimensional theory. This has also been
pursued further in [99, 100, 101]

Eventually, it remains an open question whether the formulation of double field theory
presented in this chapter can be reduced in the same way and whether the fluxes @ and R
can then directly be identified with the corresponding four-dimensional quantities. At least,
it has become clear that all types of fluxes are available from double field theory, also from
the formulation of this chapter.
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Chapter 4

Doubled geometry on the
worldsheet

This chapter introduces a novel worldsheet theory with doubled coordinate fields, providing
a basic setup to clarify features of non-geometry on the level of a sigma model. Its main
properties are T-duality covariance, an automatic reduction of the degrees of freedom, and
compatibility with the standard sigma model. The theory will be analysed both classically
and at one-loop level in the quantised version. Although being motivated by the literature,
it provides a new approach, that has been first suggested in [3] and further developed in [1].

The structure of this chapter is as follows:
4.1 introduces the relevant ideas and connections to the existing literature.

4.2 reviews the basic construction on the classical level. Emphasis is put on the new symme-
tries appearing, how O(D, D) and diffeomorphisms can be embedded, and, finally, how
non-geometry and non-geometric fluxes can be treated.

4.3 derives the doubled target space equations of motion from claiming Weyl invariance at
one-loop level and explains how the reduction to the usual number of degrees of freedom
follows automatically.

4.4 gives a summary of the results obtained, and remarks observations that may lead to
future research directions.
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4.1 Introduction

The preceding chapters have shown that the notion of non-geometry can be nicely exemplified
by the three-torus with constant H-flux. The canonical quantisation of this setup has revealed
non-commutativity of the target space, depending on the winding of the closed string probing
it. On the level of effective field theories, it was shown that a field redefinition with the
form of a T-duality transformation helped to remedy the ill-definedness of the action. Both
observations involve the existence of dual coordinates, either directly by using winding, or
indirectly by invoking T-duality.

It turned out that the use of double field theory simplified the implementation of the field
redefinition and helped to extend its applicability. Doubling the coordinates turned T-duality
into a manifest global symmetry of the effective field theory. The additional coordinates
allowed to “geometrise” non-geometry by parametrising it with non-geometric fluxes ) and
R, which could then be interpreted as geometric quantities.

One might be interested in how non-geometry can be detected on the level of a sigma
model, and it seems to be an obvious supposition that such a sigma model should better
implement a manifest version of T-duality. This, consequently, necessitates a doubling of the
coordinate fields, as has been shown for various approaches in the literature. Eventually, any
of such doubled models shall be compatible or, in a sense, identical to the standard sigma
model of string theory, and the doubled degrees of freedom have to be reduced. There are
two main variants of implementing this:

= Based on earlier works [102, 69], Tseytlin proposed a duality symmetric doubled world-
sheet model [103, 104] where coordinates and dual coordinates are interpreted as the
respective conjugate momenta. This automatically reduces the degrees of freedom cor-
rectly, but on the other hand comes with the drawback of loosing manifest Lorentz
invariance on the worldsheet. One can impose additional constraints to recover it, cf.
[105, 106], but this complicates the derivation of the target space equations of motion
[107, 108].

s The approach of Hull [26, 109, 110] implements doubled coordinate fields where the
degrees of freedom are reduced by an additional constraint (a “polarisation”), which
is imposed by hand. Dual coordinates are conjugate to the winding number of closed
strings. The doubled geometry allows for coordinate patching with T-duality transfor-
mations and has consequently be named “T-fold”.

Indeed, there have been various attempts to investigate the features of non-geometry using
worldsheet models, including their doubled versions:

s In [111], the model of Tseytlin is equipped with an additional constraint to preserve
Lorentz invariance, and so-called twisted doubled tori are presented as solutions of it.
These are group manifolds that allow the embedding of geometric and non-geometric
fluxes. The doubled three-torus with H-flux and a particular chiral Wess-Zumino-
Witten model are used to exemplify this. Non-geometry reveals itself in the form of
non-local coordinate monodromies.

= [106] computes the one-loop effective action of the Tseytlin model and restricts the
analysis to the Lorentz invariant class of [111]. The connection between twisted doubled
tori and gauged supergravities is discussed, and non-geometry again appears by turning
on particular fluxes.
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» Halmagyi proposes a first order worldsheet model [53, 54] that is obtained from a Leg-
endre transformation of the standard sigma model. The coordinates are not doubled,
but, still, T-duality is realised covariantly for the Hamiltonian of the theory. A lift to
the corresponding membrane theory offers the possibility to embed all four types of
fluxes, such that non-geometry can be investigated in the sense of non-vanishing Q- or
R-flux.

» Hull offers a framework where non-geometry is built in manifestly [26, 110]. T-folds
allow for transition functions that include T-duality transformations and are thus an
extension of the ordinary notion of a manifold. Non-geometric backgrounds can be
embedded naturally, at least for the toroidal case.

The idea that shall be pursued in this chapter is to develop a worldsheet model that im-
plements some of these features, especially the T-duality covariance from doubled coordinate
fields, but also overcomes the two main disadvantages that have been faced so far, namely
that a constraint has to be put in by hand, and that Lorentz invariance is lost. This will in
particular clarify how the theory can be quantised, so that the procedure of obtaining the
target space equations of motion becomes unambiguous.

To get rid of the extra degrees of freedom that are introduced by the doubling of the
coordinate fields, a gauge symmetry is assumed, and a gauge fixing will be implemented by a
Lagrange multiplier term in the action. Such a procedure can be motivated from a step-by-
step generalisation of the gauging procedure of Buscher [112, 113], according to ideas given
in [114]:

By introducing a covariant derivative and a gauge field, one can promote the standard
sigma model to a gauged form, that is the origin for obtaining the T-dual model. Departing
from the usual gauge fixing, a non-Lorentz invariant gauge choice leads to the doubled sigma
model of T'seytlin. At this stage, it is possible to find another gauge choice that is Lorentz in-
variant but leaves one gauge field component unfixed. This component appears as a Lagrange
multiplier, and, consequently, shall be interpreted as the gauge fixing term for yet another
gauge symmetry. The generalisation of this gauge symmetry makes the ansatz that shall be
taken as the proposed doubled worldsheet theory.

Eventually, the procedure promises to have a fully Lorentz invariant doubled worldsheet
model that is in the same spirit but not identical to the existing proposals in the literature.
Apart from enlightening these differences, one might hope to find a possibility of systemat-
ically including non-geometric setups and of embedding fluxes, in particular to recover the
T-duality chain with four types of fluxes. Furthermore, after the determination of the doubled
target space equations of motion, one could hope to find similarities to double field theory,
which makes the most important doubled target space theory in the literature. It could even
be conceivable that the proposed doubled worldsheet model provides the origin of double field
theory in the same way as the standard sigma model of string theory provides the origin of
certain supergravity theories.

4.2 Basic construction

This section introduces a novel worldsheet theory with a doubled target space geometry. Such
an “invention” must not be unmotivated, and indeed, there is an underlying line of thought
that starts at the well-known worldsheet theory of the bosonic string. It employs a particular
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generalisation of the Buscher gauging procedure, and finally provides the necessary equipment
to implement a doubled target space geometry. The new model comes with new symmetries
and a possibility to embed a global O(D, D) in- or covariance. Furthermore, it is possible
to reveal many known features of non-geometry in a unified way. All this will be developed
in consecutive subsections from the perspective of a classical or semi-classical theory (some
aspects of the path integral and the BRST symmetry are considered as well) before the next
section will develop the target space equations of motion from a one-loop quantisation.

4.2.1 Motivation

The following line of thought shows how one might justify the particular form of the worldsheet
action (4.39) for doubled coordinates, to be presented in the next subsection. Although the
procedure will not be proven to be unique or complete, it is regarded as the most general
ansatz of that kind. Of course, there are steps in the derivation that are, strictly speaking,
not compelling, but each of them shall be thoroughly motivated. On the other hand, it is
indeed possible to skip the arguments and simply take (4.39) as a starting point by definition.

In the first step, it shall now be shown how to go from the standard sigma model of string
theory to its gauged version derived by Buscher [112, 113]. For convenience, the notation is
slightly different from the preceding chapters, and some definitions are simply given to make
that clear. The presented procedure generalises the discussion in appendix A.

The D coordinate fields X* of the bosonic string are described by the standard sigma
model in the following action®,

S = fd%— LXTEORX . (4.1)
Here and in the following, a matrix notation shall be employed for indices pu, v, ..., i.e.
0L XTEopX = 0L X"E,,0pX" . (4.2)

The worldsheet derivatives are defined according to the standard worldsheet metric as
Or/r = —=(0o £ 1) - (4.3)

This corresponds to the light-cone coordinates oy,/r = (00 + 01)/v2. An index a,b, ... refers
to these coordinates by a = L/R. The target space fields are packaged in E as?

Ew(X) = guw(X)+bu(X), (4.4)

and represent the metric on a D-dimensional manifold and an antisymmetric Kalb-Ramond
field with field strength
Hywr = 30[,by,) - (4.5)

The path integral for this theory can be written as

Z = fD[X]«/det E(X) €S | (4.6)

LA factor of —1/(2wa’) compared to (2.5) is dropped here and in the following.
2Compared to chapter 2, the target space fields are here denoted by lower-case letters in order to leave the
upper-case ones for later use.
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where some motivation for the non-standard measure will be given later on. One can then
find that field redefinitions of the coordinate fields induce diffeomorphisms on the target space
fields,

Xt — X)), g—(2f)Tg(of). b— (2f)Tb(of) (4.7)
for functions f : M — M and with the abbreviation
(af)uz/ = al/f“ . (4.8)

One should note, that the partial derivative here is a target space derivative.

It is now possible to show that there are dual models that describe the same dynamics but
different target space geometries, as was discussed in chapter 1. In this case, these are T-dual
models. A necessary condition for T-duality is the existence of isometries for the target space
fields. In general, it is possible to define dual models for any number of such symmetries, but
in the following it shall be assumed that there are exactly D isometries. This is the maximum
number of isometries and forces the target space fields to be constant. The restriction will be
relaxed during the process of generalisation later on.

The D isometries are promoted to gauge symmetries by introducing a covariant derivative

Dy X =0, X +V, , (4.9)
with gauge connection V/'. Under the infinitesimal transformation
X->X—-&, Voo Va+04.€, (4.10)

for a transformation parameter (o), the covariant derivative D, remains invariant. Given
that the target space fields are locally not dependent on the coordinate fields, the full kinetic
term remains invariant,

D XTEDrX — D, XTEDRX . (4.11)

In order to keep the same number of degrees of freedom on the worldsheet, the gauge field V/
is required to be pure gauge. That is implemented by adding a Lagrange multiplier term to
the action (4.1),

S = J d%c 0, XTEORX + XTF . (4.12)

The Langrange multiplier itself is denoted by X » and can be identified with the dual coordi-
nates later on. It is multiplied by the field strength

F =0rVy —0LVg , (4.13)

which itself is invariant under the transformation (4.10), such that the action remains invariant
as well.

In order to write down the path integral for the gauged theory, one has to choose a gauge
fixing which is implemented by adding another Lagrange multiplier term,

Syr = fd% BTG, (4.14)

with a multiplier B and a general gauge fixing condition G. The latter will play a crucial role
in the line of thought to follow as it allows to obtain different theories from different gauge
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fixings. Such a presentation was partly discovered in the appendix of [114], and in particular
differs from the way Buscher originally has demonstrated the existence of T-dualities.
Eventually, the path integral is given by

Z = fD[X,X, V,B,b,c]Vdet E € (4.15)
and
S = fd% D XTEDRX + XTF + BTG +v76.G (4.16)

where the b and ¢ ghosts due to gauge fixing have been added. Their action is determined
by replacing the gauge parameter £ by ¢ in the variation of the gauge fixing condition, i.e. in

5¢G.

Dual model

One admissible choice for the gauge fixing condition is G = X. Accordingly, the integrals
over B and X implement X = 0, and the ghosts b and ¢ can be integrated trivially. The
integration of the V, finally leaves a path integral

Z = J DIX]Vdet E exp (inQO— aLXTEaRX> , (4.17)

that exactly describes the T-dual configuration with

G+b=E=E'=(g+0b7". (4.18)

Here, g and b denote the symmetric and antisymmetric part of the matrix F and shall be
taken as metric and Kalb-Ramond field of a new target space M’ with coordinate fields X.
Compared to the introduction of the T-duality rules in appendix A, this would correspond to
a T-duality transformation in all directions. Of course, that fits well with the fact that the
original background was assumed to have D isometries. One should also note the similarity
of (4.18) to the field redefinition (3.42) used in chapter 3.

It is of course also possible to dualise only in d < D directions by splitting the action (4.1)
into two parts and applying the gauging procedure to only one of them. This would neces-
sitate a block diagonal structure of the metric according to which coordinates are isometry
directions. Indeed, [112, 113] considered only one isometry direction.

One should note, that the measure of the dual path integral (4.17) has transformed co-
variantly. From the Gaussian integrals appearing, one finds an additional factor of 1/det E
such that the former v/det E has been replaced by vdet E = 1/4/det E, which motivates the
departure from the usual 4/det g already in (4.6).

Tseytlin model

Although the theories (4.6) and (4.17) are dual to each other, also on the one-loop quantum
level [113], the duality is not made manifest but rather appears by a particular gauge fixing.
Tseytlin [103, 104] proposed a model that keeps coordinates and dual coordinates such that
one part of the kinetic terms is invariant under T-duality transformations and the other part
is covariant.
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The gauged formulation (4.15) allows to recover Tseytlin’s model by fixing the so-called
axial gauge, G = Vi = (Vi — Vg)/v/2. Integrating over B and V; enforces the gauge fixing,
whereas Vj can be integrated to get the path integral of the following action,

1 1
S = jd% — 551YT7{(91Y - 561YT1760Y +blo1c. (4.19)

Coordinates and dual coordinates (i.e. the former Lagrange multiplier X ) have been arranged

into a 2D vector,
XH
m o s
Y™ = <Xu> . (4.20)

Notably, the first part of the action contains the generalised metric H that also played an im-
portant role in the preceding chapter, whereas the second part contains the O(D, D) invariant
metric 1. These matrices are given by

(0 1 B g—bg b bg~!
n= <]1 0> ) H_ < _g—lb g—]_ . (421)

It can be easily seen that this formalism implements T-duality in the form of global
O(D, D) transformations: Given, that the coordinate is changed as

Y-Y' =MY, MeO(D,D), (4.22)
where the latter statement is equivalent to
MTnM =1, (4.23)
the action (4.19) remains invariant if H transforms covariantly,
H—H =MHM . (4.24)

Expressing this in terms of how the target space fields g and b transform, the T-duality rules
(2.124) are reproduced?®.

However, the action (4.19) does not have manifest Lorentz invariance anymore. It is only
recovered on-shell [104], and one has to check for the one-loop level explicitly [105], and may
have to claim extra conditions [106]. An obvious reason for that is the gauge fixing condition
not being Lorentz invariant, as the appearance of the non-light-cone index shows.

Lorentz invariant gauge fixing

Precisely for 2-dimensional field theories, there is a simple way to restore Lorentz invariance
in the gauge fixing condition introduced above, and it leads to a very fruitful formulation.
As suggested in [3], one can choose G = V. This is a Lorentz invariant choice as the
corresponding gauge condition Vz = 0 does not transform under Lorentz transformations,

Vi cosh A sinh A\ \%
oA . 0\ _, 0
Vi = eV, with (V1> <sinh)\ cosh )\> <V1> ' (4.25)

3¢f. for example p. 21 of [115]
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Accordingly, the integration of B and Vi implements this gauge V;, = 0 and the resulting
action reads

S = Jd% OLXTEORX + WEVR — orcTh . (4.26)
Integrating Vi would classically enforce
Wi =0, XTE+o,XT =0, (4.27)

hence it acts as a Lagrange multiplier itself.

One can read (4.26) as a gauge fixed action where (4.27) defines the gauge condition, and
the interesting point is to infer the actual gauge symmetry that is fixed by it. When taking
the ghost term in (4.26) as coming from (4.27), one can at least conclude

SeWiE = orel | (4.28)
which will be realised, for example, by
X =0, 6X=¢. (4.29)

In this case, the gauge parameter has to be a contravariant object, i.e. £ = £,. In fact, this
gauge transformation could have been anticipated from the gauged theory (4.15), as the pure
gauge requirement classically is equally well implemented for a shifted X from (4.29).
One remark has to be made at this stage: It is possible to perform a change of variables
on (4.26),
X ->X-ETx, (4.30)

which leads to the following factor in the corresponding path integral,
Zch.bos. = JD[X, VR] exp 1 f VE&LX . (431)

Such an integral can be seen as a chiral boson, that at least in some cases turns out to
be highly problematic?. However, the full path integral corresponding to (4.26) does not
encounter any problems as the above contribution is exactly cancelled by the ghost term.

Generalisation

So far, three different choices for the gauge fixing G = 0 of the gauged standard sigma model
(4.15) have been worked out. In a sense, they all describe the same physical theory® and
might be considered as specialisations for particular purposes, such as T-duality covariance.

However, one can put forward a gentle generalisation in the following sense: The gauge
symmetry (4.29) is kept as it is, whereas the gauge fixing (4.27) is allowed to have arbitrary
coordinate dependence in the form of general D x D matrix functions K and L,

WE =0, XTK(Y) + o XTL(Y) . (4.32)

4Thanks to O. Hohm and a referee of the Physical Review Letters for pointing this out. See also the note
[116] on [117].

50Of course, this has to be checked more carefully at the quantum level, in particular for higher-loop level,
as discussed for example in [112], p.4.
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The coordinates Y are defined as in (4.20). To retain the construction, the ghost action has
to be changed to

Sen. = — f o (0rc"L+ 0L XTK e, + 0L XTL e, )b, (4.33)

where target space derivatives are denoted by a comma, K * = ¢, K.

Such a generalisation was investigated in [3], but here only one further aspect shall be
considered before moving on to the full generalisation that has been advocated in [1]. It is
possible to redefine the field Vi that here plays the role of a Lagrange multiplier,

Vr = Vg + kOpX + )\@RX , (4.34)

where k = k(YY) and A = A(Y)) are arbitrary matrix functions. Implementing this change into
the generalisation of (4.26), one obtains the following action,

S = Jd% %GLYT(Q +C)ORY + orYT <[L(> Vg (4.35)

which comes together with the ghost part (4.33). The kinetic term is given by

1 E+Kr KA
2(g+0)=< Lk LA)

It can be shown, that this matrix can be brought to either an O(D, D) invariant or covariant
form, involving 7 or the generalised metric H, respectively. These forms will be obtained also
from the more general model of the next subsection.

As a main result, the line of thought in this section has shown that with very gentle
generalisations one can go from the standard sigma model to a model that contains a doubled
set of coordinates Y. The redundancy of this doubling is removed by fixing a particular
gauge symmetry (4.29), and the model is capable of revealing O(D, D) covariant or invariant
behaviour.

(4.36)

4.2.2 Action and symmetries

For any generalisation of the above reasoning, it is clear: A sigma model with the doubled
number of coordinate fields, that still describes the same degrees of freedom as the standard
sigma model for the bosonic string, has to contain a constraint that makes half of the fields
redundant.

The previous section has motivated a gauge symmetry (4.29) for the coordinate fields in
order to establish such a redundancy. However, this gauge symmetry involved the doubled
coordinates in a very particular way, namely only the dual coordinates were allowed to trans-
form. Here, this shall be extended to the most general form of a gauge symmetry of this kind.
It can be written as

Y =KY)¢, (4.37)

where the gauge parameters are D local fields, labeled by an index o« = 0,...,D — 1. This
exactly means that there are D redundant degrees of freedom, as will be discussed in more
detail later on. Accordingly, the index structure of the accompanying 2D x D matrix function
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is given by K™, In order to have a closed algebra of transformations, these matrix functions
have to fulfill a structure equation,

e, KPP — KB P = foP (V) KT (4.38)

The structure coefficients are allowed to have coordinate dependence at this stage, a fact that
will be founded later on, see equation (4.65). Eventually, the K¢ bear a striking resemblance
to ordinary Killing vectors and from now on shall be called Killing vectors, although the
Killing equation itself will be derived only later on, see (4.64).

Similar to the proposed formulation (4.35), the following action,

S = J d%o %&LYTfﬁRY + WLV . (4.39)

shall be taken as the most general form of a doubled worldsheet theory with gauge fixing
term. It has to be supplemented by a ghost term

Sen. = J d%o S Wirbg , (4.40)

where the symbol ¢, stands for the variation under (4.37) with & being replaced by the ghost
c.

The matrix £ can be split into its symmetric and antisymmetric part, E,n = Gmn + Crns
where G can be considered as a metric on a 2D-dimensional target space. On the other hand,
one has to keep in mind that the physical target space remains D-dimensional. The fields
VE with = 0,...,D —1 are Lagrange multiplier fields, as has already been supposed in the
preceding section. In generalisation of (4.27), they are multiplied by

Wi =oYT Z(Y), (4.41)

such that they classically enforce a gauge fixing Wy = 0. This will fix all gauge invariances
iff the D x D matrix KT Z is invertible. In fact, even if at first sight there might be more
involved gauge fixing conditions, Wy, = 0 is indeed the most general one that is compatible
with the conformal symmetry of the action,

o, — oy =hp(op), or—og=hgr(or), (4.42)

where hr and hj are independent holomorphic and antiholomorphic functions.

As a remark, it shall be noted that the choice G = V7, in order to get (4.26) could also
have been G = Vg, which then would lead to a similar model with all indices L exchanged by
R and vice versa. The same applies to the general model presented here. Luckily, the content
of the theory is not touched by such an exchange, which renders the arbitrariness harmless.

To conclude the introduction of the new sigma model (4.39), it shall be emphasised once
more that it is not in direct connection to the standard sigma model (4.1). Rather it was
constructed from a series of generalisations and the following investigation will show what
exactly the relation to known theories is. First of all, it shall be examined what kind of
symmetries the model (4.39) contains, both classically and also on the quantum level. This
will allow to draw a connection between these, as it turns out: non-standard, symmetries and
the ordinary diffeomorphism and gauge invariance.
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Symmetries

There is a plurality of field redefinitions on the level of the path integral that can be performed
to reveal symmetries in the proposed model (4.39). The four most important ones, that are
allowed by the conformal symmetry mentioned above, shall be listed and commented on in
the following.

= Doubled diffeomorphisms: In the same way as D-dimensional diffeomorphisms can
be obtained for the standard sigma model, see (4.7), a field redefinition of the doubled
coordinate fields will induce their doubled counterparts,

Y™ FNY), G- (0F)TGgF)t, ¢c— (0F)TcF), (4.43)

where (0F)™, = 0,F"™. The Killing vectors and the gauge fixing parameters have to
transform as well,
K— @Rk, Z2-@F)Tz. (4.44)

The first rule keeps track of the change in the gauge transformation (4.37), the second
is to keep the gauge fixing term in (4.39) invariant. How conventional D-dimensional
diffeomorphisms can be embedded will be discussed later on, see p. 138 ff.

It is the doubled diffeomorphisms that put an obstruction on connecting the model with
double field theory straightforwardly, as will be discussed around (4.82) and around
(4.173).

= Redefinition of the Lagrange multipliers: It is possible to redefine the Lagrange
multipliers Vz by multiplying them by an arbitrary D x D matrix function p*,(Y),

Vr — pVR . (4.45)
To keep the action inert, the gauge fixing parameters have to change accordingly,
Z-Zp L, (4.46)

Together with the doubled diffeomorphisms, this p-transformation will be implemented
covariantly in the construction of the Feynman rules later on. In particular, it is possible
to define derivatives that contain Z and are still covariant under p-transformations, see
(4.131).

Furthermore, it turns out that p plays an important role in the discussion of non-
geometry, see (4.104).

= Shift of the Lagrange multipliers: Instead of a multiplicative transformation, it is
also possible to shift the Lagrange multipliers Vi analogous to (4.34),

Ve - Vg + U(Y) ORY , (4.47)

where U™, (Y) is a D x 2D matrix function. To keep the theory inert, one has to shift
the kinetic term as well,
E—-E-22ZU . (4.48)

This offers the possibility to construct particular forms of the action, and will turn out
to be of topmost importance in the discussion of the relation to other theories. Notably,
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the doubled metric G can be brought to the form of the generalised metric H, offering
a starting point to explore possible connections to double field theory.

Furthermore, it is this shift symmetry of the Lagrange multipliers that will be recast in
the discussion of quantum symmetries, namely the BRST algebra. There, it connects
to the transformation of the b-ghost, see (4.59).

» Redefinition of the Killing vectors: In view of (4.37), it is finally possible to redefine
the gauge parameters,
- wY)E, (4.49)

with we?(Y) being a D x D matrix function. Of course, the Killing vectors have to
transform contrariwise,

K — Ko™, (4.50)

This turns out to be important when identifying the redundant coordinates. In short,
it allows to have the physical coordinate fields in the first D entries of Y see the
discussion around (4.69).

As a side remark, one should note that the structure coefficients faﬁ,y have to change
as well in order to preserve the structure equation (4.38),

faﬁv — wy” fﬁ)\u (w_l)l’ia (W_l))\’B + wwy(w—l)y[a P (w_l)gﬁ] KPo (4.51)

Consequently, it is not possible to keep the structure coefficients constant without ex-
plicitely excluding the above transformation. This is one reason for allowing coordinate
dependent structure coefficients, but another argument can be found in the discussion
of the BRST algebra, see p. 134.

Again, one should note that the above list is not exhausting all possible symmetries, but only
pointing out the most prominent and novel ones. For example, the antisymmetric tensor field
has a gauge symmetry C — C + dZ, in the same way as the standard sigma model offers
b — b+ d\. This symmetry will be discussed further when showing a possibility to embed
fluxes in the doubled sigma model, see p. 144.

Eventually, it shall be noted that the gauge transformation (4.37) itself has not been added
to the above list because it is obviously broken by the gauge fixing term W Vg in the action
(4.39). Furthermore, depending on the particular form of £, it may happen that the kinetic
term itself is invariant under (4.37) only upon imposing the gauge fixing constraint Wy, = 0.

BRST symmetry

In the path integral formalism, the gauge symmetry (4.37) has to undergo a Faddeev-Popov
gauge fixing for an off-shell quantum description. It will therefore reappear in the form of
an BRST symmetry algebra, which shall now be constructed by following only two general
instructions:

s The BRST transformations are nilpotent.
= The full quantum action is left invariant.

As a further guiding principle, all fields of the theory shall be classified according to their
conformal weight (@) and their “ghost charge” (R). These are listed in table 4.1. In particular,
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there appear b% ghost fields® which are associated to the gauge fixing conditions Wy, = 0,
and each gauge parameter £, of the classical gauge symmetry is replaced by ec, which consists
of ghosts ¢, and a fermionic parameter e.

The following derivation makes use of these charges, as they have to be preserved under
any BRST transformation. This allows to determine the most general expressions, which are
then further restricted by the two above rules.

FieldHY‘VR‘ ‘bR‘aRY‘aRC‘ €

C
Ql o 0 1 | -1 ] o0 1 | -1
R 0 1 0 1 1 1 0

Table 4.1: Ghost charge and conformal weight of the fields

The coordinate fields Y have ) = R = 0, so the transformation can only contain Y
itself, ¢ and e. As it should be first order in €, there can only be one ¢ as well to compensate
the @ charge. Eventually, the most general expression is

b = K™ (Y) ¢q . (4.52)

It coincides precisely with the classical gauge symmetry (4.37) after the exchange of £ by ec,
as expected. Taking into account the nilpotency condition leads to

0=1000Y" =0 (eK™(Y) cq) (4.53)
= —%6 € (lCmayple’g — /Cmﬁ,p/Cp’B) cacg + KM ecy
By using the structure equation (4.38), this determines the transformation of the c,
5o = % P (V) cacs | (4.54)
whose nilpotency in turn leads to
frle oy gerle f/B’Y])Hp =0. (4.55)

This equation is the Jacobi identity for constant structure coefficients f, and can be considered
as a generalised Jacobi identity for non-constant structure coefficients, as such are allowed in
the present construction.

The br ghost carries charges R = —(@Q = 1 which leaves three different terms for the
general transformation rule,

5% = eA%5(Y)VE + eBP (V) epbl, + €Q%n(Y)ORY™ . (4.56)

Without restriction of generality, the matrix function A can be absorbed in the definition of
br. Furthermore, the second term shall be dropped, B = 0, because the investigation of the
BRST invariance of the action (4.39) focuses on the kinetic and gauge fixing terms, but the
B-term will only involve ghost fields. Thus, the doubled target space properties that will be
revealed do not change under this simplification. The transformation rule then reads

5b% = €VE + € Q% ORY™ (4.57)

5In the following, indices o, 3,... and p,v, ... are treated as being of the same type.
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Again, the nilpotency condition 6-d.b% = 0 leads to the transformation rule for another field,
this time for the Lagrange multiplier Vg,

0 VR = —¢ <Qam,plcp/8 + Qaplcpﬁ,m> cgOrY ™ — EQap/Cp’BaRCB . (4.58)

It is somewhat contrary to the expectation from standard quantum field theory, where the
gauge fixing Lagrange multiplier transforms trivially, i.e. 0.Vr = 0. Interestingly, such a
behaviour can be achieved by applying a U-transformation (4.47) with U = Q,

5 (VE + Q%morY™) =0 . (4.59)

This already indicates that the BRST parameter Q makes the quantum counterpart of U in
the classical symmetries.

With a set of general BRST transformation rules for all fields, it is now possible to
investigate how the action (4.39) transforms. The requirement to keep it invariant will then
lead to additional conditions on the target space fields. Using (4.52), (4.54), (4.57) and (4.58)
on the full quantum action, i.e. on (4.39) plus its ghost part (4.40), gives the variation

5eS = Jd% OLY ™Ores KPP (3Emp — ZmpQ¥p) + 0rcgdrY ™ KPP (LEpm — 25,0"n)
+ 0L "Ry "5 (37 mEpn + K iy + 5K Eny (4.60)
_ muQun,prﬁ _ mu,pQ“anﬁ _ Zm“Quprﬁm _ qu“nleﬁ,m) ,
By defining

E=£+22Q, (4.61)

the condition .5 = 0 can be recast in the form of two equations,

KPE o Epn 4 KP® 1 Emp + KPY Erpinp = 0 (4.62)
EK=KTé=0. (4.63)

These equations offer a set of important conclusions.

» The first equation (4.62) has the form of the standard Killing equation for each index
a?

LiaE=0. (4.64)

This conclusively justifies to denote K as Killing vectors, although one has to keep in
mind that it refers to the metric £ and not to £ itself.

= At first sight, it seems problematic to allow for non-constant structure coefficients
f°.(Y) in the defining algebra of Killing vectors (4.38), because these will lead to
extra terms in (4.62). Even a simple multiplication by a scalar function, fK¢, adds

terms of the form
Omf KPEpn + Onf KP*Epmy . (4.65)

Here, the second condition (4.63) sets exactly these terms to zero, such that, eventually,
non-constant structure coefficients are alright. In particular, this is consistent with the
transformations (4.50).
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= The definition (4.61) shows once more that Q is the quantum counterpart of ¢ in the
classical symmetries, as the relation between £ and £ is precisely a U-transformation
(4.48) with U = Q.

» The last two equations (4.63) are projection equations that reduce the target space
degrees of freedom in £ from 2D x 2D to D?, to be discussed in more detail in section
4.3.2.

This concludes the investigation of the BRST symmetry algebra for the doubled worldsheet
theory (4.39).

4.2.3 Embedding of O(D, D) and D-dimensional diffeomorphisms

Due to the presence of a Lagrange multiplier term, the doubled worldsheet model constructed
in this chapter allows for different representations of the same theory. More precisely, it is
possible to bring the kinetic term into other forms by applying U-transformations (4.47),
without changing the physical content. This is founded in the fact that the gauge symmetry
(4.37) renders half of the 2D coordinates redundant, which is then reflected on the side of the
2D-dimensional target space.

One particularly interesting feature of this freedom is the possibility to obtain an O(D, D)
covariant, or invariant, respectively, rewriting of the theory. The former reveals the generalised
metric H, an object that played an important role in the preceding chapters. An O(D, D)
transformation of the generalised metric can be interpreted as a T-duality transformation on
the D-dimensional target space fields g and b. In this sense, the formalism becomes T-duality
covariant. The invariant rewriting is interesting as the kinetic term has a constant target
space metric 77, and the physical content of the theory is repackaged solely into the Lagrange
multiplier term Wy Vg. T-duality transformations on the D-dimensional target space fields
can be recovered as fractional linear transformations on £ = g + b.

The following discussion is restricted to single coordinate patches. That has various
reasons, but can be quickly seen by applying a 2D-dimensional diffeomorphism to the kinetic
term,

oYTnory — opY'T (0F) Tn(oF)™! oRY . (4.66)

A former manifest O(D, D) invariance is disguised by the additional transformation matrices.
Furthermore, the various rewritings to be discussed rest on a particular representation of the
Killing vectors. Although such can be achieved locally in any case, a global statement would
severely restrict the 2D target space manifold. Basically, it would imply that the Killing
vectors are integrable and thus only manifolds with D linearly independent integrable vector
fields are admissible anymore”.

The first observation is that the set of Killing vectors {K®} spans an involutive distribu-
tion®, as their algebra closes in the sense of (4.38). By Frobenius’ theorem, there exists a

coordinate chart U for every point in the 2D target space manifold, such that in U the Killing

vectors take the form
0
e-(2) an

"Thanks to J. Gray for an enlightening discussion on this topic.
8The mathematical background has been taken from [118].
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The D x D matrix K is invertible as the D Killing vectors are supposed to be linearly
independent. To be precise, the theorem ensures that there exists a coordinate system in U
such that for coordinate functions x1,...,xop the slices

Ty, = const. Yme{D+1,...,2D} , (4.68)

are integral manifolds of the above mentioned involutive distribution. On the other hand, in
this coordinate system, the tangent space of the submanifold that is parameterised by the
remaining second D coordinates z,, coincides with the span (K%).

Using the invertibility of K, a redefinition (4.50) with w = K brings the Killing vectors

to the simple form
0
K= (]l) . (4.69)

This has an important implication: Locally, the general theory presented here is equivalent to
its preliminary version discussed in the previous section. The general gauge symmetry (4.37),
locally, can be brought to the form of (4.29), and the identification of coordinates and dual
coordinates is as in (4.20). From the point of view of the target space, the D-dimensional
physical part is nested within the first half of Y.

The BRST conditions (4.63) enforce the object £ = £ — 2ZQ to have only one D x D

block,
g—(* 0 (4.70)
~\0 0/ ° ’

This shows that, locally, the theory has a preferred form of the kinetic term &, as then
the BRST transformation of the Lagrange multipliers Vi becomes trivial, and the BRST
condition (4.62) becomes a standard Killing equation. In other words, locally, there is a
particular U-transformation that brings the theory to the standard sigma model form when
choosing * = 2F = 2(g + b) in the above.

As a starting point for the investigation of the possible rewritings, exactly this form shall

be chosen, i.e.
~_(2(g+0b) O
€= ( 0 o) , (4.71)

for (4.39). Following the similarity to the preliminary model (4.26) a bit further, the gauge
fixing condition shall be chosen to be
E
Z = ( ]1) : (4.72)

which is the same as (4.27). Potentially, there are other choices, but this particular one is
necessary for the arguments to follow. Roughly speaking, the upper half of Z corresponds to
the initial upper left corner of £.

By performing particular /-transformations, it is possible to obtain other representations
of the kinetic term. Two of such shall now be discussed.

Invariant representation: With U/ = (]l 0), the O(D, D) invariant representation

€=Q+C=—<]? ]é>+<_0]1 %) (4.73)
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can be obtained. Its antisymmetric part C is a mere total derivative and can be neglected.
All the physical components of the theory, namely the D-dimensional target space fields g and
b, are now encoded in the gauge fixing term, i.e. in Z. This shows in particular how subtle
the relationship between the obvious 2D target space field £ and its physical counterpart E
in half the dimensions really is. A full discussion of the connection between these two has to
be postponed until the doubled worldsheet theory of this chapter has been carried through
the quantisation process.

As for the Tseytlin model (4.19), a global O(D, D) transformation on the coordinates, Y —
MY | leaves the kinetic term invariant, but now changes the gauge fixing condition to

Z > MZ-= (ﬁ;i?) . M= (2‘ g) e O(D, D). (4.74)

It is possible to retain its original form (4.72) by an additional p-transformation (4.45) of the
Lagrange multipliers Vg,

Vo (YE+ 8V, Z—Z = <(O‘E * 6)(17E * 5)1> . (4.75)

Taking into account that Z alone carries the physical components of the theory, this pre-
cisely reproduces the O(D, D) transformation behaviour (3.25) of double field theory in its
formulation [17], namely

E - (aE+ B)(vE+6)7". (4.76)

As a side remark, it should be noted that the p-transformation used here, with p = vE + §
seems to resemble the anchor map discussed in [88] and [94], see (3.20) in the latter. Though,
the connection to these frameworks is not yet clear.

Covariant representation: A transformation with

U= T+g b —g1) (4.77)

brings the kinetic term into the following form,

B _ g—bg~ b bg! 0 1
5—H+C—( g g 11 o) (4.78)

Again, C is nothing more than a total derivative and can be ignored. This time, the D-
dimensional target space fields appear explicitly in the form of the generalised metric H, that
also plays a prominent role in double field theory in the formulation [18].

Global O(D, D) transformations of the coordinates Y induce T-duality transformations on
the target space fields g and b from

H—H =MHM . (4.79)

This feature was already present in the Tseytlin formalism (4.19), and justifies the denotation
‘covariant representation’.

The doubled sigma model presented here offers possibilities to reveal objects that also ap-
pear in double field theory, like the generalised metric . That naturally rises the question of
how close the connection between those theories is, or even whether the doubled sigma model
can be regarded as the worldsheet description corresponding to the double field theoretic
target space model.
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A first step to address this issue is to check whether the so-called “gauge transformation”
of double field theory, cf. (3.30), can be found on the worldsheet model presented here.
One could expect that it stems from an infinitesimal diffeomorphism transformation of the
coordinates Y,

Ym->ym+emy), (4.80)

but for the kinetic term this only leads to the infinitesimal form of how any tensor should
transform, here shown in the covariant representation,

5§Hmn = gp,Hmn,p + ,Hpngp,m + Hmpgp,n . (4'81)

In other words, and that is no surprise, only the ordinary Lie derivative is reproduced. In
contrast, double field theory has a gauge symmetry,

5DFT Hmn = fp/Hmn,p + ,Hmp(ép,n - gn,p) + (gp,m - {m,p)Hpn y (482)

that is sometimes regarded as a “generalised Lie derivative”®. The additional terms can

never be reproduced from any worldsheet theory with the structure discussed here, contrary
to what is at few places claimed in the literature'®. And as this finding only relies on the
transformation behaviour of the coordinates, it for example also applies to the Tseytlin type
models.

As an implication of the findings above, it seems unclear where the D-dimensional diffeo-
morphisms and the b-field gauge transformations remain. In double field theory, the mentioned
generalised gauge transformation can also be made visible in a formalism with £ = g + b as
a fundamental variable, cf. (3.26), and the D-dimensional transformations appear when ap-
plying the strong constraint to those, cf. (3.34). Here, at least the b-field transformations are
missing due to the missing terms in the standard 2D Lie derivative.

One option to recover the correct D-dimensional transformation behaviour could be to
embed D-dimensional diffeomorphisms into the 2D-dimensional ones. This shall be discussed
now. Again, only the special case of the covariant representation with the generalised metric
‘H shall be considered, as it offers the most direct access to the target space fields g and b. Of
course, the standard sigma model form could serve for these purposes as well, but then the
doubling of the coordinates is purely formal and the following discussion becomes trivial.

A natural guess for such an embedding would be

_ (X
FY)= ( 5 , (4.83)
where f(X) denotes the diffeomorphism of the coordinates X*. According to (4.43), the
kinetic term then transforms as

H— (WST g) H ((5@1 i) . (4.84)

But given that each of the four blocks in H has a particular transformation behaviour under
D-dimensional diffeomorphisms, for instance the upper left one as a (2,0)-tensor, one would
rather expect the following,

H <(af3_T (0?)T> H (WO)_I a%) . (4.85)

A detailed account can for example be found in [85].
108ee for example [119], where a private communication with the author confirmed a calculational error.
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This is incompatible with the embedding above.
As a next move, one might try to change (4.83). The most general ansatz reads

FY) = ( F(Y)) : (4.86)

It leads to the following condition

() ) e

when enforcing the wanted transformation of H. The off-diagonal terms lead to F(Y) = F(X).
But then the lower right component claims

05 F(X) = (o)™ (X) , (4.88)

which can only be fulfilled for constant f, that do not exhaust all the D-dimensional diffeo-
morphisms.

The same can independently be found by looking at the gauge fixing term of (4.39). Under
the general embedding ansatz (4.86), it transforms as

oxf 0\ [E
T T X
Y2V — oY <aXF 5XF> <1> Vi, (4.89)

for the particular choice of Z that was argued for in (4.72). In order to have E transforming
as a (2,0)-tensor in D dimensions, the 2D diffeomorphism has to be accompanied by a p-
transformation (4.45),

VR — 0f Vi . (4.90)

But then the last line of (4.89) on the one hand gives dx F = 0, and on the other hand gives
03 F(X) = (0N (X) , (4.91)

to keep the lower 1 of Z inert. This is the same contradiction to the assumption of a general
diffeomorphism f that was found already above.

As a side remark, it shall now be shown how it is still possible to give a manifest realisation
of D-dimensional diffeomorphisms in the doubled worldsheet theory of this chapter. The
construction rests on the introduction of particular diffeomorphism covariant derivatives, but
will not provide any embedding into 2D-dimensional diffeomorphisms.

Additionally to the transformation X — f(X), the dual coordinates X are now required
to behave as contravariant vectors,

X, = X, 0f ™Y, Of)Yu=1"yu. (4.92)

This prevents any connection to transformations of the form Y — F(Y'), as was shown above.
Still, it leads to the desired invariance if one introduces worldsheet derivatives

m (00 [0.X"
D,y _(_%,)KXP @) (MA), (4.93)
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with ), being the D-dimensional Christoffel symbols with respect to the metric g, (X) in
Z. The doubled worldsheet theory has to be rewritten as

1
S = f d*c §DLYTEDDRY + DY ZpVR (4.94)

with redefined target space fields
E=AT¢pA, z2=ATZp. (4.95)

The matrix A4 is given by the first matrix factor on the right-hand side of (4.93). By construc-
tion, this action is invariant under D-dimensional diffeomorphisms and, in addition, leads to
the transformation behaviour (4.85) for &p.

On the other, the use of covariant derivatives (4.93) hides other symmetries of the doubled
worldsheet theory, in particular the 2D-dimensional diffeomorphisms. Insofar, this approach
will not be followed any further.

4.2.4 Non-geometry and fluxes

At this stage, the theory of a doubled worldsheet has been developed far enough to consider
how non-geometry and non-geometric fluxes can be modeled. Again, the torus with H-flux
serves as a guiding example both for its simplicity and its connections to the techniques of
the preceding chapters.

Non-geometry

For simplicity, the O(D, D) invariant representation (4.73) will be taken as a starting point.
Furthermore, the antisymmetric constant tensor C will be set to zero simply being a total
derivative. For the gauge fixing term, (4.72), zZT — (ET,]I), will be chosen, where the D-
dimensional target space fields are as for example in (3.235), i.e.

1 00 0 10
g=|(0 1 0|, b=z |-1 0 0]|=2w, (4.96)
0 01 0 00

with w defined as an abbreviation for the constant matrix appearing in b. The coordinates
Y™ = (x,y,2,%,7, Z) are the doubled version of X*. Eventually, the full action, as it should
be condisered here, then reads

S = fd% - %6LYTnaRY +oLy” (9 I b) Vg . (4.97)

As the D-dimensional target space in this case shall be a T3, three coordinate periodicities
are assumed (cf. (3.234) and (2.6), where for simplicity the factors 27 and R; are dropped
here):

T : Y—>Y+<%i> . i=1,2,3. (4.98)

They only involve the coordinates, whereas it will remain undefined at this point, whether the
dual coordinates are supplied with boundary conditions as well. The kinetic term in (4.97)
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is obviously invariant under any of the periodicities, because it only involves derivatives of
the coordinate fields. In contrast, as the b-field encounters a gauge transformation under the
third periodicity,

T,: b(z) = b(2) +w, (4.99)

the gauge fixing term will change,

T.: oY T2V — o,Y7T (Z + (‘6’)) Vg . (4.100)

In the standard sigma model, this would not cause a problem, because the kinetic term is
invariant under gauge transformations of the b-field. Here, it seems more involved to retain
the particular form of the action.

Interestingly, it is possible to find an additional O(D, D) transformation € such that a
modified periodicity!!

T .Y - QY + (%) , (4.101)
with
a=(Y Neow, (4.102)
- w ]l ) 9 .

will leave the gauge fixing term invariant, 77 : 0, YT ZVr — 0,Y T ZVg. In particular, T/
is identical to T, for the coordinates, whereas the dual coordinates undergo an additional
transformation. In conclusion, it is exactly this additional transformation that renders the
three-torus well-defined. The full 2D-dimensional target space, in contrast, has no simple
geometric interpretation as 7 mixes dual coordinates with coordinates.

This shows two things: First, the relation between the 2D-dimensional target space and
its D-dimensional counterpart is subtle and not straightforwardly determinable, although the
discussion of the quantisation to one-loop will bring a little more insight into this. Second,
only from the D-dimensional perspective, as in the preceding chapters, one can say that the
torus with H-flux is a geometric frame that will be turned into a non-geometric one after
performing two T-dualities. From the perspective of the doubled sigma model, non-geometry
appears right away but for certain representations hidden in the periodicities of the dual
coordinates. This is especially accordant with the claim that the doubled sigma model has a
T-duality invariant form.

These statements can be worked out a bit further by investigating the situation for the
non-geometric dual of the above setup. The corresponding T-duality transformation along
the = and y direction is represented by a global O(D, D) transformation,

e O(D,D) . (4.103)

)~<
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It leaves invariant the kinetic term of (4.97), but changes the gauge fixing term Z — M7 Z.
There are two possibilities to proceed:

Such periodicities have been found from other approaches for example in [110], equation (3.29), or in [120],
equation (3.12). See also the appendix C, equation (C.15) in [2].
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= One could enforce the standard form of Z by employing a p-transformation (4.45), as a
special case of (4.75),

Ve— (g+b) Vg, M'Z= (g li b) — <(g +]lb)_1> : (4.104)

The action of T, on (g 4+ b)~! is highly non-trivial and interpreting the latter as the
new D-dimensional target space fields brings this into the same lines of discussion as in
section 3.3.4 of the preceding chapter. A patching seems not to be possible anymore,
such that the definition of non-geometry from the D-dimensional perspective applies.

= One could modify the periodicity T, again and find a well-defined patching while keeping
the new 2’ = M7 Z. An obvious example of this is given by

'Y > M'QMY + <€0> : (4.105)

with M~1QM € O(D, D). For the z-coordinate, this still reads as z — z+ 1. The gauge
fixing term now transforms invariantly,

w

oY zZVe — o YT MTQT M—TM™ (z + < 0

)) Vr=0Y'Z'VR . (4.106)
This makes a particular example of how a patching'? with T-dualities can render non-
geometric configurations well-defined. The doubled sigma model allows to reveal such
a feature of non-geometry in a particularly clear way'.

As a side remark, it should be noted that also the original model (4.97) is compatible
with (4.105). Again, the kinetic term does not change as it is O(D, D) invariant, whereas
for the gauge fixing term one finds

w

T o YT2VvR —» o YT MTQT M7 (z + ( 0

>> Ve =0LYTZ2Vg . (4.107)

This does not surprise at all, as by definition of the various objects
M7QM =Q (4.108)

it is T/ = T.. Eventually, instead of the original T, one could have imposed 77 from
the beginning.

To conclude the investigation of the three-torus with H-flux example, it can be shown
that the formalism reveals the same features of non-geometry in different representations. In
all of them, the gauge fixing term remains the same as the particular choice of Z is necessary
to switch representation. Therefore, only the kinetic term shall be considered further.

128¢rictly speaking, it only shows how a specific choice of the periodicities renders the monodromies of the
target space fields compatible with the symmetries of the theory. The precise choice of coordinate patches and
transition functions shall not be developed here. But it can be noted that the Killing vectors are trivially of
the form KT = (0,1) and the above statements about locality of such a choice can be relaxed.

13 Another approach is the T-fold construction of [26] or also [110], cf. in particular equation (3.36) of the
latter.
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In the standard sigma model formulation (4.71), i.e.

c_ (2(90+ b) 8) , (4.109)

the modified periodicity (4.101) leaves a negligible total derivative,
T!: 0,YTERY — 0LYTEORY + dpx0ry — OLydre (4.110)

using QTEN = £. As expected, the torus with H-flux is well-defined at this level. The T-dual
formulation is also well-defined, trivially checked by noting

oféa=£6, E=MTeMm . (4.111)

As expected, a T-duality transformation M might spoil the identification of the upper left
corner of £ with the D-dimensional target space field g + b, or explicitly

000 O 0O
000 0 00O
& 001 0 0O
E=z2fp 0 v 00 (4.112)
000 -1 10
000 O 0O

In the covariant representation (4.78), the kinetic term is, surprisingly, again invariant
under the periodicity T, = T7,

oLYTHORY — o,YT (11 —w> <9—(b+w)91<b+w) (bJrfzgl) (11 0> oRY

0 1 —g b+ w) g w 1
. -1
—oyT (9 _gbglb b bjl> OrY = 0LYTHORY . (4.113)

This also shows that the T-dual representation is compatible,
T.: 0LYTH'ORY — LY TH'OrY , H = MTHM . (4.114)

To finish the investigation of non-geometry in the doubled sigma model, the above obser-
vations shall be arranged into four statements:

= The example of the three-torus with H-flux can be implemented in the doubled
sigma model using various representations (standard sigma model, covariant, in-
variant).

= The torus periodicities can be formulated such that they are well-defined in every
representation.

= A shift of the base circle coordinate z — z+ 1 is then accompanied by a particular
O(D, D) transformation 2 that involves the dual coordinates only.

= Non-geometry in the sense of a patching with T-duality transformations only
appears if one insists on a particular rewriting of the periodicity.
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In general, one would expect the torus periodicities neither to be O(D, D) invariant nor to
be the same in different representations related by U-transformations. In the above case, two
additional properties helped to establish such features though: First, the particular matrix
Q) and the T-duality transformation matrix M commute, as recognised in (4.108). Second,
the periodicity for the z-coordinate always remained to be z — z + 1, such that all fields
transformed in a particularly simple way. For more involved situations one can suspect that
non-geometry might not be detectable as easily as in the toroidal example.

A rather far-reaching conclusion can be drawn from the last of the four above statements.
It can be understood in two ways. Either one takes the position of a very strict definition
of non-geometry and claims that not only particular T-duals of the torus with H-flux are
non-geometric, but rather all of them are. Or one relaxes the definition of non-geometry and
claims that there is no non-geometry in the framework of a doubled sigma model, even for the
frame that was labeled the @-flux frame. This can be read as the statement that the doubled
sigma model is capable of resolving the peculiarities of non-geometry.

Fluxes

Generally, the gauge fixing term cannot be kept inert under b-field gauge transformations.
In the above discussion, it was possible to find global O(D, D) transformations of the coor-
dinates to retain the form Z7 = (ET,1) under constant shifts of b. For an arbitrary gauge
transformation b — b+ dA this might be unfeasible as the theory is not in- or covariant under
local O(D, D) transformations of the coordinates. Also p-transformations (4.45) do not help
as p possibly cannot be chosen such that it compensates the gauge transformation and keeps
the lower entry of Z at its value 1.
Luckily, the 2D antisymmetric tensor field C offers a gauge symmetry, as has already been
mentioned above,
0C(Y) =dE(Y), (4.115)

for an arbitrary one-form =. This is a generalisation of the standard sigma model b-field gauge
transformations and indicates that fluxes could be encoded in the generalised field strength'*

H =dC . (4.116)

To define the four known types of fluxes, a new notation shall be introduced for the following
discussion. The matrix C will be written as

Cuw CJ°
C = (CZV Cl:“’> , (4.117)
according to
“w
ym @ ) . (4.118)
I

Taking the index structure of the fluxes as a guideline, they shall be defined as

Hywp = Huwp frop = Hqu ) (4.119)
QM =HM,, RWP =P

MNot to be confused with the generalised metric Hp,n, that only has two indices.
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where the derivatives are arranged into
Ou = Om=p , O"=0m=Dspu , (4.120)

according to the new index notation. For the @-flux, the antisymmetry H*, = H,*" was
used.

To illustrate this embedding, again, the three-torus with H-flux shall be considered. It
has to be implemented in the standard sigma model representation, i.e. with

1 0 zw 0
5=Q+C=2(O O>+2(0 O>’ (4.121)

where the above conventions and abbreviations have been used. In particular, it is C,, = by,
and, according to the definition (4.119),

Higy = 0pCozp=2-1, fr,=Q,"=R""=0. (4.122)

The factor of 2 is due to the normalisation of the kinetic term. Other T-duality frames can
be obtained by sequently applying the O(D, D) matrices,

(1= eiel eiel .
M,; = < eieZT 1_ eiegp , l=ux,9,2z, (4.123)

corresponding to T-duality transformations along the x,y, z directions. In particular, the
transformation used in (4.103) is given by M = M, M,,. In the second frame one finds

C— MICM,, flas=2-1, Hyu,=Q,/ " =R""=0. (4.124)
The non-geometric frame eventually has fluxes
C— M, MICMM,, Q3*=2-1, Hy,=f",,=R""=0. (4.125)

As a side remark, it shall be noted that on this level of the discussion, also the third T-duality
transformation is possible and indeed leads to nonzero R-flux,

C— MIM]MICMM,M., R =21, Hyu,=f',=Q,/ =0, (4.126)

using that the coordinate transformation induces z — Z. The compatibility of this with the
torus periodicities shall not be investigated any further here.

As an important observation, one can note: In each frame, exactly one type of flux is
nonzero but constant, and indeed the discussed chain of fluxes appears,

12 M pi2s (4.127)

Higs 25 flog 25 Qg

At least for the toroidal example this exactly meets the expectations. In particular, it appears

that the four types of fluxes are only different views of the same underlying object, namely
the tensor field C.

In general, it seems possible to turn on several types of fluxes at once, which, as discussed

in the introduction, is desirable for phenomenological reasons. One could simply start with

a model that has a more involved matrix C. On the other hand, it is not clear whether such
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more general configurations are within the solution space of string theory, or in other words,
how exactly they reduce upon enforcing a D-dimensional target space perspective.

Unfortunately, there are more challenges to a naive embedding of the fluxes (4.119).
First, one has to stick to one particular representation of the doubled sigma model. Any
U-transformation (4.48) will change the flux content, and once more it depends on the exact
relation between 2D-dimensional fields and their D-dimensional counterparts how to interpret
this fact. It will partly be discussed in more detail in section 4.3.2. Second, it has not been
clarified yet what the relation is between geometric flux f, encoded in the above sense, and
its counterpart that can be defined from the metric using vielbeins. For these reasons the
ideas given here should be taken as preliminary suggestions only.

4.3 Doubled target space equations of motion

The aim of this section is to derive the equations of motion for the doubled target space fields.
They will be obtained from an investigation of the one-loop renormalisation of the doubled
worldsheet theory. The leading question will be how it organises the reduction of the degrees
of freedom from doubled to standard, and it will turn out that there automatically appear
certain projection operators.

In the following, only an overview of the derivation shall be given, whereas the emphasis
lies on the interpretation of the resulting equations. A detailed account on the calculational
background!® is given in [1].

4.3.1 Derivation

To derive the target space equations of motion, the analysis follows four steps: First, a set of
derivatives is constructed, which are both 2D diffeomorphism and p-transformation covariant.
Second, these derivatives are used to implement a covariant background / quantum splitting in
order to expand the action (4.39). Third, all possible vertices and propagators are constructed
in order to, fourth, obtain all possible one-loop diagrams. These are then used to determine the
conditions for conformal invariance, which, in turn, are interpreted as target space equations
of motion.

Covariant derivatives

The doubled worldsheet theory (4.39) possesses several symmetries, and it is desirable to
implement them covariantly in the background / quantum splitting to follow. However, the
U-transformations (4.47) shall deliberately not be considered for the following reason: At
various stages of the computation, it is necessary to have an invertible doubled metric G.
On the other hand, some representations explicitly break invertibility, as for example the
standard sigma model representation (4.71). It therefore shall be assumed that any non-
invertible metric G is turned into an invertible one by a suitably chosen U-transformation.
Employing a U-transformation co- or invariant formalism would obstruct such an assumption
and shall, therefore, not be considered. A more detailed discussion on this can be found in
the last section 4.4.

5The renormalisation procedure has been carried out in [121] as part of a master’s thesis, and shall thus
only be reviewed in the following.
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At least, it is possible to set up a formalism that is covariant with respect to 2D diffeo-
morphisms and p-transformations (4.45) that change Vi and Z. The first step in this is to
define corresponding derivatives that show such a covariant behaviour. They differ from the
standard covariant derivatives and thus one has to differentiate between two types:

s D, and D,, are covariant with respect to 2D-dimensional diffeomorphisms.
= V, and V,, are covariant with respect to both diffeomorphisms and p-transformations.

For objects that do not transform under p-transformations, there is no difference between
the two types. This, in particular, holds for the coordinate fields,

VY™ =D, Y™ =0,Y™ . (4.128)
Furthermore, the double derivative is supposed to act as expected,
VoVpY™ = DyDY™ = (6™,0y + T Y F)0,Y" | (4.129)

with Christoffel symbols I'™,, defined with respect to the metric G on the doubled target
space. This makes the first occasion where an invertible G is necessary.
For doubled target space tensors, the covariant derivative in spacetime directions then

reads
V,I™ = D,T™ = 0,T™ + T, T* | (4.130)

where its extension to more indices is taken to be the standard one.
The first object that does transform under p-transformations is V. And indeed, it is
possible to introduce a covariant derivative,

ViVr = Ve + Z[ Dr2Vr (4.131)

with a new object
Zy=g"'z(Z"g'z)7". (4.132)

Again, the existence of the respective inverses is assumed, as discussed above. To check the
covariance under (4.45), one can first note that (Z7G712)"! — p(Z27G=12)~1p", and then
straightforwardly plug in,

ViVe — p0uVr + (0kp)Vr + p(Z27G712) 121G (Dr2)p™" + ZDip ™" ) pVi
= pViVg, (4.133)

where in the second line it was used that p~! = —p~1(drp)p L.

It is possible to find the respective p-transformation covariant derivative for Z by extending
the above one, as would be usually done for a contravariant tensor,

ViZmp = % Zmp — Tem 21, — (z{)””pkzwzmy . (4.134)
This derivative can be compactly written as
ViZ =P D2, (4.135)
by noting the interesting fact that it contains a projection operator

PL=1-2Z =1-2(2"¢g'2)'2"¢". (4.136)
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Indeed, the projection properties can be checked easily. First, one defines the opposite pro-
jector P =1 —P,. Then, it follows

Pi=Pa, tx(Pa)=D, (4.137)
for both A =1,]|. Furthermore, the subspaces are complementary, as can be seen from
PL+Py=1, PPL=0. (4.138)
The notation is further justified by stating
PIZ=Z2, PLZ2=0. (4.139)

In other words, the projectors define D-dimensional subspaces that lie parallel, or perpendic-
ular, respectively, to the gauged fixed directions defined by Z. It is worth noting that the
projector P arose automatically and was not imposed from the consideration of the degrees
of freedom.

For later convenience, also the projected metric and the projection of the inverse metric
shall be defined,

GL=PG, G '=G"'P, . (4.140)
They will appear in the propagators of the quantum fields.

Background / quantum splitting

The general approach of quantising a non-linear sigma model to be followed here is the back-
ground field method [122, 123, 124]. It rests on the split of any field into a background piece
and a quantum fluctuation. The refined procedure, called “normal coordinate expansion”,
[125, 126] avoids the breaking of diffeomorphism invariance by using covariant derivatives.

According to the procedure described in [126], the coordinate fields Y and the Lagrange
multipliers Vi are extended to one-parameter families with the properties of geodesic curves,
ie. Y(o;s) and Vgr(o;s) with s € [0,1]. Here, a slight generalisation is employed, as the
covariant derivatives that have been defined above are not only diffeomorphism, but also
p-transformation covariant.

Technically speaking, the fields are now subject to the following differential conditions,

0=ViY"(o;s) = ((57"165 + kalYk(a; 3)) Yl(a; s) (4.141)
0 = V2Vg(o;s) = Vs (é’SVR(J;s) + ZfDmZYm(U;S)VR(U; s)) ,
and boundary conditions,

Y (
Vr(

Y (o) VY (0;0) = y(o) (4.142)

c;0
0;0) = Vg(o) VsVr(0;0) = vr(o) . (4.143)

The covariant quantum fields are denoted by y(o) and vg(o), respectively, whereas Y (o) and
Vi (o) refer to the background fields. A dot signalises the derivative with respect to the affine
parameter s,

Y(0;s) = ;Y (03 5) = VY (073 5) . (4.144)
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In order to keep the equations readable, all further dependencies on the coordinate fields in
I, 2|, £ and D have been omitted. By construction, the full quantum fields are given by

Y(o51) =Y(0) +ylo) + ), %agwa;m (4.145)
n>1 """
Vi(o:1) = Vo) + von(0) + 3~ lVil(o50)
n>1 "

To obtain a covariant expansion of the doubled sigma model action (4.39), the procedure
of [127] is applied. First, the same dependence on the affine parameter s is assumed for the
action itself, S = S(s). Second, by taking into account (4.145), the full quantum action is
given by S = S(1). Therefore, it is possible to employ the Taylor expansion

S=5(1)= )] %525(0) : (4.146)

n=0 "

Because the action itself is a scalar quantity, all partial derivatives ds; can be replaced by
the covariant derivatives Vg that then will act on the fields Y (o3 s) and Vz(o;s) as described
above. This will result in an expansion in terms of covariant objects only, given the differential
conditions (4.141).

By construction, the zeroth order of the expansion (4.146) gives the original action in
terms of the background fields Y and Vgi. The first order can only contain terms with one
quantum field y or vg, it would therefore not contribute to any one particle irreducible (1PI)
process. Accordingly, second order is the first relevant part, and, as the whole analysis here
is restricted to one loop processes, it is also sufficient. Concretely, the second order term is
given by

Sy = JdQU %levLykvRyl + %Zmu (VLymv]‘% - ymVLv]’%) (4.147)
+ %((Rmkln + %V(k’Homn) oLY™ORY™ + (v(kvl)zmu + Rpklmzpu) aLYmng) Yy
b M (RY ™YV 1yl YV Ry ) + V2 Vi Ly
+ (VeZm %vmzku>aLmekv7{ .
It was used that the connection for the covariant derivative D, is metric compatible,
DpGmn =0, (4.148)
and that it can be used to define a Riemann tensor on the doubled target space,

[Dy, DT? = RPppgT" . (4.149)

As above, H,unp denotes the field strength of the antisymmetric tensor field C appearing in
the kinetic term.
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Propagators and vertices

The first line of (4.147) determines the kinetic terms of the quantum fields y and vg. After
the application of a dimensional regularisation scheme with an IR regulator m? in d = 2 — 2¢
dimensions, and n — 7 = diag(1,...,—1), it reads

1 1 1 1
Skin = p%72 f d%o Z17a”vayTgvby + Zm2yTgy + ingTvLy — invavR ., (4.150)
where p makes a regularisation scale to retain the mass dimension. This expression has to
be translated into Fourier space by defining appropriate Fourier transforms of the covariant
worldsheet derivatives, and by assuming that the loop momenta p, are much larger than any
scale corresponding to the dependence of Z and G on the worldsheet coordinates. From the

result,
1 d’p T T ~1( y(p)

mn==| ———— — — AL , 4.151
Sin = 3 | gryiiazs 67(-0) vh-m) a7t (V0) (1.151)

one can identify the inverse propagator for y and vg,

Lo (2 2 :
-1 _ 3G(p* +m®) —iZpg

A < iZTp, 0 . (4.152)

Under the above assumption, Z and G are constant, and one can use the standard algebraic
relation for block matrices to invert A~!, with the result

Ol i Z)k
A= _Zﬁpip% —(2Tg12)"! p22-;;n? : (4.153)
L

Again, it was assumed that G is invertible, as already discussed above. The propagator A
offers two interesting observations:

= Independently of the construction (4.131), the projector P, and the projected inverse
metric gj appear, due to the algebraic inversion of A~!. This has an important
physical impact and will be discussed in section 4.3.2.

» There appears a nontrivial (vv%) propagator, in contrast to the vanishing lower right
corner of A~!. Fortunately, it will not contribute to any divergent diagram considered

in the following.

Eventually, one can identify the following three different propagators,

m, n m n : —1\ymn 2

= - = — ——s 4.154
<y Y > l(gj_ ) p2+m2 ( 5 )

m, UV m v mvr 1
gy =" .. = —(Z)"™ = (4.155)

pL

U2 2
oty = Y =izt T (4.156)
2p7
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The corresponding two-point quantum vertices can be read off from the last three rows of
(4.147). There are five different ones, two of them to be shown here exemplarily,

S (Ronkin + 3V (5 Hiymn)0LY M ORY "yFy! SV Vi) Zmp + RPuim Zp)0LY "VhyFy!

Double lines correspond to background fields, single lines to quantum fields. Solid or dashed
lines are chosen according to the propagators shown above. A boxed letter L or R designates
the respective worldsheet derivative.

One-loop diagrams

One can use the basic diagrammatic constituents described so far to construct one-loop di-
agrams. A power counting shows that only diagrams with at most two vertices can have
divergent contributions. The detailed analysis shows that there are three relevant diagrams
for the renormalisation of the kinetic term, i.e. diagrams proportional to dr,Y™drY ™,

that lead to the expression
Fan = f d®o (Rigk + 5ViHi) (G = FHpmiHngr(G11)™™ (G (4.157)
 Hyi(VaZj0 — $9,20)(GT ) (2))™) Y I opy*

The divergent integral I is given by

[ T PN (4.158)
1—47_‘_ € Ter . .

All contributions from the gauge fixing term, i.e. all terms proportional to oY Vg, stem
from three different diagrams,

They add up to the divergent expression
Lo =1 f 0 (ViVjh 2w + R Zmw) (G + Hpmk VaZa (GTHPUGTH™  (4.159)
— 4V 2 (Va2 — 5ViZqu) (GTPI(2))™) LY VE

Eventually, it can be argued that the ghost sector does not contribute any divergent
expression.



152 CHAPTER 4. DOUBLED GEOMETRY ON THE WORLDSHEET

Target space equations of motion

Instead of explicitly determining the necessary counterterms for G, C and Z, the target space
equations of motion are here taken to be the constraints keeping Weyl invariance anomaly
free, cf. [128].

One can easily show that the doubled worldsheet action (4.39) is invariant under Weyl
transformations,

v(o) = 2 (o) | (4.160)

for any conformal factor ¢(o). To this end, one has to replace the constant Minkowski metric
1 by a conformal gauge worldsheet metric +,
v(o) = 2%y . (4.161)

This necessitates the inclusion of an Einstein-Hilbert term on the worldsheet,

Sen = | & VTRG)R(Y) (4.162)
involving the dilaton ®(Y") that was neglected so far. Taking into account the transformation
behavior of the curvature scalar R under (4.160), and restoring a factor of 1/¢/, one recovers
the doubled worldsheet action in conformal gauge as

1 1
Sp = fd% SOLYTERY + W,V — 460,000 (4.163)

For infinitesimal ¢ one can determine the renormalised effective action in conformal gauge as

T =
¢ 4re

/
l/ fdda e 2¢¢ <£ — 4&’¢8L53(I) + L ﬁct) + iﬁdiv (4.164)
« 4dme
1 d 1
- f Ao 2L~ §(Les +20/01009) + (Lo + /L)

The original doubled worldsheet Lagrangian is here denoted by L, the (not explicitly de-
termined) counterterm Lagrangian by L and the divergent contributions from one-loop
diagrams by Lgiy. It has to be noted that the introduction of the conformal gauge does not
change the prefactors of the divergent contributions.

Finiteness of the theory can now be turned into the condition L¢ + o/ Lg;y = 0, whereas
conformal invariance is equivalent to L + 2a/0,0r® = 0, both simply read off from the
action (4.164). Combining these conditions gives

Laiv — 201,0r® =0, (4.165)

which can be split into three equations of motion for the doubled target space. Before that,
one has to insert the classical field equation for the coordinate fields Y,

1
Vi VRY"™ = —gganmm&LYpaRYq (4.166)
+gnm (D[mZp],,aLYpVﬁ + Zm,,&LVﬁ) ,
into the second term of

0L0r® = V,,V, @0LY"0rY" + V,, @V VRY™ . (4.167)
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The three equations in (4.165), finally, arise from sorting terms according to the three different
background field structures they contain. Corresponding to the kinetic term, one finds

1 — 1\ 1 —1\ymn/~—
<Rijk1 + §Vi7'lljk> G " - ZHijank(ng) (g

1
+ Hymk (Vo Ziv = 5 V5200 ) (GLVUZ™ = 29,940 + Vi @G™ My = 0.

(4.168)
Corresponding to the gauge fixing term, one finds

(v(zv])zkl/ + le]kzml/) (gll)” + Hpmk vnzqy(gll)pq(gll)mn

1 — m mn
— AV 2 (VeZin = 5 ViZan) (G VPUE)™ — 400 0G™ 0 Zr, = 0

(4.169)
Because of its special structure, the last remaining term in (4.165) has to vanish by itself,

Om®(GH™Z,, =0 . (4.170)

This ends the derivation of the doubled target space equations of motion. It shall be noted,
that compared to the standard case one obtains three instead of one equation. Furthermore,
there are many additional terms that come from the gauge fixing term Wy Vg in the action.
Eventually, there is no dilaton equation of motion, as this would necessitate to compute the
renormalisation of the worldsheet Einstein-Hilbert term (4.162).

Double field theory

To conclude this section, it shall be shortly investigated how the above equations of motion
are related to the double field theory equations of motion.

The initial hope was that the doubled worldsheet model presented here is able to provide
a sigma model origin of double field theory. But as discussed around (4.82), this is not the
case: The double field theory gauge symmetry cannot be reproduced as a symmetry of the
action for any doubled worldsheet model that has 2D diffeomorphism covariance. And as the
equations of motion are expected to inherit the symmetries of the action, it seems that there
cannot be an agreement with double field theory.

Indeed, the target space equations of motion found above confirm this finding. To com-
pare them with double field theory, one could decide to change to the generalised metric
representation (4.78) with C being constant. The first equation of motion (4.168) then reads

Riju(GT")" =2V, V@ =0 (4.171)

Given the canonical choice of Z in (4.72), the projector P, takes the form

Pl =-(1-Hn), (4.172)

N =
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such that with QII = H P, there appears one term with the form of the Ricci tensor in
(4.171),
Rk + Rijan™ +4V,;Vy® =0 . (4.173)

Accordingly, from the side of double field theory the most promising candidate for a compar-
ison is the equation of motion (4.56) of [18], which is written in terms of the generalised Ricci
tensor RPFT,

Ryn (1, ®) =0. (4.174)

A detailed analysis shows that, as suspected, it is not possible to match this equation with
(4.173). Further comments on this will be made in the last section of this chapter.

4.3.2 Physical interpretation

The doubled worldsheet model described in this chapter is designed to accommodate string
theory degrees of freedom in a doubled target space, in order to render T-duality a manifest
feature. Eventually, the number of degrees of freedom compared to the standard sigma model
of string theory must not change. This was taken into account by imposing invariance under
a gauge transformation of the 2D coordinate fields (4.37). A set of D Killing vectors rendered
half of the coordinates unphysical. Like in other doubled theories, e.g. in [26], the choice
of unphysical directions, often called “section condition”, is not unique. The present theory
indeed incorporates such a freedom by allowing for different sets of Killing vectors.

A more involved question is how the target space degrees of freedom reduce in the correct
way. As usual, all functions of the coordinate fields that appear in the action (4.39) are
interpreted as target space fields. These are the doubled metric G and the antisymmetric
tensor field C. As the remaining field Z only parametrises the gauge fixing for the coordinate
gauge transformation, and thus is not part of the physical content of the theory, it shall not
be interpreted as a dynamical target space field.

In principle, G and C make 4D? target space degrees of freedom, which is far too many.
On the other hand, the doubled worldsheet model comes with new symmetries. One of those
is the U-transformation (4.47), that can be seen as a local, i.e. Y-dependent, transformation
(4.48) of the target space fields. In particular, it can be used to bring the the kinetic term
into a form involving the O(D, D) covariant generalised metric H, that indeed carries the
right number of degrees of freedom. In conclusion, one can expect that the new symmetries
truncate the physical degrees of freedom in the right way.

Using the path integral formalism, a gauge symmetry of the coordinate fields necessitates
BRST transformations involving ghost fields. The classical U-transformations reappear in the
form of a parameter Q that quantifies the indeterminacy of the actual BRST transformation
rules (4.57). One could say that the ambiguities in the BRST symmetry of the double
worldsheet theory lead to target space U-gauge transformations.

But not only that: It was shown, that claiming BRST invariance of the action is equivalent
to two conditions (4.62) and (4.63) on the Killing vectors . The second condition allows to
rewrite the kinetic term in the standard sigma model form (4.71), such that it carries only D?
instead of 4D? physical degrees of freedom. Furthermore, the first condition reduces locally,
i.e. for trivial Killing vectors (4.69), to &Xg = 0. This means that the physical target space
fields encoded in the remaining D x D matrix do not depend on the dual coordinates. In
that sense, the doubled worldsheet model encodes exactly as many degrees of freedom as the
standard sigma model of string theory.
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The whole counting becomes more obvious by inspecting the relation between the arbitrary
2D x 2D kinetic term £ and the physical object £ that is subject to the two above mentioned
conditions. It is given by (4.61),

E=£+22Q. (4.175)

As discussed, € contains only D? physical degrees of freedom. Indeed, Z and Q remove 3D?
degrees of freedom from the original 4D? ones in &, as they each contribute 2D? entries, from
which D? components can be removed by a p-transformation (4.45) of Z.

The discussion so far is summarised in figure 4.1: In the upper row, 2D coordinates are
reduced to D by the supposed gauge invariance, whereas in the lower row, 4D? target space
degrees of freedom are reduced to D? by the conditions from BRST invariance.

Gauging (4.37)

Y™ (o)

Projection (4.63) ~ Killing equation (4.62) ~
Emn(Y) Emn(Y) Emn(X) = B (X)

Figure 4.1: Reduction of the unphysical degrees of freedom

A reduction of the degrees of freedom is visible also in the target space equations of motion
obtained by the procedure described in this section. First, already in the determination of
p-covariant derivatives a projector P appeared. It exactly projects into the D-dimensional
subspace that lies perpendicular to the directions that have been fixed by Z in the gauge
fixing term of the doubled worldsheet action. Independently, precisely the same projector
appeared in the propagator of the coordinate quantum fluctuations y™. Accordingly, the
target space equations of motion (4.168) and (4.169) contain projected metrics.

In particular, the first term of (4.168) attracts attention: It strongly resembles the stan-
dard sigma model case where the Riemann tensor is contracted by an inverse metric to give
the Ricci tensor. Here, instead, the contraction is tied by a projected inverse metric, and
the same goes for the contraction in the flux term. It seems that the number of degrees of
freedom is reduced in the right way.

Another interesting appearance of an automatic reduction of degrees of freedom is given
by the third equation, (4.170). It demands D combinations of derivatives acting on the dilaton
to vanish, leaving a dependence on the other D coordinate combinations only. This equation
is analogous to the BRST conditions but this time uses the gauge fixing parameter Z instead
of the Killing vectors K to determine the unphysical directions.

To conclude this discussion, table 4.2 lists all objects appearing in the doubled worldsheet
theory and contrasts the roles they play in the worldsheet interpretation with the roles they
play in the target space interpretation. Additionally, the number of components, or degrees
of freedom, is specified and one can easily check that they add up in the right way.

On the side of the coordinates, the 2D coordinate fields Y are reduced by gauging to D
coordinates X that make the actual target space manifold. The vectors K parametrise the
gauge transformations on the worldsheet, but can be seen as Killing vectors for the target
space. Furthermore, they enter the projection equations (4.63) that restrict the target space
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Object #(comp.) | Worldsheet interpretation Target space interpretation
Y 2D Doubled coordinate fields Doubled geometry coordinates
X D | Worldsheet coordinate fields Target space manifold coordinates
K D | Gauge transformations Doubled geometry Killing vectors
and projectors
& 4D? Kinetic and WZ terms of the Doubled geometry metric G and
doubled worldsheet theory antisymmetric tensor field C
ExF D? | Projected version of the doubled  Target space metric ¢ and
kinetic and WZ terms antisymmetric tensor field b
Z D? | Gauge fixing parameters
dulo p—t f ti
(modulo p-transformations) Non-physical parts of £
Q 2D? | BRST ghost transformation
parameters

Table 4.2: Objects appearing in the doubled worldsheet theory

fields. Exactly D components are contained in K, such that together with X they add up to
the 2D components of Y.

On the side of the target space fields, in principle & carries 4D? independent components
for the kinetic and WZ terms, which make the doubled target space metric G and antisym-
metric tensor field C. As discussed, there are non-physical degrees of freedom in &, that are
removed by the gauge fixing parameters Z and the BRST ghost transformation parameters
Q. Eventually, it remains the projected object £ that indeed can be identified with the D-
dimensional target space metric and b-field, i.e. with £ = g + b. The counting shows, that
its D? components, together with 2D? components in Q and D? components in Z, remaining
after taking into account p-transformations, exactly add up to the 4D? components of the
original £.

4.4 Summary and discussion

In this chapter, a worldsheet theory with doubled coordinate fields has been developed. It
reveals features of O(D, D) covariance and possesses, apart from the usual diffeomorphism
covariance, a set of novel symmetries. One of those can be used to rewrite the kinetic term
such that also an O(D, D) invariant form is available.

Half of the worldsheet degrees of freedom are rendered redundant by the assumption of
a gauge symmetry in the coordinate fields, (4.37). It is fixed by a Lagrange multiplier term
that affects the theory in many places. Such a gauge fixing separates the described ansatz
from many worldsheet approaches in the literature where often additional constraints are
introduced by hand.

An investigation of the one-loop renormalisation and the requirement of Weyl invariance
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have lead to the target space equations of motion for the doubled target space. Partly, they
appear as generalisations of the usual standard sigma model beta-functions, partly, there
appear new terms that are related to the Lagrange multiplier term.

Interestingly, there automatically appear certain projection operators at various places,
in particular in the propagators of the quantum fields and in the target space equations of
motion, which reduce the actual degrees of freedom in the right way.

The main results of this chapter can be summarised as:

The present model of a doubled worldsheet
= is capable of describing non-geometric configurations properly,

= can embed non-geometric fluxes in a agreement with the T-duality chain of fluxes,

= does not reproduce the double field theory equations of motion.

A few drawbacks have been identified: First of all, the description of non-geometric setups
has only been exemplified for the well-known toroidal case, that was also used in the other
chapters. How non-geometry may be detectable in full generality and, more importantly,
describable, is not obvious at the present stage. Second, to model the T-duality chain of
fluxes, the doubled antisymmetric tensor C has been used, although the other results were
obtained for £ = H, i.e. without any antisymmetric part. Furthermore, it seems in principle
possible to have solutions with several types of fluxes turned on. This would add extra degrees
of freedom, whose proper reduction is hidden in the formalism. A systematic study of the
solution space has not been done so far. Finally, there are discrepancies in the target space
interpretation compared to double field theory, such that it seems questionable whether the
doubled worldsheet model makes a good basis for this theory.

To end the chapter, a few further aspects shall be discussed, also with respect to future
directions of research.

Invertibiliy of G: In the construction of the covariant derivatives and also when deter-
mining the propagators, it was assumed that the doubled metric G is invertible. Non-invertible
metrics shall be turned into invertible ones by a suitable U-transformation. It might seem
questionable that this is a well-defined procedure, but it can be argued that this is indeed the
case: One can directly determine the propagators for the non-invertible standard sigma model
metric (4.71). There are two independent ones, either for the coordinate quantum fields z*,
or mixed ones between the dual coordinates Z* and vg. These findings can be compared to
the general case by parametrising an infinitesimal U-transformation, that brings the metric
to an invertible form, and taking the limit of vanishing ¢/ in the results. Eventually, the
propagators agree in this limit.

U-invariance: It is clear that U/-transformations can change the appearance of the equa-
tions of motion quite heavily. Though, the physical content of these equations must not
change. It arises the question, whether there is a proof of invariance under U-transformations.
A first positive sign is the appearance of the projected inverse metric QIl, as it can be shown
to be invariant under U-transformations. Unfortunately, other objects are changing radically,
like for example the Riemann tensor R;jx;. So far, it was not possible to find an representation
of the equations of motion with U-transformation invariant objects only. One might conclude
that the whole quantisation procedure should be done in an U-transformation covariant way.
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Given the remarks about invertibility above, that implies that one has to work with other
objects than the doubled metric £.

Double field theory: On the level of the 2D target space equations of motion, the
presented doubled worldsheet theory and double field theory disagree. Roughly speaking, the
reason could be that the comparison was made before reduction constraints like the Killing
equation (4.62) or the strong constraint of double field theory have been employed. It still
cannot be excluded that the different theories finally agree on the physical content.

Strong constraint: In double field theory, the equations of motion have to be restricted
by the strong constraint, cf. (3.14). Although it is not possible to derive this restriction from
the doubled worldsheet model of this chapter, there are some similarities to the conditions
found here. A very simple solution to the strong constraint is given by d; = 0, applying to all
fields and products of such. Indeed, BRST invariance implies a very similar condition for the
worldsheet model: From (4.62) it follows for the kinetic term that 03& = 0, as was discussed
in the previous section. It would have been an encouraging agreement if one found the same
restriction for the other remaining field, namely the dilaton. Unfortunately, its equation of
motion reduces to

oxP + E&Xq) =0, (4.176)

for the canonical choice of Z and for & = H. Setting 03 ® = 0 would then imply a constant
dilaton, which is a too severe restriction of the solution space. Ultimately, it seems that the
doubled worldsheet model implies restrictions of the target space fields, but these are not
equivalent to the strong constraint of double field theory.

Off-shell doubling: One could ask whether the idea of doubling the coordinate fields
is going into the right direction. Similar to the approaches of Tseytlin [103, 104] and Hull
[109, 26], the doubled worldsheet model postulates an off-shell doubling. It could be that this
is not necessary, as for example the standard sigma model offers an on-shell variant. Left- and
right-moving coordinate fields are treated independently, at which target space coordinates
and dual coordinates can be constructed from the respective zero modes. It seems that double
field theory is indeed more closely related to such an on-shell construction than to the off-
shell doubled coordinates Y. This might offer an explanation for the discrepancy in the target
space equations of motion.

Fluxes: There seems to be an ambiguity in how to describe target space fluxes. One
option is to use the generalised antisymmetric tensor field C, see the discussion on p. 144. The
other option is to keep only b and use for example the covariant representation with G = H.
As discussed, this second option leaves open the question of how the gauge transformations of
b are realised, especially inside Z. It seems that further investigations of the interplay between
standard sigma model symmetries and the U/-transformations of the doubled worldsheet model
are necessary. Additionally, it could be an option to use the Killing structure coefficients f(Y")
to solve this problem by embedding flux degrees of freedom there.



Conclusion

String theory offers a new microscope to examine the basic entities in nature. As always with
new instruments in physics, it was expected to find something novel. Geometry itself can be
probed by it, and indeed, new spectacular properties of spacetime have been discovered. It
is no longer mandatory that physics takes place on the background of a Riemannian mani-
fold. Rather, string theory symmetries relating different geometries are allowed to connect
coordinate patches to each other. Such constructions have been collected under the name of
non-geometry, and this thesis has shed a little more light on the mysteries of those.

Since quite some time it was suspected that non-geometries do not arise without dramatic
effects on the four-dimensional effective theories. New objects were assumed to appear, de-
noted as non-geometric fluxes, and they seem to be helpful, for example, when constructing
de Sitter vacua. Though, it was not known how to systematically describe non-geometric
fluxes in dimensions higher than four, especially in the ten-dimensions of effective supergrav-
ity theories. In addition, it was unclear whether the connection between non-geometry and
non-geometric fluxes really is one-to-one. Here, such a connection was worked out and a
framework was provided that describes non-geometric fluxes in higher dimensions.

The present research work has revealed a couple of independent results that complement
the known facts. They were discussed in detail in the respective chapters, but the most
important statements shall here be phrased as:

= Non-geometry can imply non-commutativity of the coordinates, that then is sourced by
non-geometric fluxes.

= Non-geometric fluxes appear in non-geometric setups, and both can be described in
effective theories.

= [t is possible to find a worldsheet model of string theory that manifestly incorporates
non-geometry.

Quite some of the questions posed in the introduction are now answered by these state-
ments. But there also appeared new questions, and a few of them shall be presented shortly:
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Non-associativity: Non-geometry is suspected to have more dramatic effects on the
target space structure in certain cases. R-flux backgrounds make such examples. The investi-
gation of chapter 2 will not be able to deal with that kind of non-geometric flux, as it cannot
be obtained from regular T-duality transformations. A direct quantisation of the coordinates
using the closed string monodromies as Dirac constraints, cf. [71, 56], might offer access to
non-associative coordinates.

Beyond the three-torus example: Many observations in the framework of double field
theory or supergravity have been made for the particular example of the three-torus with H-
flux or its T-duals. Although in some cases there are arguments for valid generalisations, it
would be desirable to test the techniques developed in chapter 3 against novel non-geometric
backgrounds. Possibly, the introduction of brane sources for non-geometric fluxes [92] helps
to construct such backgrounds with several types of fluxes turned on at once. It then might be
particularly interesting whether these can be geometrised in the sense of the present double
field theory construction.

Doubled models: The proposal of chapter 4 defines a worldsheet model with doubled
coordinate fields. Nevertheless, it does not reproduce double field theory as effective theory,
at least not directly. As discussed, the main reason seems to be that double field theory rather
arises from an on-shell doubling, whereas the proposed theory here offers an off-shell doubling
that includes not only zero-modes but all string excitations and therefore is much more
general. How big the agreement between both approaches actually is and which framework
is suited better to study non-geometry has to be shown in further research work.

Manifolds: Non-geometry exceeds the notion of a manifold and one might ask whether
there is a mathematical framework that allows to capture this fact, and whether there are
quantum field theories for such a framework. A promising approach is that of Lie algebroids,
studied in [129], others are: supergravity as generalised geometry [130], doubled geometry
of double field theory [86, 85], or matrix models [63]. In any case, it seems that the new
microscope initiated a fundamental change of how physical theories have to be formulated.

There is much to be discovered.

Peter Patalong
November 27, 2013



Appendix A

Technical review of T-duality

This section presents the sigma-model approach to T-duality for one isometry direction in the
target space fields and a summary of the relation between T-duality and the group O(D, D).
It follows the historical approach [112, 113]. More details about various perspectives on
T-duality can be found for example in [115], in [15], or in [13].

Transformation of the target space fields

Having an isometry direction in the target space fields implies that the respective action is
invariant under a shift of the coordinate fields X# — X# + k¥ where k* is a single Killing
vector field. More precisely, the metric is constant under the Lie derivative in the k-direction,
and the antisymmetric tensor field B at most undergoes a gauge transformation:

L G=0, LpyB=dw. (A1)

One can then choose adapted coordinates such that all fields are simply independent of one
coordinate X*. This uses the gauge invariance of the action under B — B + dw.

The following calculations can be simplified by introducing light-cone coordinates, i.e.
o = (00 £ o1)/v/2 and or/r = (0o £ 01)/v/2. For simplicity, the prefactor of —1/(4ra/)
compared to 2.5 is dropped. This agrees with the conventions in chapter 4, and the standard
string worldsheet action then reads

S = fdga Eu (X)L X orX" | (A.2)

with the target space fields packaged into E,, = G, + B,.

To make visible the dual model, one first has to rewrite the action in a first order form. This
can be done by gauging the above assumed isometry, i.e. by introducing a gauge connection
V, and covariant derivative in the isometry direction p = ¢,

D, X" =0, X"+V, . (A.3)
This implies that the action remains invariant under
X5 Xt =&, Voo Vo+ 0,8, (A.4)

when replacing the p = ¢ partial derivative by the covariant one.
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In order to keep the correct number of degrees of freedom, one has to enforce a pure gauge
condition by adding a Lagrange multiplier term,

Sy = fd20 X(@LVR —0rVL) , (A.5)

with Lagrange multiplier X. The classical equation of motion for X then is the pure gauge
condition. Therefore, the original action can be recovered by plugging this equation of motion
into the gauged action and shifting X* appropriately, which is allowed by the isometry.

Furthermore, it is possible to obtain the T-dual action by integrating out V,, i.e. by
plugging in its equations of motion. They read

1 ~ E
Vi = +——0.X — 0L X" — =20 X" (A.6)
(23 L
1 - E
ViR = ———0pX — OrX" — =" 0pX" |
R G, R R G, R
where the index convention is x, A € {1,..., D} — {¢}. The result is

E.E 1 -~ - FE S -
S = JdQO <E,€/\ - £ /\L> 0LX*8RX” + 0L XO0rX — s 0LX”aRX + sl aLXﬁRXH .
GLL GLL GLL GLL
. (A.7)
One can now interpret X as the new coordinate field in the dualised direction p = ¢, replacing

the old X*. Under this assumption, the action S’ can be repackaged in the standard form of
the original one, (A.2), by replacing the target space fields in the following way:

E,.FE 1 E,, E.
Li)w’ GLL_)iv E. — — ) - .
GLL GLL GLL GLL

Eq\ — By — (AS)

These are the T-duality rules defining the transformation of the target space fields, which are
sometimes denoted as “Buscher rules”.

At this stage it is important to note that this result is very sensitive to the conventions
used. Here, the setup of chapter 4 was implemented to make clear the connection to the
procedure of generalisation there. This comes with the costs of having a collision with the
conventions in chapter 2. To implement those, one should have chosen Sy — —Sy in (A.5)
and reversed the sign of €, on the worldsheet. As a result, the last two rules in (A.8) change
sign. Despite this difference, the original conventions will be used throughout the rest of this
section, as they agree with the literature.

Transformation of the coordinate fields

It is possible to bring the T-duality rules into another form, that directly accesses the coor-
dinate fields X*. One can use the symmetry (A.4) to gauge fix V, to zero. The equations of
motion (A.6) then read

01X = +G,0LX" + E., 0, X" (A.9)
OrX = —G,0rX" — E,.0rX" .
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Summing these, one can rewrite them for 7 = g and ¢ = o

0:X = Guos X" + G0y X5 — B0, X"

~ (A.10)
09X = Gor X' + Gundy X" — Bupdg X" .

This gives a prescription of how the dual sigma model with a new coordinate field X is
obtained from the old model with a coordinate field X*. Again, one has to note that the
respective last terms would have opposite signs for the other conventions mentioned above.

Taking seriously the reinterpretation of the dualised action, one, strictly speaking, cannot
identify the remaining coordinates X” in the original model with the ones in the dual model.
The argument relies on the structural similarity of the actions, but, for example, in the case
of constant target space fields, one only has

6TXSEW =0r c’jld ’ 6U‘Xr’few =0y c’jld ) (A'll)

as the bare coordinates X do not appear. This is therefore assumed to hold in the general
case, too.

Transformation of the dilaton

It should be mentioned that the full path integral treatment of the above procedure comes
with some subtleties, see for example [131]. In particular, the change of variables in a Polyakov
path integral formulation induces a Jacobian that after regularisation leads to a shift of the
dilaton! (which was neglected for simplicity above),

- 1
¢ = - log|Gul - (A.12)
In combination with 1
G| = Gﬁ\G’ , (A.13)

L

this leads to the invariant combination

e 22, /|G| = e722/|G] (A.14)

that will play a prominent role in double field theory.

The T-duality group O(D, D)

For several isometries, all possible T-duality transformations in the above sense form a group.
This subsection shows? how to determine that group.

The idea is to consider a compactification of closed string theory® on a D-dimensional
torus TP such that the target space fields G, and By, have D isometries. For the case of
maximal D, they are constant. In any case, the setup allows for a whole variety of different

!See [13], equation (14.16).
2Mainly following [13], chapter 10.
3The following assumes o/ = 1 for simplicity.
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compactifications and it turns out that the set of all such is smaller than naively expected -
it is reduced by all possible T-duality transformations.
A D-dimensional torus can be defined by claiming the following identification of points,

Xt~ XM 4 2mn'el’ (A.15)

which defines a lattice Ap generated by D linearly independent vectors {e!'}. One can then
perform a mode expansion of the string coordinates and determine the center of mass position
and momentum of the string. The canonical commutation relations imply, that 7, has to lie
on the dual lattice A%,

Ty = Gup” + Bwnie;’ = miezi (A.16)

with p” being the zero mode momentum. In total, there are two quantised quantities: the
string momentum, associated to m;, and the string winding around the compact toroidal
directions, associated to n’.

The mode expansion allows to determine the mass formula from the associated Hamilto-
nian. By lifting G and B to the lattice,

9ij = Guvefeyy‘ , bij = Buveﬁezf ) (A.17)
and by defining
o).
it reads
m? = KTHK + 2(Np + Np —2) = p2 + p% + 2(Np + Ng — 2) , (A.19)

with K7 = (nT,m”) being the collection of the integers that determine string momentum
and winding. The left- and right-moving momentum vectors are defined as

1 . . .
(Pu)r/r = ﬁeff (mi £ gign? — byn?) . (A.20)

The most important observation is that the mass formula can be formulated in a way such
that the generalised metric appears. This is the key point for identifying the duality group
that reduces the set of inequivalent compactifications. Equally important is the appearance
of the level-matching condition in a very particular guise, namely

1
NR—NLzmmzziKTnK, n= <]Ol g) . (A.21)

It can be shown that the momentum vectors py /g span an even self-dual Lorentzian lattice
for any choice of the background parameters g;; and b;;. These are D? parameters and each
choice leads to a different lattice. Any such lattice can be obtained by an O(D, D) rotation
of a reference lattice, but one has to mod out the O(D) invariance of each momentum vector
pr, and pr. The set of different configurations is then given by

o(D, D)

O(D) x O(D) (4.22)



165

with the expected dimension D?. This set has to be reduced by modding out all T-duality
transformations that by construction identify physically equivalent configurations. A closer
inspection of the mass formula reveals discrete symmetry transformations with K — MK
that leave it invariant, and the level-matching condition shows that these have to be elements
of O(D, D;Z),

MTgM =7 . (A.23)

The particular formulation of the mass formula allows to define the covariant transformation
of the background parameters g and b in the simple form

H— MTHM . (A.24)

Eventually, some of these transformations of G and B can be reduced to the T-duality rules
derived above. Proving this is non-trivial in full generality, but an example has been worked
out in appendix B of [2]. The general proof can be found, for instance, in chapter 4.2 of [115].
All T-duality transformation matrices have the form*

€; 1—67;

M:(ﬂei q), (€)mn = SimOin - (A.25)

Finally, the moduli space of the D-dimensional torus compactification for closed strings then
is

O(D, D)
O(D) x O(D)
To conclude, it can be stated that, in general, all T-duality transformations lie in the group

O(D, D), which is the continuous analogue of O(D, D;Z), which was recovered in the toroidal
case here.

/O(D, D7) . (A.26)

“The notation is borrowed from [129], equation (4.41).



166 APPENDIX A. TECHNICAL REVIEW OF T-DUALITY



Appendix B

Technicalities

B.1 Notation

Object

T,0
d?o = dodr
nh
gob
XK Xt xv

R, R
Imn
bmn

Hun
d

T, T

O,y O™

Description

Worldsheet coordinates

Worldsheet measure

Worldsheet metric as Minkowski metric

Worldsheet totally antisymmetric tensor

Coordinate fields in the standard sigma model
Coordinate fields for the duals of the torus with H-flux
Winding number for the closed string mode expansion
Target space metric in the standard sigma model
Kalb-Ramond field

Worldsheet derivatives

3-form field strength for B

Radii of the three-torus with H-flux

Scalar curvature, Ricci tensor

Target space metric in effective field theories
Kalb-Ramond field in effective field theories
Generalised metric

Double field theory dilaton

Ordinary and dual target space coordinates

Target space derivative, dual derivative

B.2 Representation of the )-distribution

1. The d-distribution appearing in the canonical commutation relations of section 2.2.2 is

represented as

1 1 1 —
5(:3):%4—; Z Cos(nx)z%nzzle n

neN*

2. Its derivative can be defined as

f(x)0,0(x) = —6(x) 0, f ()
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Defined in

oo

W W W
SRS
222

(B.1)
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for any function f(z) with compact support. Accordingly, since o € [0, 27], one has

(0! —0) 0,0(0c —0') =6(c— o). (B.3)

3. Additionally, it holds that
(c0—0")d6(c—0")=0. (B.4)

4. For any function u(r,0) = Y, _, u, e "7+ with constant coefficients u,, one can show
that _
3 M (u(r,0) — u(r, o)) = —(u(r,0) - u(r,o’)) | (B.5)
k#0

Using (B.1), this proves
5(o — o) (u(r,0) — u(r,6") = 0 . (B.6)
which is also valid if o in u(7, o) is exchanged for o_.

All relations have to be understood in the sense of distributions, i.e. they are only valid when
appropriately integrated against a test function.
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