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Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit Aspekten von Zielraumdualitdten innerhalb der
Theorie geschlossener bosonischer Strings. Zu Beginn wird eine Einfithrung in generalisierte
Geometrie gegeben, die das primire mathematische Gerlist dieser Arbeit bildet. Analog
zur allgemeinen Relativitatstheorie als Theorie von Riemannschen Metriken wird eine vere-
inheitlichte Theorie zu formulieren versucht, die Hintergriinde der String-Theorie — Rie-
mannsche Metriken sowie Kalb-Ramond Zweiformen — mithilfe von Courant-Algebroiden
auf dem generalisierten Tangentialbiindel beschreibt. Die duale Konfiguration von Hin-
tergriinden, gegeben durch eine Metrik und ein Bivektorfeld, wird durch das generalisierte
Kotangentialbiindel beschrieben. Das Fehlen eines konventionellen Kriimmungstensors
und die damit ausbleibende Moglichkeit, generalisierte Gravitationstheorien auf Courant-
Algebroiden zu formulieren, wird im Detail studiert. Dies fithrt zum Begriff der Lie-
Algebroide, deren Differentialgeometrie sich als addquat zur Formulierung generalisierter
Gravitationstheorien herausstellt. Verschiedene solcher Theorien stehen durch geeignete
Homomorphismen in direkter Beziehung zueinander. Dies erweist sich als hilfreich fir die
Beschreibung nicht-geometrischer Hintergriinde.

Zielraumdualitdt wird durch die sogenannte O(d, d)-Dualitét beschrieben, welche zwei-
dimensionale nicht-lineare Sigmamodelle fiir verschiedene Stringhintergriinde als identisch
enthiillt, deren Hintergriinde und Koordinaten durch O(d, d)-Transformationen miteinan-
der in Beziehung stehen. Dabei werden insbesondere die Integrabilitdtsbedingungen an die
dualen Koordinaten mithilfe von Courant-Algebroiden studiert. Neben (nicht-abelscher)
T-Dualitdt beinhaltet O(d,d)-Dualitiat die neuartige Poisson-Dualitdt, welche von einer
Poissonstruktur induziert wird. T- und Poisson-Dualitdt werden auf den Drei-Torus mit
konstantem H-Fluss angewandt, was die Existenz von nicht-geometrischen Hintergriinden
offenbart. Diese iibersteigen konventionelle geometrische Konzepte aufgrund des Fehlens
einer globalen Beschreibung.

Das Problem der Beschreibung nicht-geometrische Hintergriinde wird mithilfe von gen-
eralisierter Geometrie behandelt. Eine vereinheitlichte Erfassung T-dualer Hintergriinde
basierend auf proto-Lie Bialgebroiden fiir geometrische und nicht-geometrische Hintergriin-
de wird vorgestellt. Zusammen bilden sie einen Courant-Algebroiden, dessen anomale
Jacobi-Identitit Bedingungen fiir das gleichzeitige Auftreten dualer Fliisse liefert. Das
Fehlen genereller Gravitationstheorien fithrt zur Beschrankung auf Lie-Algebroide. Deren
Gravitationstheorien ermdglichen eine globale Beschreibung nicht-geometrischer Hinter-
griinde durch eine genaue Vorschrift der Kartenwechsel auf diesen Raumen. Diese Beschrei-
bung lasst sich auf alle méglichen Supergravitationstheorien iibertragen.

Die Frage nach einer vereinheitlichten Beschreibung dualer Hintergriinde wird durch



vi

einen Zugang mittels einer konformen Feldtheorie, die invariant ist unter T-Dualitaten,
wiederaufgenommen, indem duale Koordinaten als gleichwertig betrachtet werden. Die
modulare Invarianz der Zustandsumme auf dem Torus sowie die Préamisse der physikali-
schen intermedidren Zustdnde in der Streuung vierer Tachyonen fithrt zwangsldufig zur
Auftreten der starken Zwangsbedingung der Doppelfeldtheorie fiir nicht-kompakte Rdume.
Dies steht im Gegensatz zu torisch kompaktifizierten Raumen, die diese Zwangsbedingung
nicht erfordern. Damit werden das Auftreten der starken Zwangsbedingung aufgeklart und
mogliche Abschwachungen plausibel gemacht.



Abstract

In this thesis various aspects of target-space duality in closed bosonic string theory are
studied. It begins by introducing generalized geometry as the main mathematical frame-
work. In analogy to general relativity with the Riemannian metric as dynamical quantity,
a unified description for string backgrounds — Riemannian metrics together with Kalb-
Ramond two-form fields — is approached via Courant algebroids on the generalized tangent
bundle equipped with a generalized metric. The dual background configuration, i.e. a met-
ric and a bivector field, is described by the generalized cotangent bundle. The absence of a
conventional curvature tensor and consequently the problem of defining generalized gravity
theories on Courant algebroids is investigated in detail. This leads to the introduction of
Lie algebroids whose differential geometry is suitable for the formulation of gravity theo-
ries. Different such theories are shown to be interrelated by appropriate homomorphisms.
This proves to be useful for describing non-geometric backgrounds.

Target-space duality is introduced in terms of O(d,d)-duality which identifies two-
dimensional non-linear sigma models for different string backgrounds as physically equiva-
lent under certain conditions: The backgrounds and coordinates of the dual theories have
to be related by certain O(d, d) transformations. In particular, integrability conditions of
the dual coordinates are formulated in terms of Courant algebroids. Apart from (non-
abelian) T-duality, O(d,d)-duality contains the novel Poisson-duality induced by Poisson
structures. T- and Poisson-duality are applied to the three-torus with constant H-flux
which shows the existence of non-geometric backgrounds. The latter exceed conventional
conceptions of geometry as they cannot be described globally.

The problem of describing non-geometric backgrounds is approached with generalizes
geometry. A unified description of T-dual backgrounds is given in terms of proto-Lie
bialgebroids — one for the geometric sector and another for the non-geometric one. They
combine into a Courant algebroid whose anomalous Jacobi identity provides conditions
for the concurrent appearance of dual fluxes. The absence of a gravity theory leads to
the restriction to Lie algebroids. Their gravity theories allow for a global description of
non-geometric backgrounds by an exact prescription for the patching of these backgrounds.
The description extends to all possible supergravity theories.

The question whether a unified description of dual backgrounds is possible is reconsid-
ered in a manifestly T-duality invariant conformal field theory approach. Dual coordinates
are treated on equal footing. Modular invariance of the one-loop partition function together
with the premise of physical intermediate states in four-tachyon scattering inevitably leads
to the appearance of the strong constraint of double field theory on non-compact spaces.
Toroidally compactified directions do not require a constraint. This explains the appear-
ance of the strong constraint and justifies possible attenuations.
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Chapter 1

Introduction

Gravity in conjunction with the weak, the electromagnetic, and the strong force constitute
the fundamental interactions in nature. Gravity is considerably weaker than the other
three and therefore irrelevant in sub-atomic processes described by the standard model of
particle physics — a particular quantum field theory. Yet, opposed to the weak and the
strong force it is believed to have an infinite range. Thus, along with the electromagnetic
force, gravity is predominant in the large scale universe.

At the Planck scale at approximately 10'9GeV however, general relativity and quantum
field theory become both, equally important and individually invalid: A photon used to
measure objects smaller then the Planck length Ip; ~ 1072%m would collapse into a black
hole.! Then quantum theory — responsible for the particle-like nature of a photon — is inap-
propriate as no meaningful measurement can be made and general relativity — responsible
for the imprint of matter on the shape of the space — is not able to describe the emerging
singularity. Consequently, the understanding of the Planck regime and in particular the
description of the very early universe (up to 10743 seconds after the big bang singularity) as
well as the physics close to a black hole singularity requires the formulation of a quantum
theory of gravity.

Unfortunately experimental indications for pursuing certain directions towards quan-
tum gravity are hardly amenable owing to the magnitude of the Planck scale. As a com-
parison, the Large Hadron Collider works only at the electroweak scale of about 103GeV.
Measurements related to inflation may allow access to energies around 10'°GeV with first
possible imprints of quantum gravity.? So far, however, only theoretical principles are to
be followed.

The quest for finding a quantum gravity theory is closely connected with the concep-
tion of space. Spacetime is dynamical in the general theory of relativity. Its shape is

'The reduced Compton wavelength is A = h(Mc)~" with ¢ the speed of light and the Planck length is
lp1 = VAGce=3 with G the gravitational constant. Resolving Planck length requires a wavelength A < lp,
which corresponds to a particle of mass M > Mp; = VhcG~!. The Schwarzschild radius for a particle of
Planck mass is 75 = 2¢ 2GMp; = 2lp;. Hence X < rg, i.e. the corresponding particle would be smaller
than its own Schwarzschild radius. This results in a black hole.

210*%@eV is the expected energy scale at which inflation occurs. Recently, hints for primordial B-modes
have been found [1]. A well-established theoretical explanation are primordial gravitational waves arising
from quantum fluctuations of the gravitational field amplified during inflation (see e.g. [2]). However, also
cosmic dust might be responsible for these findings [3].
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determined by the energy and matter content through the energy-momentum tensor with
gravity manifesting itself as geodesic motion of a free-falling object on this potentially
curved spacetime. The standard model of particle physics, on the other hand, is formu-
lated on a fixed background — the four-dimensional flat Minkowski space — and describes
the fundamental particles as well as the mediation of forces by point-like objects. Yet,
incorporating a dynamical spacetime into quantum field theory complicates the causal
description of physical processes: Near the Planck scale, quantum fluctuations cause a per-
manent change of the matter content and thereby an incessantly altering spacetime which
prevents a well-defined notion of causality. Along with the loss of the predictive power of a
perturbative quantization of gravity due to an infinite number of undetermined parameters
(non-renormalizability), this calls for approaches beyond general relativity and quantum
field theory to describe quantum gravity.

1.1 String theory

The failure of a conventional perturbative approach via point particles to quantize gravity
might indicate a mathematical inconsistency of the concept of space as a continuum of
points at very high energies or equivalently at very small length scales. So far, two strategies
have been adopted: Either studying mathematical structures such as non-commutative
geometries® as well as certain ”discretizations” of space” which dismiss the notion of points,
or changing the probe from a point particle to higher-dimensional objects.

In this thesis the latter approach will be followed by using string theory®, where the
probes are given by strings, i.e. one-dimensional objects. A string probes spacetime very
differently compared to point particles as it can wind around compact directions. Thereby
it is able to resolve global properties of a space invisible to a point particle.

String theory can be formulated as a two-dimensional non-linear sigma model which
describes the embedding of the two-dimensional surface stretched by a moving string —
a membrane — into a target-space, spacetime itself. This membrane is called worldsheet,
following the notion of a worldline for particles: The action describes the minimal surface
between two strings on a given spacetime analogous to the worldline describing the shortest
path between two points. This inconspicuous description has far reaching consequences
when it is quantized. The string admits infinitely many vibrational modes with every
single one constituting a state in the theory. Thus particles are described by the different
excitations of a single string, which generically include a graviton and gauge bosons. This
is remarkable since it constitutes a quantum theory including quantum gauge theory and
quantum gravity. So far, string theory is the only framework not only providing a consistent
quantum gravity but also unifying the two distinct fundamental theories.

The combination of gauge and gravity theory is a generic feature of string theory. How-
ever, realistic physical models have to be encountered within an enormous set of solutions.
Prior to quantization, string theory is unique, but there are four broad classes of consistent
quantum theories:

3Conne’s non-commutative geometry is introduced in [4] and several others are reviewed in [5].

“Loop quantum gravity and causal dynamical triangulation are reviewed for example in [6] and [7],
respectively.

5See for instance the introductory textbooks [8, 9, 10, 11, 12, 13].
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e the bosonic string. Consistency requires a critical spacetime dimension of 26. Con-
taining no fermions and showing a tachyonic state it is unphysical. Nonetheless, it
will be of main interest here as the major geometrical features are included.

e the type II superstring. The critical dimension is 10 and it includes fermions in a
supersymmetric manner without having a tachyon. The appearance of non-chiral
and chiral massless fermions further distinguishes type ITA and type IIB respectively.

e the heterotic superstring. It constitutes another supersymmetric theory in ten space-
time dimensions. Two types can be distinguished: one containing a SO(32) gauge
field and another containing an Fg x Eg gauge theory.

e the type I superstring. The only ten dimensional supersymmetric theory containing
open strings.

The classical theory admits two-dimensional conformal invariance which has to be pre-
served during quantization. This restricts the allowed spacetimes. Particularly the high
dimensionality of spacetime predicted by string theory has to be reduced in order to meet
the observation of a four-dimensional spacetime at the accessible energy scales; the re-
maining dimensions are compactified. As a result the superstring is considered on a space
M = My x Xg with My, a four-dimensional spacetime, and Xg, a compact six-dimensional
space sufficiently small to remain hidden. For example, to recover the standard model, My
must be the Minkowski space, yet for describing cosmology, My has to be the de Sitter
space. But still the possibilities for viable compact six-dimensional spaces — also known as
vacua — are vast. This is known as the string landscape.

Seen from the four-dimensional perspective, compactification introduces lots of scalar
fields describing for instance the size and shape of the internal space. However, there
are only two (or a few more) virtually confirmed scalar particles: the Higgs boson and
the inflaton(s). The remaining scalars have to be moved to currently undetectable regimes.
This procedure is called moduli stabilization and can be partially achieved by compactifying
on spaces equipped with additional fields and associated fluzes.®

Thus, despite the predictive power of the initial framework, consistent solutions are
far from unique and due to their abundance, finding realistic models proves difficult. In
principle, all known vacua can be scanned for realistic models, but the suitable solution
might not even be known. Nevertheless, string theory is not understood completely and
conceptual progress could achieve both, extension of the possibilities for finding realistic
models and narrowing down the possibilities by undiscovered consistency requirements.

1.2 Dualities

String theory is abounding in symmetries, including the remarkable equivalence of different
string theories. For example, type ITA theory compactified on a circle of radius R describes
the same physics as type IIB theory compactified on a circle of Radius 1/R. This T-duality
is just one instance in a web of dualities identifying all five superstring theories with each

6See [14] for a review.
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other (including M-theory). The present work investigates generalizations of T-duality due
to its geometric nature of relating string theories on very different spacetimes.

The massless sector common to all string theories is the bosonic NS-NS sector containing
a symmetric tensor field G, a two form field B called Kalb-Ramond field and a scalar field,
the dilaton ¢. The Kalb-Ramond field can be considered the higher-dimensional analogue
of a gauge field and the dilaton is in some sense a quantum correction. In the worldsheet
description, these fields determine the shape of the spacetime on which the string resides.
To be more precise, the two-dimensional non-linear sigma model describing the worldsheet
Y of a string embedded into the spacetime M is given by

S(G,B) = 47;, /E d*c+/| det h| (haff Gap + %P Bab) 0o X 05 X".
From the two-dimensional perspective’ the fields X are bosons while G and B are non-
constant couplings. From the spacetime point of view, however, X are the coordinates of
spacetime pulled-back to X, the symmetric tensor field G is a metric on M, and B induces
a torsion® through the H-flur H = dB. Because the metric and the Kalb-Ramond field
constitute the data describing the spacetime on which the string evolves, the pair (G, B)
is called the background.

Now, T-duality identifies different backgrounds (G, B) and (g, b) related by the Buscher
rules [17, 18] as describing the same quantum physics, i.e. S(G,B) and S(g,b) provide
the same quantum theory [19]. For this reason it is referred to as target-space duality.
This is a genuine feature of string theory caused by the extended nature of the probe
in use and has far reaching implications. It has revealed the existence of higher dimen-
sional dynamical objects called D-branes [20], the mathematical connection between certain
Calabi-Yau manifolds called mirror symmetry [21], as well as exotic geometries including
non-commutative spaces’ called non-geometries [26, 27].

The unification of quantum theory with gravity is among the most intriguing problems in
fundamental physics for which string theory provides a promising framework. In order to
be able to utilize its rich structure for constructing realistic theories, further conceptual
progress is necessary.

Accordingly, this thesis focuses on the implications of target-space symmetries as they
serve the twofold desire phrased at the end of section 1.1: They extend the possibilities
of finding realistic models by revealing non-geometric backgrounds as possible vacua while
narrowing them down by identification. Moreover, they provide new insights into the ge-
ometry of spacetime near the Planck scale. A complete description of quantum gravity
requires a background-independent theory accounting for the permanent change of space-
time due to quantum fluctuations which is beyond the scope of the thesis.'’

Y. carries local coordinates with indices a, 8 and is equipped with a metric h. € denotes the Levi-Civita
tensor with /| det hl|e € {0, £1}.

8This is only true in the classical case. The failure of H contributing as torsion to quantum corrections
is discussed in [15, 16].

9In the case of open string theory, non-commutative geometry is well established [22, 23]. It can be
indirectly attributed to T-duality as being confined to D-branes. Non-commutative or even non-associative
geometry in closed string theory is still speculative [24, 25].

10A String field theory might achieve this goal [28, 29, 30].
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1.3 Thematic scope

In the following the main problems treated in the present work will be explained in more
detail.

1.3.1 T-duality

The section is devoted to a more extensive discussion of T-duality [31]. To begin with,
its appearance in the mass spectrum of the closed bosonic string compactified on a circle
of radius R is reviewed. The circle compactifications amounts to the choice of one direc-
tion, say X2°(7,0) with 7 being the time direction on the worldsheet and o its circular
direction which is not periodic. Instead, the string can wind around the circular direction
as X?(r,0 +2m) = X®(1,0) + 2rRW with W € Z being the number of windings. In
effect this means that the X25 direction has to be circled W times in order to return to
the initial point. Starting with the sigma model S(G = ¢, B = 0), the dynamics governed
by the wave equation is solved by splitting the coordinates into left- and right-movers
X4r1,0) = X{(r +0) + X%(7 — 0) which makes quantization simple. The mass M of the
N excited state is then given by

/ 2

of M2 — % P24 %
with P € Z denoting the quantized momentum in the circular direction. Hence, the
spectrum is invariant under inversion of the radius of the circle R — %, accompanied with
a simultaneous interchange of momentum and winding modes P <> W. This symmetry of
the spectrum extends to a symmetry of the whole theory by reflecting the right-moving
coordinate, i.e. X% — —Xlzf, while leaving the left-moving part untouched.'’ This
procedure also applies to toroidal compactifications — in particular Narain compactifications
[32] — and unveils the T-duality group O(d, d;Z). The flaw of this method is its confinement
to particular backgrounds and the requirement of the explicit solution of the theory.

In order to investigate the scope of T-duality, a sigma-model approach is taken [17,
19]. T-duality identifies the actions S(G, B) and S(g,b) for two different backgrounds as
equivalent. This can be shown by constructing an intermediate action from which both
possibilities of describing the same physics can be derived. In principle, the intermediate
model is obtained by gauging isometries: The initial background (G, B) admits isometries
when the action S(G, B) is invariant under spacetime diffeomorphisms in certain directions
which is a global symmetry from the two-dimensional worldsheet perspective. The global
symmetry is promoted to a local gauge symmetry. This requires the addition of an auxiliary
gauge field A with adjusted transformation properties.'> In order to be able to return to
the initial model, a Lagrange multiplier A is introduced. The result is a gauged non-linear
sigma model S(G, B; A, \). This model can be solved for A, giving back the initial theory
S(G, B) by returning the solution back to the action. This procedure is termed integrating-
out A\. However, integrating-out A gives back a different theory which turns out to be the

W24+ 2(N -2),

1This reflection also applies to the fermionic coordinates for the superstring. In particular, reflecting the
right-moving fermion in the circular direction changes the chirality, giving rise to the interchange of IIA
and IIB theories.

124 is a one-form with values in the Lie algebra associated to the gauged (subgroup of the) isometry

group.
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sigma model S(g,b) in terms of a different background. This can also be realized in an
Hamiltonian approach via canonical transformations [33].

This method works well in the case of abelian isometries.'? However, gauging isometries
seems inappropriate for non-abelian isometries. Even if a background admitting non-
abelian isometries could be gauged consistently [36], the two emerging theories will not be
dual. This can be traced back to non-trivial holonomies of the gauge field, i.e. parallel
transport of a field around a loop in spacetime does not give back the initial field. The
possible holonomies must vanish in order to obtain an equivalent dual theory. In the abelian
case, the Lagrange multipliers do not transform under gauge transformations — they form a
gauge singlet — and can therefore be chosen periodically without difficulties. Choosing the
right periodicities then constrains the holonomies to vanish [19]. In the non-abelian case
however, the Lagrange multipliers transform under gauge transformations which makes
it impossible to introduce such periodicities constraining the holonomies to vanish [37].1
Even if the procedure is followed in spite of these subtleties, there is neither the possibility
to recover the initial model from integrating-out the Lagrange multipliers, nor is the dual
model really equivalent. Examples for this observation are studied in [38, 34, 37] and a
canonical approach can be found in [39]. Nevertheless, non-abelian T-duality was used
recently as solution generating technique in supergravity.'”

Circumventing the approach of gauging isometries and thereby avoiding the introduc-
tion of a problematic auxiliary gauge field might lead to a more thorough understanding
of target space dualities. This will be addressed following [49], where a new method for
approaching target-space duality is developed. In particular, it contains non-abelian T-
dualities and a novel duality termed Poisson duality.

1.3.2 Non-geometric backgrounds

T-duality leads to backgrounds which extend the conventional notion of geometry. In the
following, this will be explained by means of simple examples whilst touching upon its
potential utility for constructing physical theories.

As mentioned before, abelian T-duality in a single direction, say the k*", interchanges
the initial background (G, B) with (g, b) via the Buscher rules

- 1 e = _ Bia dup = Glap — GakGrb + Bak Brp
kk szk 3 ka Gkkz ) ab ab Gkk
Gia Gak By + BarGrap
bpo = — 2k = By, —
ka Gkkz ab ab Gkk

with a,b # k. To get an idea of topology changes due to T-duality, the spacetime M = R? x
R19-3 is considered. It is assumed to be equipped with the metric ds? = dr? +r2d¢? +dx2,
where (7, #) denote spherical coordinates on the plane R? and dx? is the flat Minkowski
metric on R1473, In particular, this space is flat and has a vanishing Ricci scalar R = 0.
In a next step T-duality is performed along the isometric angular ¢-direction. The Buscher

13Global issues are discussed in [34] and are revisited in [35].

MEven if consistent periodicities for the Langrange multipliers are introduced, they can not contribute
to a local action [37].

15See [40, 41, 42, 43, 44, 45, 46, 47, 48).
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rules give rise to the new metric d3? = dr? + r‘zdgp +dx2. Thereby T-duality has inverted
the radial dependence of the angular direction. Although the initial metric was well-defined
even at r = 0, the dual metric is singular at that point. Furthermore the new Ricci scalar
R = —2r~2 is singular at the origin as well. Hence, a singular space was obtained from a
simple flat one. This shows the peculiarity of T-duality: Although the dual space admits
singularities, it has to be considered a proper string background as it provides the same
quantum theory as the initial background.

This argument also applies to the aforementioned non-geometric backgrounds, but their
idiosyncrasy is of global nature. As the prototypical example, three spacetime directions
are assumed to be compactified on a flat, rectangular torus with metric ds? = (dz')? +
(dz?)? + (dz®)?. Since {z!, 22, 23} parametrize directions on the torus, they are periodic
and well-defined geometric entities have to be invariant under 2 — z* + 27n for some
integer n. Moreover, the torus is equipped with a linear Kalb-Ramond field B = ha3dz! A
dz? with h € Z.' Going around the z3-direction n times is non-trivial; it changes the
Kalb-Ramond field by 2rhndz! A dz? = d(2nhnz'dz?). Thus, the change is an exact
one-form, i.e. the field changes by a gauge transformation B — B + d{ constituting a
symmetry of the theory. As a result the background just described is well-defined upon
invoking the target-space symmetries of string theory. The background admits isometries
along z!' and 22 which will be T-dualized together. The resulting background is described
by the metric d3? = f(2%)[(dz!)? + (d2?)?] + (dx3)? and the Kalb-Ramond field b =
—hf(x3)x3dx' A do?®. The function f is given by f(z) = (1 — hz?)~1. As f(z) is not
2m-periodic, neither are g nor b. Also, the change of both g and b can not be compensated
by a coordinate transformation or a gauge transformation like in the previous case. Since
these two transformations build the target-space symmetry group of the bosonic string
— sometimes referred to as the geometric group — the latter background is called non-
geometric [27]. It is not well-defined globally but nevertheless provides a viable string
background. However, so-called S-transformations are the proper transition functions for
this background. They are not contained in the geometric group and can be considered as
a mixture of T-duality and gauge transformations. Nonetheless, it is important to notice
that there actually is a transformation serving as proper transition function'”
geometric backgrounds, which is not arbitrary: coordinate changes, gauge transformations,
B-transformations and T-duality in d-dimensions generate the indefinite orthogonal group
O(d,d).

The non-geometric background encountered above is known as the Q-fluz background
or T-fold [50, 51]. The @Q-flux is the analogue of the H-flux on the initial background.
The latter is given by Hiss = (dB)123 = h while the former is given in terms of the
derivative of a bivector field 8 as Q'?3 = 9332 = h [27, 52]. The significance of the fluxes
is their appearance in the four-dimensional low energy effective theory associated with
the string: gauged supergravity.'® From the point of view of these theories, the existence
of non-geometric fluxes is inevitable in a complete description consistent with T-duality.
Especially in the example given above, there must exist yet another flux. The Q-flux

even for non-

16This is only an approximate string vacuum as it is only valid up to linear order in H.

"Here the term transition function is understood in the precise sense of changing the local patch of the
vector bundle involved. In the case at hand, circling the 2*-direction includes two local patches.

8Reviews are found in [53, 54].
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background is not isometric in the z3-direction and therefore T-duality is not applicable.
However, type ITA and type IIB supergravity only match completely under T-duality if a
flux associated to the forbidden third T-duality is introduced as well. Then, starting from
the flat torus with constant H-flux, the following chain of fluxes emerges:

Tra Tr(2 Tr(s
Habc < (>> fabc < ()> Qabc < ()> Rabc.

The f-flux, also known as geometric fluz, describes the twisted torus arising from a single
T-duality. The second T-duality gives the @-flux introduced above and the R-flux is
conjectured from matching the supergravity theories [27, 55].

The R-flux was argued to elude a geometric description by conventional methods even
locally [27]. This seems to be connected to speculations about non-associative structures on
the corresponding spaces [56, 24, 25, 57|. However, string theory vacua, whose target-spaces
are inaccessible geometrically, are well-known in terms of asymmetric orbifold constructions
in conformal field theory [58]: The target space coordinates are described by the pulled-
back coordinates X, which split into a left and a right moving part (cf. the beginning
of section 1.3.1). The left- and right-movers can also be treated asymmetrically which
obstructs their forming of a sensible coordinate. The relation between the R-flux and
asymmetric strings was first noticed in [57] and further elaborated on in [59, 60].'

The immediate question concerning the benefit of non-geometric fluxes arises. One
could argue that although they are associated with formerly unknown geometries, they
have a well-understood dual counterpart providing the same physical theory. However, the
fluxes do appear in the superpotential of the low energy supergravity theories compactified
to four dimensions, providing additional parameters [27]. Nevertheless they do not comprise
additional degrees of freedom; the restrictions among the simultaneous appearance of the
geometric and non-geometric are studied in [27, 62, 63, 64].?Y Two prominent applications
of non-geometric configurations are the following;:

e Prior to the usage of non-geometric fluxes, stable four-dimensional de Sitter vacua
could not be found in string theory?' because there have always been tachyonic direc-
tions. Yet the cosmological constant is measured to be positive [68] and our universe is
spatially flat, so the large-scale spacetime geometry used in the cosmological standard
model — the A-CDM model — is de Sitter. Consequently the existence of such vacua is
of utmost importance to build cosmological models from string theory. Only recently
a scalar potential induced from geometric as well as non-geometric fluxes have been
used to stabilize the moduli in a meta-stable de Sitter minimum [69, 70, 71, 72, 73].

e Many gauged supergravity theories cannot stem from geometric string compactifica-
tions. This discrepancy between the landscape of string theory vacua and the possible
consistent effective field theories is known as the swampland [74, 75], which raises the
question whether some potentially realistic theories might be inaccessible via string
theory. However, at least part of the swampland can be explained by non-geometric
string theory compactifications [76, 77, 60].

19See also [61, 26] for general considerations.
20Tn the context of double field theory, the restrictions are studied in [65, 66].
218ce e.g. [67]
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Apart from being an important step for understanding string theory more completely,
non-geometric fluxes introduce new possibilities for constructing realistic models.

A simultaneous mathematical description of (non-constant) geometric and non-geometric
fluxes [64] as well as the local geometric structure of the associated low energy effective
theories in ten dimensions will be presented in this thesis [78, 79, 80]. In particular, the
limitations upon a global description of non-geometric backgrounds will be addressed.

1.3.3 Double field theory

The geometric group of string theory consists of coordinate transformations as well as
gauge-transformations of the Kalb-Ramond fields. As mentioned in the previous section,
non-geometric backgrounds require transition functions beyond the geometric group. For
example, the Q-flux background is patched-up by S-transformations. In general, all possible
transition functions emerging from target space duality are elements of O(d,d). On that
account the conventional gravity theories arising as low-energy effective theories from string
theory are not suitable for a global description of such backgrounds.

Along with the T-duality group O(d, d;Z) for string theory compactified on a d-dimen-
sional torus [31], this motivated various attempts to construct duality or O(d,d) invariant
theories. In [81, 82], T-duality was realized as a world-sheet symmetry by treating left-
and right-moving degrees of freedom on equal footing and by considering objects invariant
under reflection of the right-moving coordinates. A geometric target space approach to
the problem was pursued in [50, 83, 51, 84]: The usual and the winding coordinates were
considered as coordinates of a doubled manifold, termed doubled geometry. Many quantum
aspects of this theory were studied further in [85, 86, 87], where in particular an O(d, d)
invariant target space effective action was presented. Arguably the most prevalent theory
now is double field theory (DFT).?? It was developed in [91, 92, 93, 94] as a covariant
doubled target space approach to duality symmetries. Whereas in the doubled geometry
approach the compact part of space is doubled, in double field theory the whole space-time
manifold is doubled.

All this approaches have in common a doubling of degrees of freedom, which have to be
reduced to the physical ones. Thus the imposing of constraints is necessary. Since in DF'T
one treats the massless modes of the closed string, the level matching condition Lo— Lo = 0
must be satisfied. This leads to the so-called weak constraint

0,0%f =0, (1.1)

where 8, and 9* denote derivatives with respect to the standard coordinates x® and the
winding coordinates Z,, respectively. For consistency of DFT, i.e. in particular for the
closure of the symmetry algebra of generalized diffeomorphisms, a stronger version of this
constraint has been imposed [92, 94], namely

Oof 0%g + 0%f B9 =0 (1.2)

for f, g physical fields depending on the doubled coordinates. But it turned out that this
ad hoc introduced strong constraint (1.2) is merely a sufficient condition for consistency. In

22Recent reviews can be found in [88, 89, 90]
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the so-called flux formulation of the DFT [95, 96, 97, 98, 99, 65], motivated by the vielbein
formalism of general relativity and the early work [91, 92], it was shown that a weaker
constraint, namely the so-called closure constraint, is also sufficient for consistency of DFT.
This is supported by the observation that Scherk-Schwarz reductions [100] of DFT lead to
consistent gauged supergravity theories in lower dimensions [99] without implementing the
strong constraint along the compact directions.??

Taking this into consideration, two fundamental aspects will be addressed in this thesis.

e DFT is not only invariant under the duality group O(d,d;Z) but includes general,
even non-constant O(d,d) transformations. However, evidence for duality beyond
abelian duality in toroidal backgrounds is scarce. Following [49], an extended sym-
metry structure encompassing in particular non-constant O(d, d) transformations will
be presented.

e The origin of the ad-hoc constraints is not clear: they are always introduced a pos-
teriori for consistency. It would be interesting to deduce the precise form of the con-
straints and to systematically distinguish the non-compact from the compact case.
This will be achieved in a duality-invariant worldsheet approach following [102].

1.3.4 Generalized geometry

General relativity is a theory of gravity in conformity with the fundamental principle of
relativity. The laws of nature are the same for any observer, i.e. in any coordinate system.
In mathematical terms, this is accounted for by the theory being formulated as differential
geometry on the tangent bundle’* equipped with a metric tensor, which is the dynamical
object in the theory. The tangent bundle is special in the following sense. For any choice
of local coordinates {2} of the d-dimensional spacetime manifold, there is a local frame
{0/0z°}, the coordinate frame, on the tangent bundle. This frame changes by a GL(d)-
rotation if the coordinates are changed by a diffeomorphism. Hence, although every vector
bundle has this GL(d)-structure, the one of the tangent bundle is intimately connected
to changes of coordinates on the underlying manifold. Tensors such as the metric or
the curvature on the (co-)tangent bundle are invariant under coordinate changes. This is
reflected locally by a G'L(d)-rotation associated to the diffeomorphism?° of the components
of the tensor, called the transition function.

As mentioned above, the manifest symmetry group of string theory is the geometric
group consisting of coordinate changes and gauge transformations of the Kalb-Ramond
field. Its effective theory is supergravity combining general relativity and Yang-Mills theory.
But string theory also allows for non-geometric backgrounds whose transition functions
are general elements of O(d,d). An associated geometrical theory analogous to general
relativity would therefore require an underlying bundle with the structure group O(d, d).
This is the generalized tangent bundle®® defined in generalized geometry [103, 104, 105].

238ee [101] for a recent discussion about compactification of DFT on non-geometric backgrounds.

24Using the vielbein formalism provides an even more instructive picture: General relativity is formulated
on the frame bundle of the spacetime. The tangent bundle is the associated vector bundle to the frame
bundle, which is a GL(d)-principle bundle.

#The GL(d)-matrix associated to a diffeomorphism is the pullback of the latter.

26 Analogous to the tangent bundle, it is the associated vector bundle to an O(d, d)-principle bundle.
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Therefore generalized geometry is a candidate for a unified description of dualities by
mimicking the constructions in general relativity.

The dynamical object in general relativity is the Riemannian metric which provides a
measure of distance on the tangent space. By its appearance in the Levi-Civita connection
and its ensuing appearance in the curvature tensor, it dynamically determines the shape of
spacetime. In string theory, the spacetime background is determined by the metric and the
Kalb-Ramond field and so the analogue of the Riemannian metric in generalized geometry
is expected to combine these two fields. This generalized metric

G- BG'B BG!
H(G,B) = ( _G—lB G—l )

appears in various contexts in string theory. It characterizes for example the Hamiltonian
density of the bosonic string sigma model and more specifically, it describes the contribution
of the zero modes to the mass spectrum of the string. It is also the most efficient description
of the action of duality on the background by conjugation with an O(d, d) transformation:
The dual background (g,b) is determined by H(g,b) = T'H(G, B)T with T € O(d,d).
From a more mathematical point of view, the Riemannian metric corresponds to a reduction
of the structure group of the tangent bundle GL(d) to the orthogonal group O(d). Similarly,
the generalized metric reduces the O(d, d)-structure of the generalized cotangent bundle to
O(d) x O(d).

Thus, the generalized tangent bundle equipped with a generalized metric is the bosonic
string analogue of the tangent bundle with a Riemannian metric. The next step is to
set up a gravity theory on the generalized tangent bundle with H the dynamical field in
order to obtain a unified description of the bosonic string. This amounts to the definition
of a covariant derivative compatible with the changes of frame and a curvature tensor.
More specifically, Riemannian geometry is build on the tangent bundle equipped with a
metric, the Lie bracket and the partial derivative. By demanding torsion-freeness and
compatibility with the metric, the Levi-Civita connection is completely determined by the
partial derivative, the metric and the Lie bracket. Since the Riemann curvature tensor
is defined in terms of the Lie bracket and the Levi-Civita connection, its construction
does not require extra data. The Lie bracket is distinguished by its conservation under
diffeomorphisms — they form the unique automorphisms of the bracket. Accordingly the
ingredients for a gravity theory are

e a vector bundle with reduced structure group by a metric,

e a bracket conserved by the desired symmetries,

e a partial derivative mapping any smooth function to a section in the vector bundle.
The first prerequisite has already been discussed. As to the second and third point, the suit-
able structure on the generalized tangent bundle is a Courant algebroid [106]. Apart from
the bundle, it contains an anchor map which relates the generalized tangent bundle with

the tangent bundle. This allows for defining a partial derivative related to the conventional
one. The Courant bracket is uniquely determined by conservation under diffeomorphism
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and so-called exact B-transformations.’” The latter comply with gauge transformations
of the Kalb-Ramond field. With these structures at hand, a gravity theory governing the
dynamics of the generalized metric can be approached. However, it is neither possible to
find the analogue of the uniquely determined Levi-Civita connection nor to define a proper
curvature tensor.”® Both of these idiosyncrasies derive from to the anomalous structure of
the unique?” Courant bracket, i.e. the failure of the Jacobi identity and of the Leibniz rule.

A notion capable of carrying a consistent theory of gravity are Lie algebroids [108]
which can be obtained from Courant algebroids by restriction to Dirac structures. A
Lie algebroid is defined on a conventional vector bundle equipped with a non-anomalous
bracket and an anchor map relating it to the tangent bundle. Unfortunately, Lie algebroids
suffice neither for a unified description of the bosonic string, nor for incorporating the whole
duality group. Nevertheless they are well suited for describing the geometry and therefore
the gravity theory of non-geometric backgrounds by characterizing them patch-wise [80].
Moreover, they provide interesting connections between bosonic string theory and Poisson
geometry [79].

The present work provides an introduction to generalized geometry with the focus on its
inability to underlie generalized theories of gravity. This naturally leads to the introduction
of Lie algebroids, the geometry of which will be discussed in detail. These two theories
constitute the main mathematical framework of this thesis.

1.4 Structure of the thesis

The thesis is based on the papers [57, 16, 64, 78, 79, 80, 102, 49] with strong emphasis on
the last three.?’

The thesis is organized as follows. In chapter 2 generalized geometry is introduced.
First, the generalized tangent bundle as well as the generalized cotangent bundle are de-
fined and equipped with a generalized metric. Then Courant algebroids are introduced and
explicit brackets for the generalized (co-)tangent bundle are constructed by implementing
their structure groups as automorphisms. The covariant derivative and the torsion ten-
sor are defined. By elaborating on the malfunction of the exterior covariant derivative,
Dirac structures and with them Lie algebroids appear naturally. The latter are discussed
in detail by describing their cohomology theory, their connection to Courant algebroids
via (proto-)Lie bialgebroids and their differential geometry. The main result of this sec-
tion is theorem 2.17 which describes the relation between gravity theories on different Lie
algebroids.

Chapter 3 focusses on the description of the target-space duality structure of closed
bosonic string theory. The background dependent constrained non-linear sigma model
description is introduced and reformulated in a Hamiltonian description. This reveals the
classical O(d, d)-duality structure to whose exploration the rest of the chapter is devoted.

27 Although desired in the context of duality, a bracket with O(d, d) as automorphism group is not known.
It most likely requires a structure beyond the generalized cotangent bundle. Partially, this is achieved in
DFT by the C-bracket upon imposing constraints (the strong constraint or possible attenuations) .

28The Ricci tensor was defined indirectly in [107].

2Unique with respect to its automorphism group and the bundle.

30The first five papers are covered in [109]. In particular, [78] and [79] are special cases of [S0].
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Its consistency requirements are described in terms of a Courant algebroid bridging this
novel approach to the common method of performing dualities. Examples of O(d, d)-duality
are given which contain T-duality and the new Poisson duality. Quantum corrections are
accounted for by shifting the dilaton in order to preserve conformal invariance. Finally, T-
and Poisson duality are applied to the flat rectangular three-torus with constant H-flux.
This gives rise to non-geometric backgrounds including the @-flux T-fold.

The structure of non-geometric backgrounds is described in chapter 4. First, a mathe-
matical formalism in terms of proto-Lie bialgebroids and Courant algebroids is developed
in order to simultaneously describe all T-dual fluxes — including the non-geometric ones.
In particular, conditions for their concurrent appearance are given. The lack of general
gravity theories on Courant algebroids enforces the restriction to Lie algebroids. It is shown
that transition functions of backgrounds related by duality, including the non-geometric
backgrounds, are elements of O(d,d). Although the transitions can be complicated, the
geometric structure of the backgrounds is described efficiently in terms of Lie algebroids.
This allows to construct (super-)gravity theories on every patch. The (super-)gravity the-
ories on the different patches are related by theorem 2.17 which thereby provides a global
description of non-geometric backgrounds.

Chapter 5 aims at finding a duality-invariant theory using different methods. A simple
T-duality invariant conformal field theory arising from the free boson is constructed. Its
one-loop partition function as well as four-point scattering of T-duality invariant operators
is studied in order to check consistency of the theory. In non-compact directions the strong
constraint of DFT (1.2) is derived. It is a consequence of modular invariance of the partition
function and the premise of having physical intermediate states in the scattering of four
tachyons. Finally, the scattering of three gravitons is considered in order to determine the
effective theory associated to the T-duality invariant CFT. This is shown match with the
action of DFT.

The thesis closes with concluding remarks and an outlook in chapter 6.
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Chapter 2

Generalized geometry

A string is considered moving on a background determined by a (pseudo-)Riemannian
metric G, the Kalb-Ramond two-form B and the dilaton ¢. The pair (G, B) is called a
background with the dilaton being a quantum correction. As will be shown in chapter 3,
T-duality or more generally O(d, d)-duality mixes the metric and the Kalb-Ramond field.
Hence a unified description of duality requires both fields to be treated on equal footing.
This also applies to the associated symmetries: The metric and its dynamical theory —
the general theory of relativity — are tightly connected to coordinate transformations. The
Kalb-Ramond field is a higher order gauge connection associated to a gerbe [110] with
gauge transformations its associated symmetry.

The combination of both concepts within one framework is the subject of generalized
geometry [103, 104, 111, 105], which is introduced in this chapter. A particular focus lies
on the formulation of a geometrical theory combining diffeomorphisms and gauge transfor-
mations.

2.1 The generalized tangent bundle

The infinitesimal generators of diffeomorphisms are vector fields, i.e. sections of the tangent
bundle TM. On the other hand, gauge transformations of the Kalb-Ramond field are
generated by one-forms, i.e. sections of the cotangent bundle T*M. The combination of
both can be achieved by defining the generalized tangent bundle as an extension

0—T"M —E—TM —0 (2.1)

in the following way. Locally on a patch U; C M , E|y, = TU; ® T*U;. Therefore the
sections A € I'(E) — called generalized vectors — can locally be written as A;) = X(;) + &)
for X € T(TM) and & € T(T*M). A change of frame' within TM or T*M is achieved by
GL(d)-transformations. Additionally, TM @ T*M on U; and TM & T*M on U; are related
on the overlap U; N U; by a B-transformation

¢ B(X 16 =X 46— ixB= (_]lB g) (f) (2.2)

! Diffeomorphism are special changes of frame as they affect the coordinate frame.
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for B = dwy;;) a two-form with w;;y € I'(T* M) a connective structure on a gerbe [111, 112].
The group of B-transformations (2.2) will be denoted Gp. The convenient representation
of generalized vectors as 2d-vectors has been introduced. Moreover, the entries of a d x d-
matrix 7 acting on a generalized vector (X, &)! have to be interpreted as linear maps:

t11 : TM — TM,
t11 ti2 with tig: T*M — TM,
to1 29 tor : TM — T*M
tog : T*M — T*M .

(2.3)

In total, the general transition function for the vector bundle F is given by

_( 1 0\ (Awp O
Q(ij)_<_dw(ij) ]l>< 0 A&;.) ) (2.4)

which is an element of the semi-direct product Gg4, x GL(d) of exact B-transformations
(2.2) and changes of frame. Therefore the generalized tangent bundle can equivalently be
defined by giving the cocycles g(;;) for the patches {U;}. In addition, E is equipped with
the natural inner product

wearen=() (Y@ =mene

=n

This inner product defines the indefinite orthogonal group O(d,d): T € O(d,d) if and
only if (TA,TB) = (A, B). Just taking the bundle E defined by (2.1) together with (2.5)
actually defines an O(d, d)-structure bundle. However, the generalized tangent bundle is
defined by reducing O(d, d) to G4, % GL(d). The subgroup SO(d,d; C*°(M)) is generated
by the following three transformations

change of frames Ty = <’3 Ao_t> with A€ GL(d) ® C>*(M),
: 1 0 : _ 2
B-transformations  Tp = B 1 with BeGp=T(AT*M), (2.6)

B-transformations T = <]é _]16> with B € Gg=T(A*TM).
The first two have been encountered in the structure group of the generalized tangent
bundle. As they are not contained in the latter, S-transformations play a special role.
The consequence of replacing B-transformations by [S-transformations in the definition of
the generalized tangent bundle will be discussed in section 2.1.2. For generating the entire
group O(d, d) a further element of negative determinant is needed in addition to (2.6) which
changes the connected components [80]; being of major importance for the discussion of
duality it is taken to be

T-duality in k" direction Tty = <]l I L 1 1’“1 ) (2.7)
k — 1



2.1 The generalized tangent bundle 17

with 1j, the d x d-matrix with 1 as k*" diagonal entry. In section 3.2.3, (2.7) is shown to
provide the description of the Buscher rules within O(d, d).

To summarize, the generalized tangent bundle F is defined by having structure group
G4, * GL(d) and is equipped with the O(d, d)-invariant inner product (-,-). In the next
subsection a reduction of the structure group of E is introduced.

2.1.1 Generalized metrics

In Riemannian geometry, which can be considered as differential geometry on the tangent
bundle, the structure group associated to changes of frames is GL(d). The implementation
of additional structure on the tangent bundle gives rise to a reduction of the structure group.
For example, the introduction of a Riemannian metric can equivalently be considered a
reduction of the structure group to the orthogonal group O(d). As being the dynamical
object in a geometrical theory of gravity, the introduction of a metric is inevitable.

Following this logic, the reduction of the structure group of the generalized tangent
bundle analogously to the reduction GL(d) — O(d) gives rise to the dynamical object
desired in the geometrical theory for the massless degrees of freedom of string theory. This
is achieved by reducing O(d, d) — O(d) x O(d) via the following object.

Definition 2.1. A generalized metric is a splitting of the generalized tangent bundle E into
two rank-d subbundles Cy and C_, which are orthogonal as well as positive and negative
definite with respect to the inner product (-,-) (2.5), respectively. Then E is the direct
sum F=C, @ C_.

The O(d) x O(d)-structure is defined by the conservation of (-, )|, . The subbundles can
explicitly be constructed from the background (G, B) by taking its graph:

Cy =graphyy (B£G)={X+(BxG)(X)} CE. (2.8)

Here the metric and the Kalb-Ramond field are considered as maps TM — T*M. This
connects to the conventional idea of a metric as a ruler on the space by defining the positive
definite symmetric bilinear form

G(A,B) = AMB = (A,nHB) = (A, B)|¢, — (A, B)lc. (2.9)

with H : F — E a symmetric automorphism. Thus H encodes the subbundles as Cy =
$(idg £nH)(E), i.e. as t1-eigenspaces of g, which requires (yH)? = 1. Using (2.8), this
allows to determine the automorphism:

_ -1 -1
G- BG™'B BG ) (2.10)

H(GvB) = < -G1B G-l

Its specification being equivalent to the definition given above, H is referred to as general-
ized metric as well. In particular, G = (-,-)|c, — (-, )|c_. The group preserving (-, -)|c
is O(d). Hence, this establishes the reduction of the structure group to O(d) x O(d) by
the introduction of the generalized metric (2.10), which plays an important role for the
discussion of dualities in string theory and provides a unified description of the metric and
the Kalb-Ramond field.
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2.1.2 The generalized cotangent bundle

Since duality puts the metric and the Kalb-Ramond field on similar footing, it seems equally
reasonable to consider the extension

0 —TM —FE"—T°M —0 (2.11)

of the cotangent bundle instead of the extension of the tangent bundle (2.1). The general-
ized cotangent bundle E* is also equipped with the inner product (2.5) but its transition
functions are comprised of changes of frames and S-transformations (2.6)

e P X+ =X —B+e= (]é _]lﬁ> <‘§> . (2.12)

The difficulty is to find the appropriate notion of ezact [-transformations suitable for
string theory. The gauge transformations of the Kalb-Ramond field determine the de
Rham cohomology to be the right notion. This is only a particular example in the class of
Lie-algebroid cohomologies discussed in section 2.3.1. The appropriate cohomology for -
transformations will be discovered in chapter 3 — for now, the associated nilpotent derivative
acting on multivector fields will be denoted d 4. Then the transition functions are given by

g(ij) — (0 1 (J)) ( (OJ) At> (2_13)
(i)
with X(;;) a vector field and d4X(;;) a bi-vector field. Hence the structure group of E*

is Gg,x x GL(d). It can be reduced to O(d) x O(d) analogous to the reduction presented
above. A splitting into the subbundles

CL = graphy. (B £ g) = {(B £ 9)(§) + £} C E (2.14)

is introduced with g a metric on the cotangent bundle and 5 a bi-vector. Then the gener-
alized metric on E* can equivalently be determined by

-1 1 5
H* (g, :(g_ g_). 2.15
The role of this metric can be appreciated in the context of non-geometric frames, which
are studied in chapter 4.

2.2 Courant algebroids

Lie algebras with the Lie bracket are the algebraic structure of vector fields, the infinitesi-
mal generators of diffeomorphisms diff (M). Now the algebraic structure of the infinitesimal
generators of G g, x diff (M) is discussed in a similar fashion. The restriction of the general
linear group to the group of diffeomorphism is justified by the goal of describing the sym-
metries of string theory (cf. section 3.1). A Lie algebra is a vector space equipped with the
Lie bracket [-, -], which satisfies the Jacobi identity Jacpe(X,Y, Z) = 0 for the Jacobiator

JacLie(X,Y, Z2) = [[X,Y], Z) + [[Z, X], Y] + [[Y, Z], X] . (2.16)

This notion can be generalized as follows.
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Definition 2.2 ([106]). A Courant algebroid is a quadruple C = (C, (-, -), [, -], @) consisting
of a vector bundle C' — M equipped with an inner product (-,-), an antisymmetric bracket
[,-] on T'(C) and a smooth bundle map « : C — T'M called the anchor. Introducing the
Nijenhuis tensor

T = § (([e1, call, e3) + ([es, e, e2) + ([ea, es], e1) (2.17)

for ¢1,c2,c3 € T'(C) and the differential D : C*°(M) — I'(C) via (Df,c1) = a(c1)f, the
Courant algebroid has to satisfy the following properties:

e anchor property: a([c1,c2]) = [a(c1), a(c2)]

Jacobi identity: Jacc(ci, c2,c3) = DT (c1, c2,c3)

e Leibniz rule: [c1, fea] = fler, o] + [a(cr) flea — 3{c1, c2)Df
e aoD=0
o afcy){cg,c3) = <[[cl,02]] + %D(cl, c2), 63> + <CQ, [c1,es] + %D(cl, 63>>

The Jacobi identity and the Leibniz rule have unusual defects whose consequences will be
encountered in the next section. However, the definition is tailor-made for serving as the
algebraic structure for the generators of the structure group of the generalized tangent
bundle much like the Lie bracket. This will be discussed in the following.

2.2.1 The Courant bracket and its symmetries

As the major example the natural Courant algebroid structure on the generalized tan-
gent bundle is presented. The action of infinitesimal diffeomorphisms is given by the Lie
derivative of vector fields; X.T' = LxT for a tensor field T'. In particular, on vector fields
and one-forms it acts as LxY = [X,Y] and Lx¢& = txd§ + dux€, respectively. For the
generalized tangent bundle the infinitesimal action of B-transformations (2.2) given by
B.(X +¢&) = txB has to be considered as well. The Lie algebra of the group Gg¢ x diff (M)
consists of sections X —d¢ € T'(TM @ A*T* M) whose action on a generalized vector Y +n
is therefore given by

(X = d§).(Y +n) =Lx(Y +n) —wd{ = [X, Y]+ Lxn — tyd§. (2.18)

This is sometimes referred to as generalized Lie derivative or Dorfman bracket (X + &) o
(Y +1n). The Dorfman bracket satisfies similar properties as a Courant algebroid; the
major difference being its lack of antisymmetry. Given the Dorfman bracket (2.18) a
Courant bracket can be defined by [113]

[A,B] = 5(Ae B—BeA)=[X,Y]+ Lxn— Ly& — 3d(txn — wy€). (2.19)
This is known as the Courant bracket. The associated Courant algebroid is £ = (T'M &

T*M, (-,-),[,-], prras) with anchor prp,, the projection on the tangent bundle. In partic-
ular, Df = df.
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The Lie bracket is preserved by diffeomorphisms, i.e. f*[X,Y] = [f*X, f*Y] for f a
diffeomorphism. In fact, this is the only bundle automorphism of T'M with this property
(cf. [104], proposition 3.22). As to the Courant bracket, the only two automorphisms of F
preserving it as well as the inner product are diffecomorphisms and B-transformations (2.2)
(cf. [104], proposition 3.23 & 3.24):

Proposition 2.3 ([104]). The group of bundle automorphisms E — E orthogonal with
respect to the inner product (-,-) and preserving the bracket [-,-] is Ga, xdiff (M).

In this sense, the Courant bracket relates to the generalized tangent bundle as the Lie
bracket relates to the tangent bundle, justifying the notion of Courant algebroids.

The Courant bracket for the generalized cotangent bundle

As will be explained in detail in section 2.3.1, a nilpotent derivative is associated to a
Lie-algebroid bracket. A particular example is the exterior derivative d associated to the
Lie bracket. In this way, a proper notion of exactness for S-transformations is related to
a Lie-algebroid bracket [-,-] 4 on the cotangent bundle. The brackets are also preserved
by diffeomorphisms. Thus the construction above can be repeated for the generalized
cotangent bundle, which yields the bracket

[A, BJ* = (€04 + LY — £, X — 2daGeY — 1 X) (2.20)

with L X = 1ed 4 X + d g1¢ X. This is a Courant algebroid £* on T'M & T™ M with anchor
a = poprpsy and Df = daf. The injective homomorphism p : T*M — T M satisfies
p([€,ma) = [p(&),p(n)] and is the anchor for the Lie algebroid A (cf. section 2.3). As
above, the bracket (2.20) is preserved under the structure group of E*.

Proposition 2.4. The group of bundle automorphisms E* — E* orthogonal with respect
to the inner product (-,-) and preserving the bracket [-,-]* is Gq,x xdiff(M).

Proof. The coordinate-free notation makes invariance under changes of frames of (2.20)
manifest. Preservation under exact S-transformations (2.12) follows from

[[eﬁ(X + f)ﬂfﬁ(y +)IF =X+ &Y +0]" + LewnB — Lyt + datyteB
=[X+&Y +n]" + LetyS — tndateS
=[X +&Y +n]" + [Le,ty] B+ tytedaB
=P ([X + &Y +n]*) + tyiedaB.

In the first step antisymmetry of 5 was used and in the last step the identity [L¢, | =
Lemla (2:40). Therefore e? preserves the bracket if 8 is A-closed, i.e. in particular for
8 = d4X. For proving that these two groups are the only automorphisms, the existence
of an orthogonal bundle automorphism (f, F') preserving the bracket is assumed. f is an
automorphism of M and F' an automorphism of E*. Considering the change of frame given
by f. = diag(f*, (f*)!) the pair (idy;,G = f-! o F) is orthogonal and bracket-preserving
as well. Then for A, B € I'(E*) and h € C*° (M) this yields on the one hand

G([A,hB]*) = G (h[A, BI* + (a(A)h)B — 5(A, B)d4h)

+ 2
— hG([A, BI") + (a(A))G(B) — L(A, B)G(dah)
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and on the other hand

[G(A), G(hB)]* = h[G(A), G(B)]* + (a(G(A)) h) G(B) — $(G(A), G(B))d.ah
= hG([A, B]*) + (a (G(A)) h) G(B) — 3(A, B)d 4h

by orthogonality. Comparing these evaluations gives
(a(A)h)G(B) — 5(A, B)G(dah) = (a(G(A)) h) G(B) - 3(A, B)dah.

Suppose that A = £, B = n are one-forms such that (A, B) = 0. This gives a(G(&) —
¢) = 0. This implies G(§) = & for all one-forms and therefore sets G = (7). Taking
only vector fields restricts the automorphism to G = (7). Then for general sections
A and B the last equation reduces to (A, B)G(dah) = (A, B)d4h. This further reduces
the matrix to G = ({%). Orthogonality with respect to the inner product forces the
remaining unknown entry to be an antisymmetric bivector field and preservation of the
bracket demands A-exactness. Hence G = f; ' o F' = ¢%4X | or equivalently F = f, o e4X:
Every orthogonal, bracket-preserving automorphism is a composition of diffeomorphisms
and A-exact -transformations. O

Having established the natural algebraic structures on the generalized (co-)tangent
bundle, these can be used for constructing a dynamical theory for the generalized metric

H (H*).

2.2.2 Towards a differential geometry

General relativity is a dynamical theory for a Riemannian metric with coordinate changes
a manifest symmetry. The main ingredient is the tangent bundle itself with its Lie algebra
structure for vector fields and the metric. The bracket and partial derivative are used to
explicitly construct the Levi-Civita connection via the Koszul formula, from which curva-
ture and torsion can be defined — they determine the shape of the space. The analogous
procedure in generalized geometry will be followed as far as possible in the present section.
In particular, a consistent definition of torsion and curvature within generalized geometry
would provide a unified description of string backgrounds.

The generalized covariant derivative

The main object in differential geometry for describing dynamics is the covariant derivative
or connection as it connects the different patches of a vector bundle. The aim of the
following is to find the right notions for derivatives in order to define torsion and curvature.

Definition 2.5. Let C = (C, (-, ), [, ], @) be a Courant algebroid and V a vector bundle.
A generalized covariant derivative ,or C-connection for short, on V is a bilinear map V :

(V) x I'(C) — I'(V) satisfying

vfcs = fV.s,
Ve(fs) =lalc)fl s+ fVes

forall ce I'(C), s e I'(V) and f € C>(M).

(2.21)
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The generalized covariant derivative can also be interpreted as a connection V : I'(V) —
I'(C* ® V) where C* is the dual bundle. A simple way of formulating the curvature in
differential geometry is using the exterior covariant derivative. To define it, the derivative
D has to be extended to sections I'(A®*C*) analogous to the exterior derivative d. This is
achieved by defining

k

devy(co, ... cp) = Z(—w’a( D)7(C0y -y Ciyennscr)
(2.22)

+Z ’J” [[cz,c]]] CO,...,cAi,...,é},...,ck)
1<J

with v € T'(A¥C*) and the hat indicating omission of the entry. This is the usual way
of constructing the exterior derivative given a bracket and a partial derivative. However,
already nilpotency is a problem: Whereas for functions f it still satisfies

d¢ f(co, 1) = ([aleo), ale1)] = a([eo,e1])) £ =0

by the anchor property, for a y € I'(C*) one obtains

dgp(co, c1, e2) = pu(Jace(co, c1,¢2)) = (DT (co, c1,¢2)) -

So the naive construction for an exterior derivative fails to be nilpotent. Even worse, the
exterior derivative of a section is not a tensor any more as it lacks function-linearity:

dey(feo,- -, ck) ZdeW(Co, s Cl)

+ = Z e, ) Y(Df, ety ..\ Ciyen s Cr) -
The defect is due to the anomalous Leibniz rule for the bracket [-,-]. However, inspired by
[114] the bracket can be modified.

Proposition 2.6. The modified Courant bracket for a Courant algebroid C = (C,{-,-),
[-,-], @) with generalized connection ¥V on C' is given by

(c1,¢2) = [e1, 2] — %((Vcl, c2) — {c1,Vea)) (2.23)
with ((Ve, e2), c3) = (Veger, ca) forer, ca,c3 € T'(C). It satisfies the Leibniz rule (c1, fc2)) =
f(er, e2)) + [a(er) flea.

The claim can readily be checked from the definition and the Leibniz rule for Courant
algebroids. The disadvantage of this bracket is a complicated Jacobiator as well as the lack
of the anchor property. For the latter to hold, the anchor applied to the new term has to
vanish. However, for an arbitrary function f it satisfies

a((Ver,e2)) f = (Df,(Ver, e2)) = (Vpyer, c2) (2.24)

which is neither vanishing in general nor symmetric.
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Using the formula (2.22) allows for defining a derivative d. ) : [(A*C*) — D(AF+1C¥)
as it is antisymmetric and satisfies the Leibniz rule. However, it is also not nilpotent due
to the failure of the Jacobi identity. Since it maps tensors to tensors this derivative is
suitable for extending the generalized covariant derivative’ to a map V : ['(A*C* @ V) —

['(AF1C* @ V) uniquely via®
V(y®s) =d()v®s+ (1) AV(s) (2.25)

for v € T(A*C*) and s € T(V). The extension can explicitly be constructed using a formula
analogous to (2.22):

Proposition 2.7. For T € T'(A*C* ® V) the generalized exterior covariant derivative
(2.25) is given by

k
VT(co,....cu) = » (-1)'Ve,T(co,... G- ck)
i=0 (2.26)
DT (i, ¢5)s C0r w1 Civ ey )
i<j
with ¢; € T(C). VT is C°°(M)-linear and satisfies the Leibniz rule V(fT) = d..yf NT +
fVT.

Proof. Consider T' = v ® s. By the Leibniz rule for the generalized covariant derivative the
first line in (2.26) gives

VciT(co, ce iy Ciyee ,ck) = [a(ci)fy(co, . ,é\i,...,ck)} s

+’y(co,...,6§,...,ck)vcis,
whose first term combines with the second line in (2.26) to d..) via (2.22). The sign in
(2.25) arises from the possibilities of inserting k + 1 sections into v A Vs in comparison
to the last term in the last equation. The linearity follows from the Leibniz rule of ((-,-)).
The Leibniz rule is a direct consequence of (2.25) and the Leibniz rule for the generalized
covariant derivative. O

Dirac structures

From now on V denotes an £-connection on the generalized tangent bundle E with its
natural Courant algebroid structure £ and is assumed to coincide with the connection in
the definition of the modified Courant bracket (2.23). In particular, generalized connections
on a Courant algebroid are assumed to be compatible with the inner product, i.e.

a(A)(B,C) =(VaB,C)+ (B,VaC) (2.27)

for A,B,C € T'(E). In this case it is important to notice that the inner product (2.5)
identifies £/ with its dual.

*Note that the generalized covariant derivative in the definition of ((-,-)) may differ from this one.
3To be precise, the A in (2.25) refers to an exterior product between ~ and the T'(C')-component of Vs
which is tensored with the I'(V')-component of Vs: yAVs = (yAp) @t for Vs = p@t.
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In Riemannian geometry the curvature can now be defined as composition of the exterior
covariant derivative, i.e. via VoV (cf. def. 2.15). A crucial property of the curvature is its
function linearity in order to be tensorial in every entry. However the generalized exterior
covariant derivative satisfies

VoV(fT)=di yf AT+ fVoVT (2.28)

for T € T(A¥E ® FE) by using the Leibniz rule and (2.25). Thus function-linearity fails
by the absence of nilpotency. Using the (-,-)-compatibility of the generalized covariant
derivative and the axiom « oD = 0, the nilpotency of d. .y is spoiled as

di. yf(A,B) =a((VA,B))f = (VpsA, B). (2.29)

In order for this to vanish and being able to define a proper curvature, one can proceed in
two ways:

e Imposing VprA = 0. To this end, let {eyr} be a frame for £. Then the &-
connection can locally be written as Vey = wl; ® ey with wl, € I'(E). By
the Leibniz rule, the covariant derivative of an arbitrary section A = AMe,, is
VA = (DAM + ANw%) ® epr. In particular, using a o D = 0, the case of inter-
est becomes VprA = AN[a(wi)flen. Since A and f are arbitrary, a(wl) = 0
has to be demanded. However, for £ with o = prp,,, this restricts the connection
coefficient to be a one-form. This implies VA = 0 for all one-forms ¢, which in
turn restricts the generalized covariant derivative to be a conventional T M-covariant

derivative. Thus this option is not interesting.

e For VpyrA # 0 the remaining possibility is (A, B) = 0 with A, B arbitrary. This
case is of particular interest as it renders the Courant bracket a bracket satisfying
the Jacobi identity and a regular Leibniz rule, cf. definition 2.2.

The second case is associated to the following structure for Courant algebroids.

Definition 2.8. Let C = (C, (-, ), [-,], @) be a Courant algebroid. A maximal-rank sub-
bundle D C C with [di,ds] € I'(D) for d; € D is called a Dirac structure if it is isotropic,
ie. if (A,B) =0 for all A,B € D.

Any defect to common construction from Courant algebroids encountered so far have been
associated to the inner product. Hence isotropic subbundles allow to mimic the usual
constructions of differential geometry and in particular support the definition of a tensorial
curvature. Dirac structures are special case of Lie algebroids, which are discussed in the
next section.

2.3 Lie algebroids

Riemannian geometry and accordingly general relativity are concepts based on the mathe-
matical structures of the tangent bundle with its Lie algebra of vector fields. In principle,
differential geometry is determined by a vector bundle, a bracket and a derivative. This
can be considered the leitmotif for introducing Lie algebroids [108]:
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Definition 2.9. A Lie algebroid is a triple A = (A, [-,-]a, p) consisting of a vector bundle
A — M, an antisymmetric, bilinear bracket [,-]4 : T'(A) x T'(A) — T'(A) satisfying the
Jacobi identity and a homomorphism p : A — T'M called the anchor. Moreover, it satisfies

e the anchor property p([s1,s2]4) = [p(s1), p(s2)],
e the Leibniz rule [s1, fsa2]a = f[s1,52]4 + [p(s1) f]s2
for all s1,s9 € T'(A) and f € C*°(M).

The anchor property is redundant as it is a consequence of the Leibniz rule and the Jacobi
identity. However, this property is crucial as it connects a Lie algebroid to the tangent
bundle — the trivial Lie algebroid (T'M, [-,-],idras) (see figure 2.1).

(TM7 [" D

Figure 2.1: The anchor map p : A — T'M connects the Lie algebroid to the tangent bundle
with Lie bracket.

The bracket can be uniquely extended to I'(A®*A) by the Gerstenhaber properties

(k—1)

[s1,52 A s3la = [s1,52]a A s3+ (—1) Lsg A [51,53]4

[s1,50)4 = —(=1)F"DU=D[g) 51] 4

for s; € T(A*A) and sy € T(A'A). In particular, on functions it is defined by [f,g]a = 0

and [s1, fla = p(s1)f.
The concept is illustrated by the following three examples:

(2.30)

e (g,[,]g,idg) with g the Lie algebra to the Lie group G and [g;, g;]g = f¥ijgx its Lie
bracket with structure constants fkij. Since g = ToG, the anchor is the identity
map. In this sense, the Lie algebra is considered a vector bundle over a single point
g — {0}. This allows to interpret a Lie algebroid as a "bundle of Lie algebras” which
in particular allows for non-constant structure coefficients. The associated structures
analogous to Lie groups are Lie groupoids.

o (D,[,-],«) with D a Dirac structure for a Courant algebroid (C, (-,-), [, ], ). By
definition 2.8 and 2.2, a Dirac structure is a Lie algebroid. For example, TM is a
Dirac structure for the generalized tangent bundle £: it gives the trivial Lie algebroid
(T'M,[-,],idrar). The second instance is T*M as Dirac structure for the generalized
cotangent bundle £* and gives the Lie algebroid (T*M, |-, ] 4, p). An example for the
latter structure is given next.

o (T*M, [, ]k, B%) with B € T(A?’T'M) inducing the homomorphism g% : T*M —
TM; €& w— &,0M%, and the Koszul bracket

[€,nk = Lgzen — Lp1,dE . (2.31)
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For this bracket to satisfy the Jacobi identity, S has to be a Poisson structure, i.e.
{f,9} = B(df,dg) has to be a Poisson bracket for all f,g € C°°(M). This in turn is
the case if and only if © € I'(ASTM) given by

© = §[8, Blsn (2.32)

vanishes. Above the Lie bracket was extended by the Gerstenhaber properties (2.30)
to the Schouten-Nijenhuis bracket. The Koszul bracket is the natural geometric
structure in Poisson geometry.

The anchor of a Lie algebroid is a particular example of bundle homomorphisms preserving
the Lie algebroid structure. In general, they are defined as follows.

Definition 2.10. Let A; = (A1, [, ]4,,p1) and Az = (As, [, ]4,, p2) be Lie algebroids
with A;/; vector bundles over M. A bundle homomorphism ® : A; — A is called a Lie
algebroid homomorphism if it satisfies

p2o® = p; and D ([s1,82]4,) = [®(51), P(s2)] A, (2.33)

for s1,s9 € I'(A1). The Lie algebroids are isomorphic — A; = Ay — if the Lie algebroid
homomorphism is invertible.

Having introduced the basic notions for Lie algebroids, more advanced structures can be
discussed.

2.3.1 Lie-algebroid cohomology

As mentioned above, gauge transformations of the Kalb-Ramond field are described in
terms of the de Rham exterior derivative. However, also an alternating bivector field
appears in generalized geometry by considering S-transformations (2.12). The right notion
of exactness for alternating multivector fields can be described in terms of the cohomology
of a Lie algebroid on the cotangent bundle. Introducing the appropriate concepts is the
purpose of this section.

Definition 2.11. For a Lie algebroid A = (A,[,]a,p) the exterior derivative d4 :
(A A*) — T(A*+1A*) is given by

k

dpo(sg,...,8K) = Z(—l)ip(si)a(so, > ,sk)
' (2.34)

=0
—l—Z(—l)H'j o ([Sis85)4, 50, -+ 8is-- 1855, 5k)
1<j

with s; € T'(A) and o € T(AFA*).

This definition in analogous to (2.22). However, due to the Jacobi identity this derivative
is nilpotent. Moreover, the triple (I'(A®*A*),d 4, A) is a differential graded algebra — this is
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equivalent to the definition of a Lie algebroid [115]. The k*® Lie algebroid cohomology on
A is defined as

p  ker {dq:T(A*A*) - D(AF+14%)}
AT im{dy : D(AF1A*) - T(AkA%)} -

(2.35)

Sections in the class of zero in HY, i.e. ones of the form d 4o will be called A-eract. Lie
algebroid homomorphisms allow for a switching between the two associated cohomologies.
To this end the transpose of a linear map ® : Vi — V5 is introduced as

VS Vi wwod, (2.36)
which naturally extends to linear maps between multisections of the same order. In par-
ticular, (@*®!)(0)(s1,...,5%) = o(®(s1),...,P(sy)) for o € T(A*VS) and s; € T'(V4).

Proposition 2.12. Let & : A1 — Ay be a Lie algebroid homomorphism between A; =
(A1, [ ]ay, p1) and Ay = (Ag, [, )4y, p2). Then the corresponding exterior derivatives are
associated via

(@@ ody, = dg, o (®°®). (2.37)

Applying the properties of a Lie algebroid homomorphism within the defining formula
(2.34) proves the claim immediately. As particular example, the anchor of any Lie algebroid
connects its cohomology to the de Rham cohomology.

2.3.2 Lie bialgebroids and Courant algebroids

Lie algebroids can arise as Dirac structures of Courant algebroids. However, the converse
is possible as well [106, 113].

Definition 2.13. Let A = (A, [, ]4,p) and A* = (A*,[,-]a+, p«) be two Lie algebroids
with A* the dual vector bundle to A. Then the pair (A, A*) is called a Lie bialgebroid if

da([o1,02]a+) = [dao1,09)a+ + (—=1)* [0, dao2) a+ (2.38)
for o1 € T(A*A*) and o9 € T'(A*A*) ji.e. if d4 is a graded derivation for [, ] 4x.

In particular, if (A, A*) is a Lie bialgebroid, so is (A*, . A). In the definition, the Lie
algebroid bracket [-,-] 4= has been uniquely extended to a bracket on arbitrary alternating
multisections by the Gerstenhaber properties (2.30).

Another useful notion is the Lie derivative on a Lie algebroid A; it can be defined by
setting

Ly = pls)f
Lﬁ S9 = [81, SQ]A (239)

LfU:LsodAa—i—dAoasa
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with f € C*°(M), s, 51,52 € I'(A) and o € T'(A*). It extends to multisections by demanding
the product rule with respect to tensor products. The Lie derivative satisfies

[L‘é,Lé] = Lél:SQ]A
(L35 bs2] = Usrsala (2.40)
L o pey © da = da© L o pe

L;f‘sa:dAf/\Lsa—i—foU.

The proofs are completely analogous to the proofs for the standard Lie derivative. Then a
Courant algebroid can be found as follows.

Proposition 2.14 ([106]). Let (A, A*) be a Lie bialgebroid with anchor p and ps, respec-
tiely. Then the quadruple (A& A*, (-, )+, [, ], a) with
o5+ 0) = pls) + pa(0)
(s+o,t+T)r =1sT 10
[s +o,t+7] = [s,t]a + LT — Lo — Lda(s + ot +7)—
[0, 7)as + Lt — LY s + ddas (s + oyt +7)—

(2.41)

for s,t € I'(A) and o,7 € T'(A*) is a Courant algebroid.

The compatibility condition (2.38) between the two Lie algebroids is important for proving
the Jacobi identity for the Courant bracket. Moreover, the converse is also true: If C is a
Courant algebroid with A; and As transversal Dirac structures, i.e. C' = A; @& As, then
(A1, A2) with the associated Lie algebroid structures is a Lie bialgebroid. A; and Ag are
dual under the inner product on C.

The most immediate example is (T'M, T*M) with (T'M, |-, -],idras) and T*M equipped
with the trivial structure (bracket and anchor being zero-maps); it gives the Courant
bracket (2.19). Similarly, taking a Lie algebroid structure on T*M and T'M with trivial
structure, the bracket (2.20) is obtained.

Proposition 2.14 was generalized to the case of proto-Lie bialgebroids in [113]. A proto-
Lie bialgebroid consists of two quasi-Lie algebroids with complicated compatibility condi-
tions. A quasi-Lie algebroid A is a Lie algebroid whose anchor property admits a defect

Au(st,s2) = p([s1,52]4) = [p(s1), p(s2)] - (2.42)

The compatibility conditions are most efficiently described in terms of supermanifolds and
Aso-structures, which are not covered in this thesis. A particular example of proto-Lie
bialgebroids is introduced in section 4.1 for studying non-geometric fluxes.

2.3.3 Differential geometry

As opposed to the Courant algebroid, curvature and torsion can be introduced as usual. Let
A= (A,],]a,p) be aLie algebroid and let V : I'(A) — I'(A*® A) be an A-connection — the
connection is defined as in 2.5. As above, the connection extends to the exterior connection
V :T(A*A* @ A) — T(AF1A* @ A) via (2.26) with respect to A. First, curvature and
torsion are defined.
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Definition 2.15. With the identity id4 : A — A considered as a section 14 € I'(4 ® A*),
curvature and torsion are defined as
R=VoV €eT(A?A*®End(A)),

2.43
T=Vily €el(A?A*®A4), 249

respectively. End(A) = A* ® A denotes the endomorphism bundle. Moreover, the Ricci
tensor Ric € I'(A* ® A*) is defined as Ric(sy, s2) = tr(t — R(t,s2)s1). If A is additionally
equipped with a metric g, the Ricci scalar is given by S = tryRic € C*°(M).

The endomorphism-valuedness of the curvature is a consequence of (2.26) and the prop-
erties of the Lie algebroid bracket (cf. section 2.2.2). Using (2.26) the definition of the
curvature can be cast into the more familiar form

R(s1,52)(53) = [Vs;, Vs,]83 = Vg, 55]453 - (2.44)
Similarly, the torsion can be written as
T(s1,82) = Vs,82 — V81 — [51,52] 4 (2.45)
In a local frame {e,} for A with {e®} its dual, curvature and torsion are written as
R%gys = (%, R(ey, e5)eg) and Ty = (e*,T(es,€)), (2.46)

respectively. Returning to the leitmotif of formulating geometry in particular in terms of
a bracket, the connection will be specified. A connection is said to be compatible with g
for g € D((D? A*) a metric on A if

p(s1)9(s2,53) = g(Vs; 82,53) + g(s2, Vs, 53) (2.47)

for all s1, s2,s3 € I'(A). This allows to determine the connection in terms of the bracket,
the metric and the torsion as follows.

Proposition 2.16. Let g be a metric on A and V an A-connection compatible with g. For
a given torsion T the connection is uniquely determined by the Koszul formula

9(Vs,s2,83) = 5 [p(s1)g(s2, s3) + p(s2)g(s3,51) — p(s3)g(s1, 52)
+ g([s1,82].4, 83) + g([52, s3].4, 51) — 9([33, 514, 82) (2.48)
+ g(T(s1,52), s3) + 9(T(s2,53), 51) — g(T(s3, 51), 52)]

for all s1,82,83 € T'(A). This connection is called Bismut if g(T(s1,s2),s3) is totally
antisymmetric and Levi-Civita in the case of vanishing torsion.

The Koszul formula follows from successive application of (2.45) and (2.47). Uniqueness
is a consequence of the Koszul formula and non-degeneracy of the metric.

Having introduced the basic ingredients for formulating a theory of gravity on arbitrary
Lie algebroids, the relation between different such gravity theories can be studied. The
detailed analysis of these relations is done in chapter 4. The main mathematical input is
the following.



30 2. Generalized geometry

Theorem 2.17. Let Ay = (A1, [, |4y, p1) and Az = (Asg, [, | 45, p2) be two Lie algebroids
and ® : Ay — Ay an injective Lie algebroid homomorphism. Moreover, let Vyy be the
Levi-Civita Ay jo-connection compatible with the metric g,,o and let the metrics be related
via @2®%(g2) = g1. Then the connections are related as

D [(V1)si82] = (V2)a(s,) P(s2) (2.49)
for all s; € T'(Ay). For the curvature Ry /5 and torsion Ty 5 on Al/g this implies

D [Ry(s1,52)83] = R2(P(s2), P(s2))P(s3),

[T (51, 52)] = To(P(s2), P(s2)) . (2.50)

Proof. By using the relation between the metrics and the Koszul formula one finds

92 (@[(Vl)slsﬂa @(83)) =g ((V1)31 52, 83)
3 [P2(®(51)) 92(®(s2), D(s3)) + g2 (P([s1, 52).4,), P(s3)) + - -]
= 92((V2)a(s)P(52), ®(s3))
with the dots indicating the remaining permuted terms in the Koszul formula. In the
second step the Koszul formula for V; was used together with the relations between the
metrics and p2 o ® = p;. In the last step ®([s1,s2]a,) = [P(s1), P(s2)].4, Was used to
finally obtain the Koszul formula for Vi. The first claim follows from non-degeneracy of

the metric. Using (2.44) and (2.45), the last claim readily follows from the first one and
the properties of ®. ]

The relation to Riemannian geometry

The case of ® being an invertible anchor is of particular interest in chapter 4. Then
theorem 2.17 relates the geometry on Lie algebroids to Riemannian geometry:
vs1 S = Pil [vp(sl)p(SQ)] ;
R(s1,89)s3 = p~ ' [R(p(s2), p(s2))p(s3)] , (2.51)
T(s1,59) = p~ ' [T(p(s2), p(s2))] -

The hat indicates the objects on the Lie algebroid A whereas the un-hatted objects refer
to the tangent bundle. Moreover, if the A-connection is compatible with the insertion
(,): Ax A" 5 R;(s,0) — 150, ie.

plt)(s,0) = (Vis5,0) + (s, V,0) (2.52)

for s,t € I'(A) and o € I'(A*), the connection can be extended to dual sections; also the
relation between the two connections extends to

Vo = pt [Vosyp~ " (o)] - (2.53)
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This can be seen as follows: Since (p(s), p~ (o)) = o(p~t o p(s)) = (s,0) by definition of
the transposition and the insertion, compatibility of V and V with the latter gives

<§t5>o-> + <57 §to-> = <vp(t)p(5)a p_t(0)> + <p(5)a Vp(t)p_t(0)>
= (p(V15), p~1(0)) + {p(5), V0" (0)) (2.54)
= (F1s.0) + (5.7 [V (@)
Comparing the second term on the left-hand side with the last term gives the desired
relation.

It is useful to give the local formulas. To this end, let {e,} and {e,} be a frames for A
and T'M respectively. The anchor is written locally as

a\ — ,a —1 a\ —
<p(eat)>ea> =p Z ’ <p (itz)vz > =p Za (255)
<€a7p (6 )> = Pa <€a7p (e )> = Pa
The local expressions for curvature and torsion are
(e, R(ey es)es) = R%y5  and (e, T(eg,ey)) = T%g, (2.56)

and accordingly for the tangent bundle. With these assignments the relations (2.51) for
the curvatures and torsions locally read

Eaﬁ'yé = Paa pb/ﬁ pc’y Pd5 R%cq
50{5 = Paoz Pbﬁ Rab (257)
R =R

Taﬁ’y — paa Pbﬁ pcfy Tabc-

Here Eag = ]§7a75 = Ric(eq, eg) denotes the Ricci tensor and R= gaﬁﬁag = S the Ricci
scalar. By (2.57), all the well-known properties of the Riemannian objects — (anti-)sym-
metries and Bianchi identities — carry over to the objects on the Lie algebroid.

2.4 Summary

The generalized tangent bundle has been described as a vector bundle with G4, % GL(d)-
structure and an O(d, d)-invariant inner product. In analogy to Riemannian geometry, the
structure group was reduced to O(d) x O(d) by the introduction of a generalized metric H.
In order to approach a dynamical theory for the generalized metric — a generalized gravity
theory analogous to general relativity as dynamical theory of a Riemannian metric — the
algebraic structure of the infinitesimal structure group has been formulated in terms of
Courant algebroids. As a novel result, the same has been done for the generalized cotan-
gent bundle — a vector bundle with G4, x % GL(d)-structure. A connection on a Courant
algebroid has been introduced in order to define a curvature tensor. The obstructions
for constructing it have been systematically traced back to the unusual properties of the
Courant bracket. Circumventing these obstructions non-trivially has lead to the restriction
to Dirac structures.
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Dirac structures are particular examples of Lie algebroids. The latter have been intro-
duced and their cohomology as well as a consistent differential geometry on them has been
discussed briefly. In particular, the precise relation between the geometries on different
Lie algebroids connected by a Lie algebroid homomorphism has been formulated in the
novel theorem 2.17. Finally, the relation between Riemannian geometry and Lie algebroid
geometry has been discussed in some detail.

In the next two chapters, the formalism presented above is used to reveal the geomet-
rical structures of dualities in string theory. Courant algebroids turn out to be the suitable
structure for combining the geometry of T-dual quantities, while Lie algebroids are used
to govern the dynamical theory for a string backgrounds locally. But first, a geometric ap-
proach to target-space dualities is presented to substantiate the necessity for a generalized
geometric approach to string theory.



Chapter 3

O(d, d)-duality

The main subject of this thesis is a geometric description of target-space dualities in string
theory and the treatment of unconventional implications thereof. To set the stage, this
chapter is devoted to the target-space duality structure of string theory and aims to provide
the necessary structures and most instructive examples. The approach followed here was
developed recently in [49]. Apart from the well-known T-duality, a new duality called
Poisson duality is discovered within this novel approach.

The chapter is organized as follows. In section 3.1 classical features of the string sigma
model are recapitulated. In particular, the appearance of O(d,d) is extracted from the
constraints in a Hamiltonian formulation followed by a brief review of the conventinal
approach to T-duality. Section 3.2 is devoted to the detailed discussion of O(d, d)-duality.
It includes the study of the integrability conditions for the mapping of coordinate one-forms
manifest in the isometry algebra, the main elements of O(d, d) and the special role of the
dilaton for duality on the quantum level. The section closes with an example providing a
new approximate non-geometric background.

3.1 The bosonic string sigma model

String theory is described in a background dependent fashion by a two-dimensional non-
linear sigma model. For discussing closed bosonic strings, ¥ is a two-dimensional manifold
with metric! h = diag(—1,1) and 9% = (). The worldsheet ¥ is embedded into a d-
dimensional Riemannian manifold M via X : ¥ < M. Having local coordinates {z®}9_,
for M, their pull-back to ¥ is denoted X* = X*z% With » the Hodge operator with
respect to h, the action can be written as’

1

S(X;G,B)=4m,

/ [G(X)ab dX* A*dX® + B(X)ap dX* A dX"| . (3.1)
P

!The sigma model (3.1) is invariant under two-dimensional Weyl rescalings and two-dimensional diffeo-
morphisms. Hence conformal gauge can be chosen.

2The conventions are as follows: The coordinates on ¥ are {7,0} and the orientation is given by the
volume element dr A do. Then the Hodge operator is given by a A x8 = h(a, 8)dr A do for arbitrary
a, B e T(A™T*Y).
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G is a Riemannian metric® on the target-space M and B a two-form; the pair (G, B) will
be called the background. The dilaton will be discussed separately in section 3.2.4 as it
contributes as quantum correction and breaks Weyl invariance already classically. The
immediate classical features of (3.1) are the following.

e Varying the action with respect to X¢ yields the equation of motion
dx dX" +T%.dX° AxdX¢ = 1 G™ Hppe dX® N dX© (3.2)

with H = dB and I'%,, = %Gam(amec + 0cGmp — OmGhe) the coefficients of the Levi-
Civita connection on T'M. Possible boundary terms are neglected. For H = 0, (3.2)
is the generalization of the geodesic equation for a worldsheet. In the presence of
the H-term, (3.2) can be interpreted as geodesic motion of a membrane in Einstein-
Cartan theory with Bismut connection I'%,. — %G‘"”Hmbc.

e The equation of motion for a general worldsheet metric h is vanishing of the energy-
momentum tensor, 7,3 = 0. In the conformal gauge chosen here, this has to be
considered as constraints which read

Gap(0: X0, X" + 0, X0, X%) =0,

b (3.3)

G 0: X0, X =0.
Hence the dynamics of the theory is determined by the equation of motion (3.2)
accompanied by the constraints (3.3).

From this — and especially from the interpretation of the equations of motion (3.2) — it can
be seen that the sigma model (3.1) describes the motion of a one-dimensional string by
describing the membrane it draws on the d-dimensional background.

Hamiltonian description

The Hamiltonian density can be determined from the Lagrangian density in (3.1) by
performing a Legendre transformation with respect to the canonical momentum and 7-
derivative of the coordinate fields X®. In principle there are two possibilities for canoni-
cally conjugate variables to the coordinate field X, which will become important for the
discussion of duality:

oL

= 99, x° — ﬁ(—GabaTXb + BabagXb),

e the canonical momentum P,

e the canonical winding W, = % = (G0, X" — By, XP).

2wa’

However, by virtue of the first constraint in (3.3), the Hamiltonian density arising from a
Legendre transformation with respect to P and 9, X coincides with the one resulting from
a transformation with respect to W and d,X since

0. X Py = 0,X" W,. (3.4)

3Positive definiteness of the metric is a crucial assumption for the following discussion.
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Performing the transformation L — 9; X*P, — L = Ham, the Hamiltonian density can be
written as

1 /9,X\" 0, X
Ham(X; G, B) = Ao/ (27Ta’P> H(G, B) <2770/P) (3.5)
1 8,x \' 0, X '
 dnd! (—27Ta’W) H(G, B) (—2770/W> ’
where H denotes the generalized metric (2.10). Defining the generalized vectors
a 8 / a
Ap(X) = 0, X% — + 21’ Py dz®,
ox?

S (3.6)

AW(X) = 87—Xa % — 271'06/ Wa dxa

in TM @ T*M, the Hamiltonian density (3.5) is proportional to the squared length of Ap
and Ay as measured by the generalized metric (2.10):

Ham(X; G, B) = — o || Ap |13 = wkollAwlli (3.7)

Hence the Hamiltonian density of the sigma model for closed string theory can be inter-
preted as "kinetic energy” in generalized geometry with respect to the generalized ”ve-
locities” Ap . In this sense, the sigma model (3.1) is simple: It describes the geodesic
motion of a membrane on a background whose shape is determined by the minimizing
kinetic energy in generalized geometry.

3.1.1 Review of T-duality

The conventional procedure for obtaining T-dual sigma models outlined in section 1.3.1 by
gauging isometries will be reviewed briefly [19]. For simplicity, a single isometry generated
by a vector field k is considered. In the case of multiple non-abelian isometries the gauging
procedure can be found in [36]. With respect to the infinitesimal coordinate transformation

X% 5 X%+ ek (3.8)

the sigma model (3.1) transforms as S — S + 0.5 with

€

0S(X;G,B) =

g / (LG X A%dX" + (LpB)wy X NAX"| . (3.9)
b))

Thus k generates an isometry if it satisfies
LiG=0 & LyB=dv forvel(T*M). (3.10)

By using that a gauge transformation B — B+dw induces the transformation v — v+ Lyw,
a gauge in which v = 0 can be found. Assuming this gauge to be chosen in adapted
coordinates k = % allows to gauge the isometry generated by k£ via minimal coupling:
Introducing the gauge field A € I'(T*X) which transforms under the local version of (3.8)
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as 0A = —de , minimal coupling amounts to the substitution dX! — DX! = dX' + A.
Choosing the gauge A — A — dX!, the gauged sigma model takes the form Seauged =
S(X™; G, B) + S, with

1

4o

Sy /(G11A/\*A+2G1mA/\*de+2B1mA/\de—2A/\d)\) (3.11)
b

for m # 1. Integrating out the Lagrange multiplier A yields A = dX! locally and gives
back the initial sigma model (3.1). Integrating out the gauge field yields

1
*A = —G—(Glm *dX™ + Bim dX™ — d)) . (3.12)
11

Plugging this back into the gauged action and considering d\ = dX! as a new coordinate,
the resulting action can be written as (3.1) with the new background (g,b) given by the
Buscher rules [17]

1 Blm GmlGln + BmlBln
g11 = ~—, 9gim = ——(=~ gmn:Gmn_ )
G G11 G (3.13)
- Glm - GmlBln + BmlGln
blm—_ia bmn—an_ .
Gn Gn

Hence, T-duality can be performed along the direction of an isometry and the dual back-
grounds are related by (3.13). It also introduces a new coordinate one-form dX which can
be related to dX! on-shell by (3.12): Identifying A = dX! and d\ = dX*, (3.12) can be
written as

dX' = G1q *dX® + B1adX®. (3.14)

This is the conserved current associated to the isometry (3.8) generated by k = 6)8(1' For
gauging multiple isometries {k?}, further conditions apart from (3.10) arise [36]: With

R = V; — LkiB such that LkiH = dK,Z' and [k‘“ k‘]] = Fmijkim, also
Lkil‘ij = Fmij Em, and <l€l + Ky, kj + Kj) =0 (315)

have to be satisfied. The second condition ensures the gauged sigma model to be free of
anomalies. These anomalies arise from the introduction of the auxiliary gauge field A.
It also causes problems for obtaining genuinely dual theories due to possible holonomies
[19, 34]. In the abelian case they can be compensated by assigning appropriate periodicities
to the Langrange multipliers A;. This is possible since A\; does not transform under gauge
transformations if (3.15) is satisfied which allows to choose any periodicity in a consistent
manner. However, in the non-abelian case the Lagrange multipliers transform as d\; =
—F™ i Ame™ and periodicities can not be assigned consistently anymore.

In the next chapter a different approach to duality is developed and the Buscher rules
(3.52) with (5.13) as well as the conditions (3.10), (3.15) are encountered as special cases.



3.2 O(d, d)-duality 37

3.2 0O(d,d)-duality

In this section a new way of performing duality is proposed by redefining the background
and identifying dual coordinates directly. This avoids the procedure of gauging and accord-
ingly circumvents the problem of anomalies and holonomies caused by the introduction of
an auxiliary gauge field.

Already on the classical level the indefinite orthogonal group O(d, d) appears naturally.
In terms of the generalized vector Ap (3.6), the constraints (3.3), i.e. the components of
the energy momentum tensor can be rewritten as

ALH(G,BYAp =0 and  AbnAp = (Ap,Ap) =0 (3.16)

with (-,-) the inner product (2.5). As the first constraint sets the Hamiltonian density to
zero, the constrained dynamics is completely governed by (3.4). The second constraint is
preserved by O(d, d)-transformations. Therefore all admissible generalized vectors solving
the second constraint in (3.16) are related by an O(d, d)-transformation via A = T Ap.
For A’, to solve the first constraint as well, a compensating O(d, d)-conjugation with 7+
has to be applied to the generalized metric (2.10). This, in turn, leaves the Hamiltonian
density (3.5) and the energy momentum tensor (3.16) invariant. This classical duality will
be described in detail in the following.

3.2.1 Field redefinitions and duality

The admissible generalized vector Ap will be transformed by*

t11 = (tll) a - T™™M — TM

_ (tin ti2 . = (t12)% : T*M — TM
T= <t21 t22> € 0ld,d) with = (to1)ag : TM — T*M (3.17)

t2 = (t22)a® : T*M — T*M

as Ap — T 1Ap (cf. (2.3)). In order for the first constraint in (3.16) to remain satisfied
the generalized metric has to be conjugated with 7 simultaneously:

H(G,B) = T'"H(G,B)T = H(g,b). (3.18)

By (3.5), this simultaneous transformation leaves the Hamiltonian density invariant, giving
an equivalent theory. This specific equivalence will be called T -duality. First, the conjuga-
tion of the generalized metric is discussed in order to extract the dual background. Then
the rotation of the generalized vector is used to determine the dual phase space.

In (3.18), H(g,b) refers to a redefinition of the background in order for the generalized
metric to have the standard form (2.10) as follows.

Field redefinition ([80]). An O(d,d)-rotated generalized metric T'H(G,B)T takes the
form H(g,b) (2.10) with respect to the new background (g,b). In terms of the automorphism

v = to + (G — B)tlg T*M —T*M (319)

“The bar over the index indicates the one associated to the domain. As to operations with linear
maps, inversion swaps indices (e.g. t7' = (t11)% : TM — TM) and transposition commutes them (e.g.
thy = (t11)a® : T*M — T*M). The combination f~% = (f~')" is used as well.
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and 0 = to1 + (G — B)t11, the new background (g,b) is given by

g= 'y_l Gyt and b= 7_1(7 st -Gyt (3.20)

Proof. First, the invertibility of v will be shown. Since O(d, d) is generated by the matrices
(2.6) and (2.7), one can proceed case-by-case. Since y4 = A~% and yg = 1 for changes of
frame and B-transformations, respectively, invertibility is obvious. For S-transformations
the map becomes 3 = 1 — (G — B)j. Since G is positive definite by assumption, (G — B)
is positive definite by antisymmetry of B as well. As such, (G — B) has a positive definite
inverse which allows to write 73 = (G — B)[(G — B)~! — ]. Since §3 is also antisymmetric,
the matrix [(G — B)~! — f] is also positive definite and therefore invertible. Hence 75 is
invertible as a product of invertible matrices. The remaining generator is T-duality in the
k™ direction (2.7) with vy =1 — 1y 4+ (G — B)1y = 1 — 1} + Gy 1), by antisymmetry of
B. Since det(yrk)) = G = G(ex, ex) # 0 by positive definiteness, it is invertible as well.
The relations (3.20) directly follow from the evaluation of (3.18). O

The simultaneous rotation of the generalized vectors (3.6) gives rise to redefined phase
space coordinates. They can be read-off from the transformation

Ap — 71 AP(X) = Aﬁ()?) = <2?:a)?ﬁ> (3.21)

and analogously for the winding vector. Using 7! = nT'n for all T € O(d,d), the dual
pair becomes

0y X* = —=(t12)"" Gima 0r X + [(t22)"a + (1) Brna] 9 X,

_ (3.22)
Pﬁ = ﬁ {—(tll)amea 8TXa + [(t21)ﬁa + (tll)amBma] 80Xa} -

For determining the dual coordinates the 7-derivative of X is required as well. In principle,
0. X% can be computed from the first Hamilton equation. Since the Hamiltonian densities
with respect to momentum and winding coincide by (3.4), it is easier to deduce it directly
from the winding vector A ;(X) as above:

87)26 = —(tlz)amea (%X“ + [(t22)aa + (t12)amBma] a‘rXa )
Wa = 55 {—(t11)a™ Grna 95 X + [(ta1)aa + (t11)a" Bina) 0- X} .

— 2ma!

(3.23)

Having determined both worldsheet derivatives of the dual coordinates’ )A(;a, the main
result of this chapter can be formulated.

O(d, d)-duality. Let {e,}¢_; be a frame for TM. For T € O(d,d;C>®(M)), the sigma
model S(X;G, B) (3.1) is T-dual to S(X; g,b) with the coordinates related via
X" = (1 oG, *dX" + (thye" + 18 o B), dX° (3.24)

Ltuuea

SUsing the relations between the elements of the O(d,d)-matrix 7%, (3.22) and (3.23) satisfy the

constraint 67)2"313@ = &JN(EW;I (3.4) as well.
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and the backgrounds related by the field redefinition (3.20), provided

L; .G=0 and L

a a
tioe tis€

B = —d(thye?) . (3.25)
Here t4,e® = (t12)"e,, and thye® = (tog)®me™. The requirement (3.25) is the integrability
condition for (3.24).

Proof. Equation (3.24) is the combination of (3.22) and (3.23). The integrability condition
(3.25) can be deduced by differentiating (3.24) and using the equations of motion (3.2) as
well as 1, H = L, B — di, B for any vector field v: (3.2) gives

(t12)" " Gra d x dX* = X*(L :B) + 1(t12) "0 Gapd X A d X"

B—diys
12¢
— (t12)""dG o N *dX* .

t§26
Plugging this into d(dX?) gives

Yva\ _ y* i a 1 b
d(dX?) = X" [Ly oB +d(thoe")] + 3(Ly_aG) X" A #dX7.
As the symmetric and antisymmetric parts have to vanish separately, (3.25) follows.  [J

Further restrictions arise from the algebra spanned by the vectors tﬁgea, which will be
discussed in section 3.2.2. O(d, d)-duality can be described in terms of the duality map as
follows. By defining dX = dX%, € I'(TM ® T*X), the duality automorphism

D:I(TMQT*S) - D(TM @T*%); dX s dX = D(dX) (3.26)
follows from (3.24). In matrix notation it can be written globally as
D =t,G@*+ (thy + thy B) @ idp+y . (3.27)

Indeed, the inverse of the duality map (3.27) can be easily determined by the inverse
procedure and reads

D7 =t g @ %+ (t11 + ti2b) ®idyey (3.28)

in terms of the dual background (3.20). Hence O(d, d)-duality is invertible.

Duality and isometries

The dual coordinates (3.24) and the integrability conditions (3.25) can be interpreted as
follows. As shown in section 3.1.1, the sigma model (3.1) transforms under the infinitesimal
diffeomorphism X% — X% 4 ek®, generated by the vector field k as S — S 4+ 65 with 65
given by (3.9). Thus, k generates an isometry if it satisfies (3.10), i.e.

Li,G=0 and LyB=dv forvel(T*M).

Comparing this with the integrability condition (3.25), tinez1 is seen to generate an isometry
for (3.1). In particular, the one-form v is explicitly determined as —tgze‘_z. These special
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isometries will be called duality isometries. Assuming € to be non-constant, the conserved
current associated to the isometry generated by k can be computed; it reads

Ji = (LkG)a *d X + (LkB — V)aan.

Therefore the dual coordinates dX® (3.24) coincide with the conserved currents i a-
12

Hence the integrability condition (3.25) for the dual coordinates (3.24) ensures the vector

t%ea to generate an isometry and the duality map (3.27) interchanges the T'M-valued

coordinate one-form dX with the T'M-valued conserved current J = dX.

Is (3.24) a coordinate transformation?

By using the Poincaré lemma and the integrability conditions (3.25), (3.24) is locally exact.
Then the local primitive for dX@ might be interpreted as dual pulled-back coordinate X@.
First, this raises the question whether the coordinates on the target-space are changed, i.e.
X = X*(&%), or the embedding is changed, i.e. X% = X*(z%). Second, it is not clear if
the resulting relation Xa (X) is invertible, i.e. if Xa()?) can be found. In particular, both
questions are important for the interpretation of the field redefinition (3.20) due to (3.18),
since the new background still depends on the initial coordinates.® This also effects the
interpretation of (3.28).

In the case of constant O(d, d)-transformations and constant backgrounds, (3.24) can
be integrated directly and the relation between the dual coordinates is invertible: The
equations of motion (3.2) reduces to the wave equation and is solved by X%(1,0) =
X4%(o") + X% (0~) with the light-cone coordinates 0= = 7 £ ¢. Using that O(d, d)-duality
with respect to the unit matrix leaves everything invariant, (3.24) can be integrated to give

X.Er_ == [(t22)aa + (t12)am(Bma - Gma)}Xi

[(tm)aa + (t12)am(Bma + Gma)}Xﬁ . (3'29)

I>§\2
Il

Invertibility of to2 + t12(B £ G) is equivalent to the invertibility of (3.19). Thus in this
case (3.24) gives rise to a proper change of coordinates. Keeping the necessity of a positive
definite metric for invertibility of (3.19) in mind, this shows that O(d, d)-duality includes
the well-known case of the T-duality group O(d, d;Z) for toroidal target-spaces; the trans-
formations have to be integer in order for the periodicities to be preserved (see e.g. [31]).”
The novelty is that O(d, d)-duality gives the precise relation between the dual coordinates.

Comment on global issues

In string theory the metric G on the whole target space has Lorentzian signature (d—1,1).
However, for the map (3.19) responsible for the field redefinition to be invertible, the
signature was assumed to be Euclidean since positive definiteness was crucial in the proof
of invertibility. Thus O(d, d)-duality is specifically applicable to the compact space C' of

51 thank the referee for pointing out this problem of interpretation.
"See sections 3.2.2 and 3.2.3 for further relations to the known cases.
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a string compactification My = Mg_qimc % C. The integrability conditions (3.25) ensure

dX? to be closed; exactness might be spoiled by the winding

Cwind (X?) = 7{ dxe (3.30)

of X% around a compact direction in C; ~ is a closed curve in 3. This is related to the
winding number of the initial coordinate one-forms by (3.24).

3.2.2 The algebra of isometries and consistency

In this section the consistency of the integrability condition (3.25) is studied in terms the
associated isometry algebra. The aim is to formulate a Courant algebroid 2.2 taking into
account both integrability conditions at once.

O(d, d)-duality is feasible if tggea generates isometries for (3.1). Moreover, the isometry
algebra has to close and has to satisfy the Jacobi identity. For their part, Killing vector
fields are closed: [tﬁgea, tggeb] is a Killing vector field as well. However, consistent duality
isometries require [tﬁmea, t%er] to be a linear combination of the generators t’ize‘_’. This is
described in terms of Lie algebroids 2.9 in the following.

The vector fields t§2ea generate non-abelian isometries with algebra

[t’izea, t’izei’] = [Dd(t12)5p — Dl_)(t12)ap + (t12)(zm (t12)l_m fpmn] 6p

. - (3.31)
= Fp"t],e™ + 0" Ve,

with the differential D% = (t12)*"e,,. Hence the duality isometries do not span a closed
algebra in general. The defect is given by © € I'(®? T'M), which can locally be written as

@abc _ (tu)bmam(tm)ca _ (tu)cmam(tm)ba
— L [(t12) ™0 (t12)" — (t12)" O (t12)”] (3.32)
+ (tlz)bm (t12)" fhmn — (t12)™" (tlz)bn fCmn — (t12)" (t12)"™ Fomn -

The structure constants F5'¢ can be determined in terms of the structure constants [€as €] =
™ apem:

Fo" = §[0a(t12)" = 0a(t12)®] + (t12)"" fCam — (012)™ fam - (3.33)

Thus the isometry algebra (3.31) closes if the defect (3.32) vanishes®, which is assumed
in the following. This condition can conveniently be studied in terms of Lie algebroids.
tﬁQ maps T*M to T'M and can therefore be applied to general one-forms &, n: t§2£ =
&a(t12)ey,. Then the Lie bracket gives

[t§2§? t%zn] = [&m D™ g — m D™ ¢a + & Fa™ tqua . (3.34)

8This condition is only sufficient. However, for an antisymmetric ¢12 this is a natural construction.
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From this a Lie algebroid (T*M, [-, -iso, t§2) can be deduced. As can readily be seen from
(3.34) and the properties of the Lie bracket, the bracket [, |iso is given by

(€, nliso = [&m D™na — m D& + Em i Fa™" | €7 V¢, ne I(T°M), (3.35)

which fulfills the anchor property by construction. This construction of a Lie algebroid is
analogous to the one introduced in [80]. From the anchor property it follows that if the
Lie algebroid bracket satisfies the Jacobi identity, the isometry algebra (3.31) satisfies it as
well. It is more instructive to study the Jacobi identity for [, Jiso. To this end, two cases
are distinguished.

e {19 antisymmetric: The bracket (3.35) can be written as
(€ nliso = Lyz_¢m — vz ,d€ = [l (3.36)

i.e. it coincides with the Koszul bracket (2.31). It satisfies the Jacobi identity and
anchor property (the anchor being t%) if t19 is a Poisson bi-vector; this is equivalent to
the vanishing of © (3.32), which now agrees with (2.32). Hence for ¢12 antisymmetric,
the isometry algebra (3.31) is a Lie algebra if and only if ¢15 is a Poisson bi-vector.

e 110 symmetric: The structure constant becomes very simple such that the Lie
algebroid bracket (3.35) reduces to

(€ nliso = ¢t edn — 2 dE. (3.37)

The Jacobi identity can be checked by using vanishing of (3.32) and the Jacobi
identity for the Lie bracket.

The case of an antisymmetric t15 is of particular importance as it covers the case of -
transformations (2.12) discussed in section 3.2.3.

Now the second condition in (3.25) will be discussed. Assuming © = 0, consistency
of the integrability conditions (3.25) with the algebra (3.31) requires the two ways of

evaluating L4 ., .+ 5B to coincide:
[t1oe% t15€"]

ab ab 7 b a
AP Nt B = F™ d(thpe™) = ~d | Ly o (t5e") = Ly s (thae”)| - (3.38)
This in turn is only consistent if the left-hand-side is closed, which is equivalent to
,I; .
dFz% N Lt%emH =0. (3.39)
The two immediate solutions are as follows:

e F7% constant. This depends on the choice of frame {e,}9_; for TM. Choosing a
holonomic frame such as the coordinate frame, F' = 0 for t19 symmetric. For t19
antisymmetric, 8d6a(t12)bc has to vanish. Thus the components are restricted to be
at most linear in the coordinates.



3.2 O(d, d)-duality 43

® i . =0. Thisisequivalent tocs . B +tﬁ22€m being closed. Since this requirement
12

t’iQem
is not met in the simplest examples of duality (see [27] or section 3.2.5), this option

will be discarded.

For a constant F', the consistency condition (3.38) reduces up to exact terms to

b a ab

Ltgzeﬁ (tﬁzze ) - Lt§265 (tg2€a) = F* tﬁ22€ (3.40)
To summarize, the algebra of the generators of isometries ttizea closes and satisfies the
Jacobi identity if the defect © (3.32) vanishes. This is required by consistency of the
e B = —d(thye) is

integrability condition L;; ;G = 0. Consistency of the condition L
12 12

ensured by having constant structure coefficients FaBE for the isometry algebra with the
condition (3.40). These two consistency conditions can be combined coherently into a
Courant algebroid.

The Courant algebroid of isometries

Above the consistency conditions on tﬁQe and t22e“ have been formulated. For the former

this was accomplished by the introduction of the Lie algebroid (7™M, [-, ‘Jisos tﬁg). For the
latter the condition (3.40) has to be satisfied. Now both conditions are combined into a
Courant algebroid 2.2. The purpose for this is to bridge to the well-known approaches to
T-duality via gauging of (multiple) dualities [36].
It is convenient to introduce k € T'(T*M®T M) given by k* = tﬁ226a+Ltu B ET(T*M).
Then the dual coordinates (3.24) read .
dX® = (L

5,00 G, ¥dX "+ kG dXC (3.41)

and with H = dB the integrability condition (3.25) becomes

Lt%eaG =0 and Lt%eaH = —dr?. (3.42)

Evaluating the second condition for the commutator gives

_ b
L[t”wea,theE]H = _d(Lthefl’% ) (3.43)

As one can see, the one-form L e Kb corresponds to the vector [t%Qe tlQe ] This suggests

to combine tﬁQea and % to a generalized vector with Dorfman bracket (2.18)

[#0e" + " e +"”'b]]D [#5,¢” t§26]+L aﬁb—é Ed”a—i_bﬁ

t],e Lt%eg

foe H, (3.44)
where the last two terms add-up to zero by the integrability conditions. The bracket (3.44)
is the H-twisted Dorfman bracket introduced in [116]. In [117] and more recently in [35],
this bracket was studied in the context of isometries. Assuming © = 0 and using that the
last two terms of (3.44) vanish by integrability, closure of the bracket requires

Ltﬁze@ K = Fp® ™ (3.45)
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Using the definition of k%, this can be seen to agree with the consistency condition (3.40)
up to exact terms. Hence the closure of the bracket (3.44) is equivalent to closure of the
isometry algebra (3.31) and the consistency condition (3.40). Therefore its consistency
summarizes the consistency of the isometry algebra with the integrability conditions by a
Courant algebroid (T'M & T*M, [-, |, prrar)-

The Courant-algebroid perspective provides the connection to the conventional ap-
proach to target space dualities presented in section 3.1.1. Gauging multiple (non-abelian)
isometries requires the additional conditions (3.15). Here the first condition arises as the
requirement (3.40) of closure of the Dorfman bracket (3.44). The second condition in (3.15)
ensures the absence of anomalies caused by the auxiliary gauge field. In the present case,
using the generalized vectors tf,e? + k%, it reads

<t§26‘_‘ + K%, tﬁQei’ + /@B> =0. (3.46)

This condition forces the subbundle spanned by tinea + k% to be a Dirac structure 2.8 for
the Courant algebroid defined by (3.44). The Dirac condition (3.46) is non-physical since
the problem of anomalies is absent in the present approach, but it provides a mathematical
interpretation of the second condition in (3.15). By the duality map (3.27), (3.44) can be
considered the algebra of the conserved currents (3.24). Then (3.46) and (3.40) ensure
anomaly freedom and closure of the current algebra respectively [117].

As the present approach avoids gauging the isometries, anomaly free currents and
thereby the Dirac structure are not needed. In this sense, O(d,d)-duality requires less
conditions than the conventional procedure. However, the need for isometries and the first
condition in (3.15) in the conventional approach is recovered in terms of the integrability
conditions (3.25) as well as the closure conditions © = 0 and (3.40).

3.2.3 Examples of O(d,d)-duality: the prototypes

This section is devoted to the explicit construction of duality for the generators of O(d, d)-
transformations (2.6) and (2.7). The coordinate frame {8%,1}%:1 is considered for simplicity.

Changes of frame

Given an invertible d x d-matrix A, the O(d, d)-matrix

Ta = (’3 A0t> (3.47)

is considered. Applied to the generalized metric it gives
TEiH(G,B) Ta = H(A'GA,A'BA) . (3.48)
Therefore T4 gives rise to a change of frame of the tangent bundle. In respect of O(d,d)-
duality, the integrability conditions (3.25) are satisfied trivially and the dual coordinates

are given by the change of frame dX® = A% dX°. Since the background transforms with
the inverse, the dual action coincides with the initial one; S(X;g,b) = S(X; G, B).
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B-transformations

Given an antisymmetric d X d-matrix B corresponding to a two-form, a B-transformation
(2.2) is given by the matrix
1 0
Ts = (B ]l> . (3.49)

Conjugating the generalized metric with it results in
Te H(G,B)Tg = H(G,B +B). (3.50)
It corresponds to a gauge transformation for an exact B, i.e. a symmetry of (3.1). The

O(d, d)-duality is again trivial with dual coordinate one-form dX® = dX®. Therefore the
dual action becomes S(X;g¢,b) = S(X;G, B+ B).

T-duality
The T-duality matrix (2.7) in the k'™ direction

(11 1,
Trk) = < L 1 1k> (3.51)

is considered [112]. From the field redefinition (3.20) the components of the new metric
and two-form can be determined. A tedious calculation leads to

1 B B GukGrp + Bak B
Jkk = = Gka = — , 9ab = Gap —
Gk Gk Gk (3.52)
G B Gk B + BakGrop
bka - - ; bab — Bab -
Gk Gk

for a,b # k. These are the Buscher rules in the k' direction [17] (cf. (3.13)). For the
integrability condition (3.25) to be satisfied, the vector field e, has to be Killing with
L., B = 0. Moreover, vanishing of (3.32) and the Jacobi identity for the Killing algebra
(3.31) are trivial for a single T-duality. Then the dual coordinate one-forms are

dX" = G xdX* + BpodX® &  dX"=dX" fora#k. (3.53)

Indeed, (3.14) is recovered. Hence O(d, d)-duality yields T-duality presented in section 3.1.1
as a special case. In section 3.2.5 it is discussed in more detail.
f-transformations

For an antisymmetric bivector field 3 € T'(A2T'M) corresponding to an antisymmetric
d X d-matrix,

Ts = (g _f) (3.54)
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is defined. The transformed background (3.20) induced by this S-transformation (2.12) is
given in terms of v = 1 — (G — B)S (3.19) as

—1 v, —t
g=15 G~
g . (3.55)
b:%[B—@—Bm@—B”%.
Moreover, O(d,d)-duality is non-trivial: (3.25) requires fe® to be a Killing vector with
Lgsca B =0 and consistency of the Killing algebra demands § to be a Poisson bi-vector at
most linear in the coordinates. The dual coordinate one-forms (3.24) are

dX® = UG g %dX® + (8™ Bpa + 62)d X . (3.56)

Hence, O(d, d)-duality establishes the classical equivalence between the sigma models S(X;
G,B) (3.1) and S(X;g,b) with the coordinates and the backgrounds related by a [3-
transformation, provided § is a Poisson structure. This duality will be called Poisson
duality and is applied in section 3.2.5.

The four particular O(d,d)-transformations considered here span O(d,d; C*°(M)) [80].
Thus, by composition non-abelian dualities are covered as well. The question of con-
formality of O(d, d)-dual backgrounds will be addressed in the next section.

3.2.4 Quantum aspects of O(d, d)-dual backgrounds

As discussed so far, O(d, d)-duality is a classical equivalence of constrained sigma models.
For being a duality of string theory, it has to preserve conformality of the backgrounds. Of
course, dual sigma models (3.1) arising from O(d, d)-duality of a given background admit
two-dimensional diffeomorphism and Weyl invariance as well. However, Weyl invariance
gets lost in the process of quantization. In order to allow for a larger class of backgrounds
admitting conformal invariance at the quantum level, the action for the dilaton ¢ given by

SulX:6) = - [ 900 B (3.57)

is added to the sigma model action (3.1). R(®) denotes the Ricci scalar on T'Y. This term
does not admit Weyl invariance classically, but is considered a quantum correction as it
is of higher order in the string length o’ as compared to (3.1). Then the classical lack of
Weyl invariance can be compensated by a one-loop contribution from S(X;G, B). This
gives rise to the lowest order of the equations

0= Rab +2 Vavb¢ - % Hamn Hbmn + O(a/) )
0=G"Vap Vi — 3G VoV — g5 Hape H + O(o) (3.58)
0= % V"H oy — V"0 Hppap + O(O/) ,

with R, the Ricci tensor on T'M with respect to the Levi-Civita connection V, = Ve,

and H = dB. Hence a background (G, B) with dilaton ¢ provides a conformal quantum
theory if it satisfies the string equations of motion (3.58) (see [118]).
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In order for O(d, d)-duality to be a duality of the full quantum theory, the dual back-
ground (g,b) has to satisfy the string equations of motion as well. Therefore dualization
of a background without dilaton might require its introduction on the dual space. This is
discussed for the prototypes of duality.

e The string equations of motion are generally shown to consist of the Riemann tensor,
the three-form flux H, the dilaton and covariant derivatives as well as contractions
thereof. Thus the equations are invariant under coordinate transformations (3.47)
and exact B-transformations (3.49). Therefore they retain conformality trivially.

e For T-duality (2.7), the Buscher rules (3.52) have to be supplemented with a shift of
the dilaton by —InG3, [17, 18]. This is shown by gauging the isometry associated
to T-duality in the k" direction and carefully integrating-out the thereby introduced
gauge fields. More generally, if T-duality is applied in multiple directions {e;}*_; for
k < d, the shift of the dilaton is given by

¢ = ¢ — L1Indet(G + By ; (3.59)
see for instance [119]. The subscript indicates the dualized directions.

e [-transformations destroy conformality of the initial background. This can be seen
most easily by considering a background with G Ricci-flat and vanishing dilaton and
Kalb-Ramond field. This certainly satisfies (3.58). As will be detailed in chapter 4,
the map fy/gt :TM — TM (3.19) is a Lie algebroid automorphism. Then, according
to theorem 2.17 and (2.57), the Ricci tensor associated to the redefined metric (3.20)
vanishes as well. However, (3.20) introduces a non-vanishing Kalb-Ramond field
whose presence in (3.58) can only be accounted for by introducing a compensating
dilaton. To determine the necessary shift of the dilaton, the following relation between
B-transformations and B-transformations via T-duality is utilized:

0 1 1 0 0 1* 1 —-1*B1*

(W) ) v)-6 %) oo
For simplicity, T-duality in every direction is considered. The unit matrices 1* and
1, have to be understood in a formal manner; they act as unit on the component
matrices but interchange TM and T*M (cf. (3.17)). In particular, 1*B1* is a bivector
field 3, ; BabeaAep. With the Killing vectors being {ea}d_,, every direction has to be
isometric. This is only necessary if 8 has full rank. For a g of lower rank, T-duality in
the linearly independent directions is sufficient and accordingly fewer isometries are
required. The chain (3.60) of O(d, d)-transformations will be performed successively.

1. The first complete T-duality gives the background 1,(G + B)~'1, (cf. (3.20))
and the dilaton has to be shifted by —31 Indet(G + B) (3.59).

2. The next step in the chain (3.60) is the B-transformation. For this to be a
duality, B has to be exact — B = dw with w a one-form. This gives the background
1.(G+ B)" ', + dw.
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3. The final background arising from the last T-duality can be written as
* *]—t —
g+b=(G+B)[1 - (G- B)1*dwl*] " = 575"

By comparison with the fied redefinition (3.20) and (3.19), this reproduces the
correct background arising from a [-transformation (2.12) with g = 1*dwl*.
Moreover, it induces an additional dilaton shift by —3 In det[1,(G+B) 11, +dw)].

Hence, the procedure shows that this particular g-transformation gives dual quantum
theories if the dilaton

¢ = —1Indet(G + B) — 3 Indet[1,(G + B) 'L, + dw] = —1 Indet(yg+guwr+)"

is introduced. Since 7g is positive definite as G is assumed to be Riemannian, the
logarithm is well-defined.

It is no coincidence that the shift of the dilaton for S-transformations is given by the
transpose of the associated automorphism v (3.19). Indeed, one can show that

det(G + B);; = det |1 — Zleli + (G- B)Zleli = det v ;

thus the shift of the dilaton for T-duality (3.59) is also given by the logarithm of det 4. > 0.
For B-transformations (2.2) the automorphism is yg = 1; hence Indetyp = 0. This leads
to conjecture that for O(d, d)-duality to be a duality on the quantum level, the dilaton has
to be shifted as

¢ — ¢ — Indet~". (3.61)

The redefinition (3.61) leaves the measure factor /| det G|e™2?, which is related to the

string coupling constant, invariant; this follows from

V] det Gle ™ — /| det gle 2004ty — /| det G|| det v |(det v)e™2? = /| det Gle ¢

by (3.20). This also validates a perturbative approach to the dual theories.

Remark 1. Coordinate changes on the target space have to be considered an exception to
(3.61). They imply a change of frame (3.47) with A the pullback of a diffeomorphism. The
dilaton is a scalar and therefore does not change under diffeomorphisms. Moreover, there
is no need to compensate the determinant | det 4| arising in the measure factor (/| det g|
as it will be compensated by the Jacobian determinant from the change of coordinates.

A more rigorous way to derive the dilaton shift is to study the change of the path integral
measure [DX] — [DX] by (3.24). In particular, up to the worldsheet operations the duality
map (3.27) comprises ~¢, which enters the Jacobian determinant. A more detailed study
is beyond the scope of this work.
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Exact p-transformations

B-transformations only give rise to equivalent theories if they are exact. An analogous
notion for S-transformations based on the analysis above is presented now. The bivectors
found above can be considered exact in the Lie algebroid A = (T* M, [, -] 4, 1*) with bracket

[fa 77].4 = (fm o anna — im o anga + fm Tin P o fkpq 5ka)ea . (3'62)

The components of 1* and its inverse 1, are written as §% and d,, respectively. Using
(2.34), the Lie algebroid induces a nilpotent exterior derivative d4 on I'(A*T'M). Then it
follows from proposition 2.12 that 1*dwl* = d4(1*w). Therefore, an admissible bivector
B is Poisson and of the form

f=dsa with a=1'w, weT(T*M), (3.63)

and consequently exact with respect to A.

3.2.5 T- and Poisson duality for T3 with H-flux
Duality is illustrated by applying it to the flat euclidean three-torus T® with
G = (dz')? + (dz*)? + (da?)? & B = ha®da' A da?. (3.64)

Since the metric is flat, H = hdz!' A dz? A dz® and the dilaton is zero, this background
satisfies the string equations of motion (3.58) only up to linear order in H. However, in par-
ticular because of its simplicity and non-trivial global structure it serves as a good instance
for discussing the peculiarities of duality. The global structure is given by demanding the
background to be periodic in every direction. This corresponds to the periodicities of the
three cycles spanning the torus, which are assumed to have circumference 1. To be more
precise, (3.64) describes the space in one particular patch. The only non-trivial direction is
x3; encircling this direction via 23 — 23 +n for n € N leaves the metric invariant but shifts
the Kalb-Ramond field as B — B + nhdxz!' A dxz?. The latter shift can be compensated by
the gauge transformation B — B — d(nha'dz?). Thus the symmetries of the sigma model
(3.1) for the background (3.64) suffice to describe it in every patch.

T-duality

The background admits two duality isometries associated to Tp(1) and Tp(a), namely 0/ ozt
and 9/0z? respectively. Hence T-duality will be performed along this two directions:

e Performing the duality via 7p(;) amounts to apply the Buscher rules (3.52) along the
first direction of (3.64). This yields the new background

G = (da' — haPda?)’ + (d2®)? + (d2®)? &  B=0, (3.65)

which is known as twisted torus. The change of the metric from going around x> n
times can be compensated by a diffeomorphism (3.47) given by

1 00
A=1[nh 1 O
0 0 1
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Hence the symmetries suffice to describe this background globally as well. The metric
can be diagonalized by introducing the new frame

el =da' — haldr?, e* =dx?, € =did. (3.66)

This is a non-holonomic frame whose structure constant f%,. can be determined using
(2.34):

de® = —3 free? Nt = floyg=—h. (3.67)

Thus the first T-duality has changed the background with non-vanishing H-flux
Hio3 = h to the twisted torus with vanishing H-flux but non-vanishing geometric

fluzx f123 = —h.
e Now Tp(9) is applied to (3.65). The resulting background reads
I 1\2 2\2 312
G—1+(h$3)2[(dl‘)+(d:z:)]+(dx),
R (3.68)
B=—-——-4d dz” .
1+ (ha3)? v

The change of the background by going n times around z> cannot be compensated by
a symmetry transformation anymore. It requires a [-transformation (2.12) defined
by

By = —nh 52 A s (3.69)

For this reason the background is called non-geometric: it is patched-up by trans-
formations beyond the symmetries of the sigma model (3.1). This background is an
example of a T-fold [50, 26, 84]. The metric is diagonalized by the dreibein

1 1

1 1 2 2 3 3

_ _ , =———dx°, e =dz°. 3.70
1+ (ha3)? 1+ (ha3)? (3:70)

In this frame the H-flux becomes Hi23 = —h and the non-vanishing structure con-

%. In particular the latter are ill-defined

quantities. To obtain a well-defined flux, a field redefinition (g + 8) = (G + B)™! is
performed. Then the background is described by a metric on 7% M and a bivector
given by (cf. [52])

stants of the frame are fli3 = f293 =

2 2 2
9=(ar) +(32)" + (G=)” & B=-hPFrrgm. BT
In this background’, encircling z3 is just a constant shift in 3. The well-defined
flux associated to 8 has the non-vanishing component Q'?3 = 933'> = —h. This is

called the non-geometric Q-fluz. This background can be described by the generalized
cotangent bundle.

9The simplicity of this background is no surprise: the redefinition induced by (g + 8) = (G+ B) ' is a
complete T-duality with ¢12 = 1" and t21 = 1. as introduced in section 3.2.4, which gives the background
(§4b) = 1.(G + B)"'1.. Then the field redefinition above is given by multiplying both sides with 1* and
defining g = 1*g1* and 8 = 1*b1*. Moreover, formally applying the (forbidden) T-duality in the third
direction does not change (3.64). Thus the redefinition just revokes the two T-dualities and interprets the
resulting components on the cotangent bundle.
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The background (3.68) has no isometries left to perform a last T-duality along 3. However,
in [27] it was argued that the third T-dual has to exist. They compared flux compacti-
fications of type IIA and type IIB theory and discovered a mismatch between certain
coefficients in the superpotentials. This was cured by the formal introduction of the R-flux
R. This flux was argued to be associated to a non-associative spacetime structure.'’ In
particular, in [57] a CFT for the approximate background (3.64) was developed in order to
study the R-flux.

Finally, the argument given above completes the chain of T-dualities existent for the
background (3.64); it reads

Tra Tr(2 Tr(s
Habc 1) fabc (2) QabC (3) Rabc )

Poisson duality

Now the Poisson dual background to (3.64) will be determined. Using Ly,{ = fL,& +
df A 1,€ for any vector field v and due to (3.25), it turns out that the only admissible
B-transformations (2.12) for duality are given by constant Poisson structures with all com-
ponents but 42 vanishing. Thus the only possibility is

g2 O (3.72)

with ¢ € R. This is a trivial Poisson structure with the only non-trivial Poisson bracket
reading {z!, 22} = —c. Being constant, it is A-exact as well. The duality isometry is
generated by the vectors fldz! = —c¢ 622 and fldz? = c%. These are Killing vectors
for the metric G and satisfy Lgi.o B = 0. Performing the duality, the dual coordinate
one-forms (3.24) are

dX' = (14 chX3)dX' — c+dX?,
dX? = (1+ chX?)dX? + cxdX", (3.73)
dX?3 = dx?3.

The new background is determined by the field redefinition (3.20) and reads

1
_ d12 d22 d32
9 c2+(1+chx3)2[(x)+($)]+($)a .
3 3\2 .
b:}c+2hx + c(hx?) del A da?

2 4+ (1+cha3)?

The procedure of section 3.2.4 can be applied to this case by using a T-duality along !
and x2. Hence for preserving (approximate) conformality the dilaton (3.61)

b= —% In [02 +(1+ Ch$3)2] (3.75)

has to be introduced. The following observations are made.

10See [56, 120, 121] for target-space approaches and [24, 25, 57, 59] for CFT approaches
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e For ¢ = 1, this is equivalent to the Q-flux background (3.68) with a translation
x> =z — %, which is not a symmetry.

e In general, the monodromy upon x3 — 2341 for (3.74) is given by the O(3, 3)-matrix

1—ch 0 0 0 —2h 0
0 1—ch 0| c2h 0 0
0 0 1 0 0 0
Tinono = 0 —h O0]|1+ch 0 0|’ (3.76)
h 0 0 0 14+ch 0
0 0 0 0 0 1

which is a combination of 8- and B-transformations and therefore not a symme-
try of the theory. This means that 23 — 23 4 1 gives the same background as
T onoH (g, b) Tomono; thus Trmono is the transition function for (3.74).

As being inequivalent to the @-flux background (3.68), (3.74) with (3.75) is an example of
a new approximate non-geometric background.

Actually, Poisson-duality induced by (3.72) is also admissible for the backgrounds T-
dual to (3.64). For the twisted torus (3.65) Poisson duality yields

1

g = ﬁ(dac1 — h:v3dac2)2 + (dz?)? + (dx®)?
te (3.77)
_ 1 2
btt = m dz” Ndzx y
which is a twisted torus again with a well-defined Kalb-Ramond field. Here duality acts
1
as gauge transformation by £ = 1102 dx? accompanied by a rescaling. Starting from the

T-fold (3.68) is similar; one obtains

1
_ del)2 da2)2 du3)2
3 (3.78)
b :id:ﬂl/\dwz
s 1+ (¢ — ha3)? '

Again, this is the Q-flux background up to a translation 23 — 23 — 7 — Poisson duality

merely acts as translations of 2°. Hence Poisson duality with (3.72) preserves the global
structure of the backgrounds T-dual to (3.64).

3.3 Summary and discussion

In this chapter the target space symmetry structure of string theory has been explored. A
field redefinition (3.20) of the background accompanied with a transformation of the coordi-
nates (3.24) — both induced by a given O(d, d)-transformation — provides dual descriptions
of the classical system. For the new coordinates to be consistent, the integrability condi-
tions (3.25) have to be satisfied which guarantee the existence of certain isometries of the
background. The analysis of the isometry algebra revealed a Courant algebroid with bracket
(3.44) unifying the integrability conditions. The generators of O(d, d)-transformations have
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been analyzed in detail. In particular, well-known T-duality [31] is contained in O(d,d)-
duality as well as Poisson duality induced by S-transformations.

Since the method is not restricted to constant O(d, d)-transformations, non-abelian du-
alities can be treated as well. The present findings allow for decomposing them into the four
generating classes — diffeomorphisms, B-transformations, T-dualities and S-transformations.
It would be interesting to study non-abelian duality more detailed in this context. Related
to this, the connection to Poisson-Lie T-duality [122, 123] deserves further attention. There,
the condition for the existence of isometries present here is relaxed by having currents which
are not conserved but obey an extremal surface condition.

Although being an evident classical duality, the quantum aspects of O(d, d)-duality are
barely studied. In particular, the conjecture for the general shift of the dilaton needs to be
verified more thoroughly. Moreover, the discussion lacks a clear criterion for conformality
of a dual background. The arguments presented here rely on the symmetries and T-duality.
A discussion of global aspects of the procedure from the quantum field theory point of view
might be helpful.

A related global question concerns the values of the entries of the O(d, d) transforma-
tions; so far they can be non-constant, i.e. function-valued. For example, if periodicities
of certain compact directions are required, the entries might be restricted to integers or
integer-valued functions. However, up to now it is not clear if O(d, d)-duality allows for ”de-
compactifications” of dualized directions in a consistent way. In the conventional approach
to dualities, the preservation of compactness and periodic directions during dualization
seems to stem from the constraint of holonomies of the auxiliary gauge field by the La-
grange multiplier, which serves as the dual coordinate [119]. Since this issue is absent in
the method presented above, the question has to be approached differently.

Due to the problem of invertibility of the primitive of (3.24) discussed in section 3.2.1,
it is not clear yet whether O(d,d)-duality goes beyond the well-known O(d, d; Z)-duality
for toroidal backgrounds. However, it avoids the procedure of gauging isometries with the
associated problem of possible non-trivial holonomies and provides a direct relation between
the dual coordinates via (3.24) (cf. (3.29)). Moreover, all the conditions known from the
conventional approach of gauging isometries are recovered and interpreted in a geometric
fashion in terms of Lie and Courant algebroids. Furthermore, the approach of O(d,d)-
duality has lead to the construction of a new (approximate) non-geometric background.
Thus it seems to provide a fertile (at least) alternative approach to target-space dualities.

As an application, T- and Poisson duality for the flat rectangular three-torus with
constant H-flux was presented. This revealed the existence of exotic string backgrounds
eluding a conventional geometric description. These non-geometric backgrounds are char-
acterized by transition functions beyond the symmetries of the theory. They will be stud-
ied within the low energy effective description of (3.1) in the next chapter. However, the
proper description of non-geometric backgrounds requires an extension of string theory
which includes dualities as manifest symmetries. A modest step in this direction is taken
in chapter 5.
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Chapter 4

Geometric aspects of
non-geometric backgrounds

In the previous chapter the possibility for non-geometric string backgrounds has been shown
by the application of duality. As was described in the introduction, the T-dual fluxes
discovered in the chain (3.2.5) on the one hand allow for new string theory backgrounds
as they introduce additional possibilities for stabilizing moduli. On the other hand, they
describe the ”"swampland” of gauged supergravity to some extend. In any case they cannot
be neglected in a holistic understanding of string theory.

In this section some properties of these fluxes and the associated backgrounds are
studied. First, the algebraic structure of the fluxes is described within a Courant algebroid
in a unified manner. The resulting Bianchi identities constitute important constraints
among the simultaneous presence of different fluxes, which is important for non-geometric
phenomenology. Since this structure describes all the fluxes at once it is a natural candidate
for formulating a gravity theory for all fluxes simultaneously. However, as has been shown
in section 2.2.2, this is not possible in general and requires the restriction to Lie algebroids.

Second, the low energy effective theory for the string sigma model (3.1) is formulated in
terms of Lie algebroids. This circumvents the technical problems of an approach by means
of Courant algebroids. Beside its autonomous interestingness, the connection between
gravity theories on different Lie algebroids is shown, which enables a patch-wise descrip-
tion of non-geometric string backgrounds. The approach straight-forwardly generalizes to
supergravities as well as to quantum corrections.

4.1 The Courant algebroid for dual fluxes

The H-flux emerges as higher abelian field strength to the Kalb-Ramond field B - H = dB
—and the geometric flux f is the structure constant of a non-holonomic frame on the tangent
bundle. Thus the geometric part of the duality chain (3.2.5) is well-understood. However,
the nature of the non-geometric Q- and R-flux is not clear;

Tra Tr(2 Tr(s
Habc < ()} fabc < ()> Qabc ¢ ()> Rabc .

geometric non-geometric
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In [27] an ad-hoc gauge algebra is given which reproduces the Bianchi identities for
constant fluxes H, f, @ and R previously found by applying T-duality to the immediate
identity dH = 0 in a non-holonomic frame. In [52, 124] the gauge algebra is related to the
Courant bracket by computing the algebra of conserved charges and explicit expressions
for @ and R are provided.

To generalize these results, in [64] the non-geometric fluxes are described by a quasi-Lie
algebroid on the cotangent bundle. This can be seen as the complement to the quasi-Lie
algebroid on the tangent bundle describing the geometric fluxes. Analogous to f describing
a non-holonomic frame on 7'M with respect to the Lie bracket, () describes a non-holonomic
frame on T*M with respect to the Koszul bracket (2.31). The Lie bracket is twisted
such that the H-flux is incorporated as the defect of the anchor property. Similarly, the
R is incorporated as defect from twisting the Koszul bracket. A unified mathematical
description of all the fluxes is found by combining the twisted brackets to a Courant
algebroid analogous to proposition 2.14. This Courant bracket is a global version of the
one found in [52] and is used to derive the Bianchi identities for general non-constant fluxes,
generalizing the work [27].

4.1.1 The proto-Lie bialgebroid for dual fluxes

The utilization of a twisted Koszul bracket for describing ) and R necessitates the in-
troduction of an alternating bivector § in addition to the background data (G, B). Does
5 has to be considered an additional datum to describe space-time? For introducing the
Q-flux in section 3.2.5, a T-duality has been employed to convert the background to a
background on the cotangent bundle via (g + 8) = (G + B)™! (cf. footnote 9 and [125]
for an approach via quasi-Poisson sigma models). Hence [ for the @Q-flux is related to the
background (G, B) via

B=-(G+B)'B(G+B™ (4.1)

and does not comprise additional information. In the following, two quasi-Lie algebroids
for describing the geometric and non-geometric part of the chain (3.2.5) are formulated.
To this end, the background is assumed to be (G, B) with the bivector § given by (4.1).
The appropriate brackets are determined as follows.

e The geometric flux arises as structure coefficient of a non-holonomic frame {e,} for
TM,ie

[eaaeb] = fmab €m <~ de” = _% fabc eb A ec’

where the equivalence follows from (2.34). For this to be a Lie bracket, the Jacobi
identity has to be satisfied; this gives

et P ) = ™" jab) [P (4.2)

which is always assumed in the following. Therefore the Lie bracket is appropriate
for describing the f-flux as structure coefficient.
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e In section 3.2.5 the Q-flux associated to two T-dualities of (3.64) was introduced by
a partial derivative of (4.1). This can be reproduced by the structure coefficient of
the Koszul bracket (2.31) with respect to (4.1). In a holonomic frame the structure
coefficients read

[ea’ eb]K = Lﬁamemeb = dﬂab — acﬁab €

since de® = (0. This legitimizes the Koszul bracket for describing the @-flux. However,
# is not assumed to be a Poisson structure, i.e. (T*M,[, ]k, O) is a quasi-Lie
algebroid with the defect given by © (2.32).

Thus the Lie and Koszul bracket describe the f- and Q-flux as structure coefficients of
non-holonomic bases respectively. As invoked above, the H- and R-flux will be introduced
as a defect to the Lie algebroid properties by twisting:

e The most natural twist of the Lie bracket by H € I'(A3T*M) gives rise to the H-
twisted Lie bracket
X, Y]5 = [X,Y] = B (eyex H) . (43)
This is the quasi-Lie algebroid Lxg = (T'M, [, ]r,id7rar; H) with the defect to the
anchor property (2.42) given by
Ar, (X,)Y)=[X,Y]y - [X,Y] = B* (txey H) (4.4)

since the anchor is the identity. In the non-holonomic frame introduced above the
bracket evaluates to

[eay eb}H - (fcab - Habm 6mc) €c = -Fcab €c. (45)
e Similarly the Koszul bracket can be twisted by H, giving the H -twisted Koszul bracket

€, nl% = [&nlwe + LgintgieH . (4.6)

This is the quasi-Lie algebroid Ky = (T*M, [-, |4, A% R). Since S is not assumed to
be a Poisson structure, the defect to the anchor property of the twisted bracket adds
to the defect (2.42) of the Koszul bracket:

A (&m) = B M — 185, 8] = 1ety |© + B (H)| = ety R. (4.7)

O is given in (2.32) and locally [®3B*(H)]®¢ = gem 3" 3k [, r.. In the non-holonomic
frame the structure coefficients become

[€a7 eb]g = (acﬁab + 2f[a|cmﬁm‘b} + Bamﬁanmnc) el = Qabc e’ (4'8)

Therefore the algebra for the geometric sector is determined by the structure coefficients
F with a defect H and the algebra for the non-geometric sector is determined by the
structure coefficients Q with a defect R. In particular, the precise form of the R-flux is a
consequence of the mathematical structures and analogy to the geometric sector. Indeed,
both structures combine to a proto-Lie bialgebroid [113], which is a generalization of a
Lie bialgebroid 2.13. Apart from diverse compatibility conditions and the duality of the
underlying vector bundles, a defining feature is the reciprocal relation between the defects
and the anchors: Az, (X,Y) = B*(txty H) and A, (€,1) = idrar(teenR).
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4.1.2 The Courant algebroid and Bianchi identities

Analogous to proposition 2.14, the proto-Lie bialgebroid (L, Kg) can be combined to a
Courant algebroid.

Proposition 4.1 ([64]). The proto-Lie bialgebroid (Lp,Kp) gives rise to the Courant
algebroid Caual = (TM @ T*M, (-, )+, [, -] dual, @) with

a(X +&) =X + %

(4.9)
(X+&Y 4+ =wxntiyé
and with the bracket given in terms of the associated Lie derivatives (2.39) as
[X + &Y +nlawa = [X, V] + LY — LyPE — Y de (X + &Y + ) + oyex H (4.10)

(€, + LEPY — IN0 X + S, (X + €Y +n)— + R

Although not nilpotent, the derivatives dr,, and di,, are defined by (2.34) with respect to
the associated brackets (4.3) and (4.6) respectively.

Before proving the proposition, the algebra defined by the bracket (4.10) is considered. For
a non-holonomic frame {e,} for TM and its dual {e®}, the bracket becomes

Heaa 8b]]dual = -Fcab ec + Hgpe €°
[[eaa eb]]dual = cha €c — ~Fbac e’ (411)

[[ea’ 6b]]dual = Rabc ec + Qabc ec.

In particular, the second bracket is determined by the definition of the Lie derivative (2.39)
and the relation between the exterior derivative and the Lie algebroid bracket (2.34). The
algebra defined by (4.11) is a generalization of the ad-hoc gauge algebra given in [27] to
non-constant fluxes H, F, @ and R.

Proof of proposition /.1. The anchor property is a lengthy but straight-forward evaluation.
The only difference to the case of a Lie bialgebroid 2.14 is the defect A for the quasi-Lie
algebroids which is taken into account by the explicit appearance of H and R in the
definition of the bracket (4.10). The Leibniz rule can be evaluated directly: the last
property of (2.40) and the Leibniz rules for £y and Kg give rise to

[X + & fY +0)]ava = FIX + &Y + nlava + [(X + B f] (Y +n)
— HXHEY +n)_(dey —dicy)f — wédey, f—uxndic, f
= fIX + &Y + nava + [(X + B4 F] (Y + 1)
— (X + &Y + )1 (dey +dicy) S -

Since (dg,, + dicy ) f(X +€) = (X 4+ B f = a(X +€)f, D =dg,, + di,, on functions and
therefore the above calculation reproduces the correct Leibniz rule. Since the derivative D
is identified now, o o D = 0 follows from

a(Df)(E) = (dic, [+ Bdey £)(€) = (B f + B 0uf & = (B f — (B°€)f = 0.
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Proving the fifth property in 2.2 is again long and straight-forward. It remains to show
the Jacobi identity. For a particular frame the Jacobiator becomes

Jaccy,,, (€a; ep, €c) = — 3(3[c\ Fhan + F™ o) Fagm + Hiabjm de|c])€d
- 3(3[c\ Hygp)a — 2F " ap) H|cd]m) e’ + 3 DHye
JACC (0 €0, ) = — (B0 Flap + 200 Q) — Hyna R — F0y 0%,
+ 4Q[C|m[a|f|d]m|b]>ed - <5cm5mHabd — 2010) F“|p)d
= 3H[ap) Q") + 3fm[ab\fcm|d]>ed +3DFw,
Jace,,,, (eq, e, ) =+ (—(%Rb‘:d — 2B[C‘m8mQ|f]d + 3Qlblm gled
= BF LRI Y g+ (281170, Mg = 0,90 + QP F ™
o+ R Hyaq — 4QU™ FI et 4§ DO,
Jace,, (¢%,€b,e%) = — 3(B[c\m 8, RIatld _ gRlablm Q|cd]m) eg — 3(ﬁ[c\m 8,0l

+ Rlablm }"Idmd + Q[ablm QIC]md) e 4 %DRabc.
To simplify the Jacobiators further, the anchor can be applied. Since

a ([[A; Blaual, clauar) = [a ([4; Blawar) , a(C)] = [[a(A), a(B)], a(CO)]

the Jacobiators above become Jacobiators of the Lie bracket, i.e. trivial identites. Using
these identities together with

dH =0 <~ 8[a|H\bcd] — %fm[ab‘Hm|cd} =0,
the Jacobiators can be written in terms of the Nijenhuis tensor (2.17) as

( ) = DHabc = DT(

Jacey, 1( ) = 1 chab = DT (eq, ey, €°

Ja'ccclual (6a7 € ) ec) 1 DQbCa - DT(ea, e 9 ec
( )= (

Jace,,., (e ,e , e

Jace,, (€a, v, €c

€q,€p, €

Hence the Jacobi identity of a Courant algebroid is satisfied. This completes the proof as
all properties in definition 2.2 are verified. O

Bianchi identities

Bianchi identities are trivial identities which encode restrictions among the involved quan-
tities. The trivial identities for the four fluxes can be obtained from the Jacobi identity of
the Courant bracket above by anchoring, as was done in the proof. Since oD = 0 they
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read
a (Jacey,, (€q, ep,€c)) = Ja CLle(eaaelnec) =0,
@ (JaCCdual (eaa €b, ec)) Ja CLle(eaa ep, B ) = U, (4 12)
o (JaCCdual(eaa €b7 ec)) Ja CLle(e(Z7 Bﬁe Bﬁec) =0 5 ’
«o (Jaccdual(e“,eb,ec)) Jac (6ﬁe ﬁﬁ b Bﬁe ) =0,
together with
dH =0 <~ 8[a|H\bcd] - %fm[ab‘Hmwd} =0. (4.13)

The precise form of the identities (4.12) can be read off from the Jacobiators given in the
proof of proposition 4.1. In particular, for constant fluxes the identities (4.12) coincide with
those previously derived in [27, 62, 63]. The identities (4.12) are generalized to double field
theory in [126, 97, 98, 66], where in particular the R-flux is accessible through conventional
dualities.

The Bianchi identities restrict the possibilities for the concurrent appearance of the
dual fluxes.

4.2 The structure of non-geometric patches

The dynamics of a string background is described by the equations of motion (3.58), which
retain conformal invariance of the quantized theory. They can also be formulated by varying
the action

S=—55 dda: VdetGe (R ( — L Hoy H + 40,0 aw) LOW@). (4.14)
with respect to GG, B and ¢. x denotes a normalization constant and the metric is assumed
to be positive definite. This action is the low energy effective action for the massless
fields G, B and ¢ in the spectrum of string theory and can therefore also be derived from
scattering of these states. Moreover, the effective action for any O(d, d)-dual background
(g,b) (3.20) with appropriate dilaton (3.61) is of the form (4.14) because duality preserves
the form of the sigma model (3.1). The action is invariant under spacetime diffeomorphisms
and Kalb-Ramond field gauge transformations

B — B+ d¢ for £eT(T*M), (4.15)

i.e. under the geometric group Gge x diff(M). In section 3.2.5 string backgrounds have
been discovered whose global description requires patching with transformations beyond
the symmetries of the underlying theory. These changes of the transition functions are
a general feature of O(d, d)-duality: Let M ;) € O(d,d) be the transition function for a
background (G, B) from a patch U; C M to the patch U; C M; it is an element of O(d, d)
since it arises from the structure group of the generalized (co)tangent bundle. Denoting
the generalized metric (2.10) in a local patch by H ;) (G, B), the transition function acts as

H;)(G, B) = My Hpy (G, B) Mj) - (4.16)
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Performing the O(d, d)-duality induced by 7 € O(d,d) amounts to a conjugation of the
generalized metric (cf. (3.18)), giving the field redefinition (3.20). Hence, if the new
background in the patch U; is encoded in 7'17-[(2-)7’, the new background in the patch U;
becomes

T'H; (G, B)T = T My Hiy (G, B) My T

(4.17)
= (T7"MyT) (T* iy (G, B) T) (T My T)
Therefore the new transition function for 7-dual backgrounds reads
=T "MyT € 0(d,d). (4.18)

In particular, it is possible that M’(ij) ¢ Gae x GL(d)." This happened for example for
the Q-flux background (3.68), where two T-dualities have changed a B-transformation to
a [-transformation. In summary, (4.18) attest O(d, d)-duality the general possibility for
producing non-geometric backgrounds.

If the transition function is not an element of Gg¢ x GL(d), the action (4.14) can only
be understood locally. The purpose of this section is the description of the theory in every
patch by providing the patch-wise interpretation discovered in [80]: On every patch the
theory is described by an action of the form (4.14). The actions on different patches differ
if the transition functions are non-geometric, i.e. if they are T-dualities, S-transformations
or more general transformations outside Gg¢ x GL(d). To achieve this, Lie algebroids are
constructed whose differential geometries (cf. section 2.3.3) are appropriate for formulating
these actions. Then they are constructed explicitly with a particular emphasis on the
gauge transformations. Two examples of the recent literature are presented as well as the
extension of the procedure to all higher-order corrections and supergravities.

4.2.1 The Lie algebroid for O(d,d) transitions

The field redefinition (3.20) describing the change of the metric and the Kalb Ramond field
under duality is given by conjugation with the automorphism (3.19)

v =192 + (G — B)tlg T*M —T*M

for an O(d, d)-matrix 7 with the four d x d-submatrices ¢;;; 7,5 € {1,2}. More precisely,
defining? b = 7~ 15~! — g, the redefined background (g, b) is related to the old background
(G, B) via

g=(®@* NG and b= (227" (B). (4.19)

As compared to (3.20), y~! : T*M — T*M is considered a Lie algebroid homomorphism
and acts as described in section 2.3.1:

(@™ (G)IX,Y) = Gy (X),77(Y))

'From the perspective of the structure group of the tangent bundle, diff(M) C GL(d). Of course, as
opposed to mere changes of frame for 7'M, diffeomorphisms also change the coordinates of M.
2The inverse of (3.19) is y~' = ti; + (g — b)ti, and 6~ = th; + (g — b)th,, which follows from (3.20).
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and analogous for b. Hence (4.19) is equivalent to (3.20), but more convenient for the
following purposes. In particular, g is the metric on a Lie algebroid, which is related to G
as in theorem 2.17 and b turns out to be the right object for formulating the flux in the
different patches. To employ the full strength of this theorem, this Lie algebroid has to be
specified. There are two possibilities.

o t = (TM,[,]J,p = ~v"): (4.19) suggests to interpret v~* : TM — TM as anchor
of a Lie algebroid on the tangent bundle. As was done in section 3.2.2 the bracket
can be determined by computing the Lie bracket of anchored vector fields. With the
abbreviation® Dz = v !(ez) = 740, one obtains

[V HX),YTHY)) = (X" DY = Y™ Dy X+ XY Fn)y ' (ea) -
With the structure coefficient for the frame given by [e,, ep] = fCupec, F reads
FC_LEE = ’yam (DB’YmE - Défyml_) + ’Yp(_; ’VqE fmpq) . (420)

As the anchor property equates this with v~ ¢([X,Y];), the Lie algebroid bracket can
be read-off:

(X, Y]i= (X"DpY®* —Y™"Dp X*+ XY™ F5)eq . (4.21)
The requirements of definition 2.9 are satisfied by construction.

o t* = (T*M,[,"]¢+-,p = G~! o): The field redefinition (3.20) for the metric can be
rewritten as

_ _ IR 1\ —
g=7"'Gyt=(G) T G (@) (4.22)
Inverting this relation is interpreted as giving a metric g on the cotangent bundle via
~ 10\t _ _ t
§=(G1) G (G = [22 (G o] (G). (4.23)

Using the redefinition (3.20) for the Kalb-Ramond field and g, the equivalent to the
B-field on the cotangent bundle reads

f=[e?@ o) |(B) = B=gog. (4.24)

Thus the field redefinition (3.20) implies an equivalent field redefinition to a back-

ground (g, 8) on the cotangent bundle. Hence, mimicking the construction of t, the
anchor is indeed given by p = G~ ' o~ : T*M — TM and the bracket reads

(€, nle = (€D na — D™ + Emnn Q™ a) e (4.25)
with D% = p(e%) and the structure coefficient

Q= Pem (D77 = DO+ 7% 7 [ ™) (4.26)

3The notations of section 3.2.1 are employed. In particular, v = (v.%), 7v~' = (72%), 7' = (%) and

77 = (v%a)-
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Therefore the field redefinition (3.20) together with the Riemannian structure of the man-
ifold M gives rise to two Lie algebroids t and t* associated to the redefined background
(g,b). Indeed, they are equivalent as Lie algebroids.

Proposition 4.2. There exists a Lie algebroid isomorphism such that t = t*. More pre-
cisely, the Lie algebroid isomorphism is given by g (4.19).

Proof. The conditions in definition 2.10 have to be checked. The redefined metric is a
bundle isomorphism g : TM — T*M. Using the definition of p and the field redefinition
(3.20) or equivalently (4.19) gives

pog= (G loy)o(y loGor)=4"=p.

To prove g([X,Y]t) = [9(X),9(Y)]e, the relation p = po g is employed. The anchor
properties can be evaluated as follows:

pog([X,Y]) = p([X,Y]) = [p(X), p(Y)] =[50 g(X),p0g(Y)] = p([g(X), g(Y)]e) -

Since p is invertible as composition of the invertible maps v and G~!, this implies the
desired relation between the brackets. Hence g is a Lie algebroid isomorphism. O

The relation between the two Lie algebroids induced by the field redefinition can be
summarized in the following commuting diagram:

The Lie algebroid t is associated to the background (g,b) in (3.20) via b. For the interpre-
tation of t* the Lie algebroid isomorphism g is used instead of decomposing 5 analogous to
b. Noting that g = (®2g~1)g since § = g7, the new Kalb-Ramond field similarly converts

to b = (®2%g~1)b. Hence t* describes the background (g, b) on T* M, which is related to the
new background (g, b) by the isomorphism g.

4.2.2 The patch-wise effective theory: Lie-algebroid gravity

In this section the proper analogue of the effective action (4.14) in different O(d, d)-patches
is formulated. Since O(d, d)-transformations act on the background by the field redefinition
(3.20), the transitioned action has to be formulated in terms of the resulting background.*
In particular, all the symmetries have to be retained in the transition and the actions must
coincide in order to describe the same theory. The difficulty in achieving this lies in the
mixing of metric and Kalb-Ramond field induced by (3.20), which implies a mixing of the
initial gauge transformations and diffeomorphisms. Thus the aim is to identify the correct
symmetries in the new patch.

“The new action is not the low energy effective action associated to the O(d, d)-dual sigma model as the
transition is described by a mere change of the background, which is not a duality.
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In the previous section, two Lie algebroids have been identified whose anchors relate the
initial background and the redefined one. Hence the general structure of the redefinition is
the existence of a Lie algebroid isomorphism p : A — T'M between the two Lie algebroids
A= (A,[,]a,p) and (TM,[-,-],idrr) whose respective metrics g and G are related via

g=®%"(G) €eT(O*A"); (4.27)

these are the assumptions for theorem 2.17. In particular, the relations (2.51) and (2.57) are
used to translate the connection, the curvature and the torsion: Indicating the geometric
objects on A with a hat, they relate to those on T'M by

R%y5 = pa %3 0% p%5 R%cq
504,8 = p% pb,B Rap

R =R
Taﬁ'y = p% Pbﬁ pc’y T

with {es} a frame for A and {e,} a frame for TM.

Symmetries

By construction, also the geometric objects on the Lie algebroids A are proper tensors,
i.e. behave in the ordinary way under diffeomorphisms: On the tangent bundle, diffeo-
morphisms induce special changes of frame related to the coordinate frame and changes
of coordinates on the underlying manifold. For Lie algebroids whose underlying bundle
has the same rank as the dimension of the manifold and an invertible anchor — which is in
particular the case for t and t* — there is a proper notion of coordinate frame as well. Let
{z} be a basis for M and { £a} the coordinate frame for TM with its dual {dx®}. Then
{r Y aga) = 02} is a frame for the vector bundle A with dual {d 4z} since p is invertible.
This follows from

8 a
daz® (3) = p (0" (325)) 2" = 55 = 3 (4.28)

by (2.34). Hence {d4z%} is indeed the dual frame. Since dqz® = p~!(dz®) by proposi-
tion 2.12 and since the anchor is linear, the frame behaves in the ordinary way under a
change of basis 2% — y* (z):

oy dx® :
oA = LY pA and dgx® = ﬁm&,df\ya ) (4.29)

a awa a

The transformation behavior for arbitrary tensors then follows from their multilinearity.

This shows that any tensor on A transforms as usual under diffeomorphisms. It remains
to discuss gauge transformations. The Lie algebroids t and t* constructed from the field
redefinition also satisfy

b=o%"(B) €T(A%A"), (4.30)
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which is the analogue of the Kalb-Ramond field from the perspective of the action. Indeed,
by using proposition 2.12, b inherits the gauge transformations from B:

®%p' (B +d€) = b+ @%p'(d€) = b+ da (p'€) . (4.31)

Thus the b-field gauge transformations are b — b + d 40 for o € I'(A*). The associated
gauge invariant object is

O =dyb=&p'(H); (4.32)

the relation to the H-flux H = dB follows from proposition 2.12 and (4.30). In particular,
similar to the connections, the curvatures and the torsions according to theorem 2.17,
also the gauge invariant fluxes are related to each other by applying the anchor; B and b
are related by anchoring as well, but are gauge dependent quantities. These observations
lead to the following notion for tensors on A, which distinguishes objects with a gauge
dependence stemming from the B-dependence of the anchor from those with an inherent
gauge dependence.

Definition 4.3. A section 7 € T'(®Q" A ® ®* A*) of the Lie algebroid A = (A, [, "] 4,p) is
called a p-tensor of type (r,s) if

[(@p) @ (@°p )] (1) eT(QTMeQT™M)
is gauge invariant. A p-gauge transformation of a k-form 7 € T'(A*A*) is given by
T —T+dyo (4.33)
for a (k — 1)-form o € T'(A*=1A%).

In other words, a p-tensor is characterized as a section whose image under the anchor is a
conventional, gauge invariant tensor. Written in components with p = (p%,), the section
T g g, is a p-tensor if there exists a gauge invariant (7, s)-tensor 7" with

Tal"'aTbL..bs = poqa1 s pocrar p51b1 s pﬁsbs Talmarﬁlnﬂs :

Moreover, any contractions or traces of p-tensors are again p-tensors as an anchor always
contracts with its inverse. In particular, (2.51) shows that the Levi-Civita connection V
and the associated curvature R and torsion 7 on A are p-tensors as well as © due to
(4.32). On the other hand, b is not a p-tensor as (4.30) relates it to B, which is gauge
dependent. This gauge dependence amounts to a p-gauge dependence of b in terms of
A-exact two-forms.

The action

As has been shown above, R and © are the analogues of R and H on the Lie algebroid
and related to the latter by applying the anchor. To formulate the Lagrangian analogous
to the one appearing in (4.14), the dilaton ¢ is assumed to be unchanged. This can be
understood as extension of the principle observed for the metric, the Kalb-Ramond field,
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the connection and the curvature: The geometric objects on A are related to those on
TM by applying the anchor. Since ¢ is a scalar, the action of the anchor is trivial. This
completes the list of ingredients for a p-scalar Lagrangian analogous to (4.14).

For the integration, the duality invariant measure v/det Ge=2? is taken as in (4.14).
However, using (4.27) the first factor can be written in terms of the new metric as

Vdet G = \/det (@2p~tg) = \/det g|det p~ 1| . (4.34)

This allows to formulate the diffeomorphism and A-gauge invariant action

~ 1
Sa=——
A 2K2

s dlz \/detg | det p~1| 2% (E — L 045, 0% 44D, D%) o (4.35)
In particular, p-scalars and conventional scalars coincide. For the Ricci scalar this was
already observed in (2.57), and for contracted terms it is a consequence of the contraction
of anchors. For example

60467 gaugﬁl/gvp Qqu = Habc GamenGCk Hmnk (436)

by (4.32) and the inverse of (4.27). Together with (4.34) this implies the equivalence of
Sa (4.35) and S (4.14):

Proposition 4.4 ([80]). Let A = (A, [, ], p) with rank(A) = dim(M) and an invertible
anchor. Let A and TM be equipped with a metric and a two-form (g,b) and (G, Zz) respec-

tively, which are related by g = ®%p'(G) and b = @2p*(B). Then the theories Sq (4.35)
and S (4.14) coincide to all orders in o :

~

Su(g,b) =279, 56, BY.

b=®2p*(B)
The result applies to all o/-corrections since the effective action for the bosonic string
consists of contractions and covariant derivatives of the curvature tensor, H and the dilaton.
Since they are related to the quantities on A by anchoring, the above procedure extends
to any action comprising these fields.

Interpretation

The transition functions, whose impact on the background is given by the field redefinitions
(4.27) and (4.30), are elements of O(d,d). In section 4.2.1 the isomorphic Lie algebroids
t=(TM,[,]i,p=~"") and t* = (T*M, [, -]¢-, p = G~Lo7) have been constructed from the
redefinition (3.20) which provide the geometry for the redefined theory. Now the change
of the background under the transition between patches is considered by taking a closer
look to the generators of O(d, d) as discussed in section 3.2.3. Let (G, B) be a background
requiring the following transition functions:

e Change of frame (3.47): The map (3.19) is given by v4 = A~!. Then p = A and
(g,6) = (A'GA,A'BA). This conserves the Lagrangian, but the measure v/det G
receives an additional factor | det A=!|. If A stems from a diffeomorphism, this com-
pensates the Jacobian determinant of the change of coordinates. Hence S =S for
diffeomorphisms.
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e B-transformations (2.2): Since + is just the identity, also p = 1 and the background
in the new patch coincides with the background in the initial patch’; (g,b) = (G, B).
Again §; =S

o (-transformations (2.12): Here the anchor reads p = [1 — (G — B)S]™!. Thus the
transition is very complicated as it in particular involves the background itself, which
causes the mixing of coordinate and gauge transformations.

e T-duality (2.7): Similar to S-transformations, the anchor p = 1 — 13 + (G — B)1;
leads to a complicated transition with a B-gauge dependence in every tensor.

The complicated forms of the anchor for the non-geometric transition functions related
to B-transformations and T-duality illustrate the difficulty of finding the action (4.35) by
direct computations as opposed to the approach using Lie algebroids followed here.

It is also always possible to change from the tangent bundle picture t to the cotan-
gent bundle picture t* by successively applying proposition 4.2, theorem 2.17 and proposi-
tion 4.4.

In total, the theory on different patches related by O(d, d)-valued transition functions
can be summarized by figure 4.1.

S(G, B) Silg.b)

M A

Figure 4.1: Every patch is described by a different action

Hence the suggested prescription provides a global understanding in particular of the theory
on non-geometric backgrounds as being governed by the different actions (4.35) on different
patches. R

Moreover, the equations of motion for the redefined action S4 (4.35) read

0= Rap +2VaVso — L 00 05" + O(a),
0= g Vad V3o — 19 VoVsd — o4 Oup, 097 + O(d), (4.37)
0= 3 V"Opap = V"6 Opap + O(0),
which follows directly from applying the anchor to the ordinary equations of motion (3.58)
and proposition 4.4 or by direct variation with respect to g, b and ¢. Hence S4 can in

particular be considered as extended gravitational theory on a Lie algebroid, which can be
studied on its own right, i.e. without a relation to the theories on T'M.

5In this case the difference to actual duality is most apparent: Whereas the Kalb-Ramond field of the
new background for duality is shifted, the Kalb-Ramond field in a different patch remains the same.
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Remark 2. The initial goal for formulating the theory for redefined backgrounds was a
global description of non-geometric backgrounds by a single action. This was motivated
by the field redefinition (G 4+ B)™! = ¢g~! + B for the @-flux presented in section 3.2.5
and introduced in [52]. The new background (3.71) appears to be globally well-defined as
the metric is well-defined and 8 changes under the transition by a gauge transformation.
However, the redefinition of the action from (4.14) to (4.35) also changes the symmetry
group according to (4.18). In particular, what appears to be a gauge transformation for
the background (3.71) is not a symmetry of the redefined action (4.35) as it stems from -
transformations for the initial background, which are not symmetries for (4.14) either. As
advocated in [127, 128, 129, 77], the redefined action (4.35) related to the new background
might be globally well-defined if certain terms are neglected and if one restricts to very
special backgrounds. This approach is pursued further in [130, 131].

4.2.3 Examples

The construction developed in the previous sections generalizes two particular constructions
appearing in the recent literature, which are briefly presented for the sake of completeness.
The first example provides a Lie algebroid structure t on T'M and the second instance
provides a Lie algebroid t* on T*M (see section 4.2.1).

An example for t: The Q-flux redefinition

The first example follows the setting employed in [127, 128, 77]. The initial background
(G, B) is related to the new background (g, ) via

(G+B) =g +8. (4.38)

Hence, g is a metric on T'"M and S an alternating bivector. This redefinition is related to

the O(d, d)-transformation
_(0 ¢!
Tr = (g 0 > . (4.39)

Using (3.20) with 77 gives the background (g,b) with b related to 5 defined above by =
g~ 'bg~!. This gives rise to a Lie algebroid t on TM with anchor p; = 1—G~!B and bracket
given in terms of the anchor by (4.20) and (4.21). Hence the procedure for determining the
new action developed above is applicable; although the redefined quantities are cumbersome
if written down explicitly (cf. [80]), (4.35) retains all the desired symmetries.

This construction is particularly useful for the @-flux background (3.68) as it becomes
very simple: In this case ¢ = 1, and (4.39) describes a complete T-duality; see (3.71),
footnote 9 in chapter 3 and remark 2 for details.

An example for t": Quasi-Poisson geometry
The second example was constructed in [78, 79]. Starting from the background (G, B), the
underlying O(d, d)-transformation for the redefinition (4.27) and (4.30) is

_ _ (1 =B
Tir —7-_23773 = (QB _]1> , (4.40)
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i.e. a composition of B- and S-transformations, provided that the Kalb-Ramond field is
invertible with B = $~!. The anchor is given by p = —3 = %5 The fields (4.27) and
(4.30) on the cotangent bundle are given by

G=-BGB and pB=-8 (4.41)

respectively. The bracket on 7% M is determined by the structure coefficient (4.26), which
on a holonomic frame reads

Qe = —Ben (8"0,6™ = 30,5 )
= — 873" (9 Bem — OmBen) (4.42)
= 06" — 5" 8" Honne
where OM !t = —M~Y(OM)M ' was used multiple times. This is the structure constant

of the (—H)-twisted Koszul bracket (4.6) given in (4.8). The bracket does not satisfy the
anchor property a priori; the defect is given by (4.7) as

A, = tyte |@*B(H) — @] : (4.43)

with © introduced in (2.32). However, in a holonomic frame and using 3 = B~!, © can be
evaluated to

@abc _ /Bamamﬁbc + chamﬁab + Bbmamﬁca _ ,BamﬁbnﬁCkank : (444)

this implies Ax_,, = 0. Thus the Lie algebroid t* coincides with the Lie algebroid K_g =
(T*M, [-,-]", B*). The vanishing of the defect, i.e.

0 = @3B (H) (4.45)

means that § is a twisted or quasi-Poisson structure [116, 132]: The Poisson bracket is
given by {f, g} = B(df,dg) and its Jacobiator reads

Hrgh by +{{h, [} 9} + {9, 1}, f} = tantaglar® = tantagtar [®35ﬁ(H)]

by using (4.45). Thus the Poisson bracket defined by § does not satisfy the Jacobi identity;
the defect is given in terms of the twist of the Koszul bracket.

Since this redefinition gives a gravity theory (4.35) whose underlying structure is the
(—H)-twisted Koszul bracket, it is reasonable to expect a relation to the non-geometric
sector of the duality chain (3.2.5) — In section 4.1.1 this structure was identified as being
suitable for describing the Q- and R-flux.

Even more interesting, it naturally trades the Kalb-Ramond field for a quasi-Poisson
structure. Since the Jacobi identity is not satisfied for H # 0, this might hint towards
non-associative structures in string theory.” Moreover, since the work of Kontsevich on
the quantization of Poisson manifolds [135] there has been a lot of progress in quantizing
quasi-Poisson structures as well [136, 137, 138, 139]. Thus the action (4.35) in terms of the
quasi-Poisson structure S might enable a direct quantization of this class of gravitational
theories.

5The difference in the convention between matrix multiplication and the f-prescription is a transposition.
"See [56, 120, 121, 24, 25, 57, 59, 133, 134].
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4.2.4 Lie-algebroid supergravity

Proposition 4.4 describes the redefinition for the massless Neveu-Schwarz-Neveu-Schwarz
(NS-NS) sector of closed bosonic string theory to all orders in o’. However, the superstring
spectrum, which can be obtained by adding fermions to (3.1), contains additional massless
bosonic states — the Ramond-Ramond (R-R) sector — and massless fermionic states in the
R-NS and NS-R sectors (see e.g. [13]). The general rule for translating geometric objects
to the Lie algebroid A is by applying the anchor: For T" an (r, s)-tensor on 7'M,

r=[(®p ) ® (&%) T (4.46)

is an (r,s) p-tensor according to definition 4.3. This has been shown explicitly for the
objects related to the metric and the Kalb-Ramond field and will assumed to be a general
rule for the remaining fields.

In the following, the bosonic ten-dimensional supergravities arising from closed string
theory are considered. The translation of fermionic terms reduces to the problem of re-
defining the spin connection done in (4.61); details can be found in [79, 80].

Type II theories

Focusing on type II supergravities, the massless field content given in table 4.1 has to
be considered. The difference between ITA and IIB is that the chiralities of the left- and
right-moving Ramond ground states differ for the former but coincides for the latter. Here

type bosonic fermionic
NS-NS R-R NS-R/R-NS

ITA G’,B,qb 01,03 2x 1/1,>\

IIB || G,B,¢ Cy,Co,Cy 2% 1, A

Table 4.1: The massless spectrum of ITA and IIB theories.

C,, is an n-form, ¢ is a spin 3/2 fermion — the gravitino — and \ is a spin 1/2 fermion —
the dilatino. While the transition for the metric, the Kalb-Ramond field and the dilaton
has been established above, a rule must be found for treating the R-R fields.

The forms C), appear in the effective action for the type II string via the field strengths

Fy — dC, F = dCy .
F,=dCs —dB AN (1, F3=dCy — CydB,
F5=dCy— $Co NdB+ 1B A dCs.

(4.47)

These field strengths are proper tensors as they are invariant under B-field gauge trans-
formations B — B + d¢ and the C-field gauge transformations

Cy — C1 +dAy, Co— Cy,
C3 — Cs+ AgdAy — dB, Cy — Cy+dAy,
C4—>C4+dA3—%dB/\A1+%dC2/\§

(4.48)
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for A,, arbitrary n-forms. In the previous sections the anchor translated between the
geometric quantities on the tangent bundle and the Lie algebroid. Since the field strengths
defined above are tensors, they can be translated to the Lie algebroid via (4.46), giving
p-tensors. The same can be done for the associated gauge fields: Defining

Cn=@"p'(Cy) €T(A"A),
the translated field strengths retain their form. For Fj for example, this means

F5 = @%p!(F5) = @°p! (dCy — 10y AdB + LB A dCy)
= dsCy— 1Co Adab + Lo A daCo,

where proposition 2.12 and (4.30) was used as well as the compatibility of Lie algebroid
homomorphisms with tensor products — in this case p!(£¢ An) = p'(&) A p'(n) for & and
1 one-forms. Thus, apart from E, © and ¢, the following quantities appear on the Lie
algebroid side:

HAonA 1IB on A:
=daCy, Fl—dACOa
F4_dA03—dAbA61, Fg—dACg—CodAb
—dAC4— *CQ/\dAb‘i‘ b/\d_ACQ

(4.49)

Also the gauge transformations (4.48) translate to the Lie algebroid consistently. Denoting
An = @"p~L(A,), the gauge transformation for Cy becomes

Cp — Cp + @*pt (dA3 — JdB A Ay + 1dCo A €)
= Cp +dahs — 3dab ARy + LdaCo A pl(€).

In particular, it involves the b-field gauge transformation b — b + d4p'(£€). In total, the
new gauge transformations read

ITA on A: IIB on A:
Cl—>01+dAAO, éo—)é(),
Cg—)Cg—i—AodAAg—dAb 62—>62+dAK1,
64 —>64—|—dAK3 — %dAb/\Kl +%dA6'2Apt(§).

(4.50)

Then gauge invariance of the translated field strengths (4.49) under the translated gauge
transformations (4.50) follows in particular from nilpotency of d 4.

The bosonic part of the ten-dimensional type II actions includes the following actions
apart from the universal NS-NS actions (4.14) (see e.g. [13]):

Sp ~ JdVzV/det G (|Bo|? + |Ful?) , SA ~ [BAdCs AdCs,

(4.51)
SBp ~ [V det G (|[F1)? + |F3> + 3|F5?) , S&s~ [CuAHAFj

with |F,|? = %(Fn)al...an (Fy,)% 9 In addition, in IIB theory the five-form Fj is self dual,
i.e. *F5 = Fj5; this has to be considered an additional constraint. The R-R Lagrangian
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densities L}A{QB are invariant under the gauge transformations (4.48) by definition. Their

translation is therefore analogous to the translation performed in section 4.2.2, i.e. F;, has
to be exchanged with F}, and the measure factor v/det G with \/det g|det p~1| as in (4.34).
The Chern-Simons terms are more subtle. Under gauge transformations they transform as

Sbq — S8+ [d (e NdC3 A dCs)

B B (4.52)
Scg = Sgg + [d(As NH A F)
where evaluation of the second line requires the anomalous Bianchi identity
dFs = H AN Fy. (453)

Thus the Chern-Simons terms are invariant up to total derivatives. For translating this
terms, it is useful to give them locally. In the coordinate frame {dz®} they read

BAdC3 A dCs = gk €10 (B A dC5 A dC3)a, ..ay, VOl = Liig VoL,

(4.54)
CyNH N Fy = g €710 (Cy N H A F3)ay...ayy vOl = LEg VoL,

with the volume form vol = v/det Gdz!' A --- A dz'? and e the Levi-Civita tensor, which
is related to the Levi-Civita symbol € € {0,4+1} by vdet Ge = €. The Levi-Civita tensor
can also be translated using (4.46); thus the Chern-Simons Lagrangian densities EééB are
ordinary scalars and translate directly to p-scalars. In particular, the gauge transformations
of the redefined Chern-Simons terms are top degree exact form on A, i.e. contribute as
[ dao for o € T(AYA*). Due to the redefined Levi-Civita tensor this, however, agrees with
an exact ten-form: [dao = [d(®%p~'c). Moreover, according to (4.34) the redefined
volume form is

vol = Vdetg|det p~tdzt Ao Adzt? (4.55)

Thus, in total the translated bosonic sector of type II supergravities is governed by the
universal action Sy (4.35) together with

§§R~f@(|ﬁ2|2+|ﬁ4|2> ) §és~fbAdA6*3AdA63,

. _ _ _ ~ (4.56)
8B~ [vol (IEAP + s + HESP) , 8By~ [CanOnFy

with © given in (4.32) and the Chern-Simons terms have to be understood as in (4.54)

with respect to the volume form (4.55) and the translated Levi-Civita tensor € satisfying

V/det g| det p~1|& = €. This concludes the translation of the bosonic sector.

Heterotic theories

From the string theory perspective the heterotic string arises from considering a 26-
dimensional bosonic left-moving sector and a 10-dimensional fermionic right-moving sector.
The overlapping 16 dimensions have to be compactified on a 16-dimensional even self-dual
Euclidean lattice, which only leaves two options: either the root lattice of Fg x Eg or the
root lattice of SO(32). Then, apart from the background (G, B, ¢), the massless bosonic
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fields of heterotic supergravity include a gauge connection A = A2T? € T'(T*M ® g) with
g the Lie algebra for either Eg x Eg or SO(32) with generators 7. Due to gauge anomaly
cancellation the H-term in (4.14) receives corrections; it reads

H=dB—%(Qym — ), (4.57)
where Qv and €, denote the Yang-Mills and Lorentz Chern-Simons three-forms

Ovm=tr (ANdA—ZANANA) €T (N’T*M ®qg) ,

4.58
Q=tr(whdw—2wAwAw) eI (A*T*M ® s0(10)) . (4.38)

The wedge product of gauge connections includes the commutator of the Lie-algebra part
~ANA = A* N AP ® [T, T?] — and the trace is normalized such that tr(727°) = §°°.
Moreover, w € I'(T*M ® s0(10)) denotes the spin connection.® It is defined by being
given with respect to an orthonormal frame in which G = §,,e# ® e”. For the bases of
T'M being related via e, = ej,e, and denoting the vector-valued connection one form by
Wq = wba ® ep = Veg, the spin connection w#,, is given in terms of an arbitrary connection
w by

wh, = el de® + etel wy . (4.59)

Then w = why ey e’ € I(T*M ® End(T'M)). The respective trace is normalized as above
with respect to the generators of so(10). The field strength for the Yang-Mills gauge
connection is given by F' = dA — iA A A and the action is

1 /
Siet = —55 [ A Vet Ge (R +4(09) — L H|? - o tr|F\2) . (4.60)
K
The translation to the Lie algebroid is again straight-forward using (4.46). In particular,
the gauge connection A € I'(A* ® g) on the Lie algebroid is related to the one on the

tangent bundle by applying the anchor to the form-part:
A = AT? = p'(A*)T> .

Then F = d4A — iA A A which implies |F|2 = |F|2. This procedure also leaves the trace
unaltered. Moreover, the spin connection on the Lie algebroid with g = 6, €* ® €, which
implies e* = plet, is given by

M, = et d e +ered % = pl(why) (4.61)

o~V

with &, = @ea. Then, the redefined action is given by
~ 1 [~ ~ ~ P
Shet = —55 /vole% (R+ A(D¢)* — L|HP” - %trm?) (4.62)
K

with the hatted quantities defined in the straight-forward manner.
This completes the translation of supergravity theories to Lie algebroids. They exem-
plify the general procedure of formulating geometric theories on Lie algebroids.

8A connection one-form on an n-dimensional vector bundle V is a End(V)-valued one form. In the
language of principle bundles End(V') can be considered the Lie algebra associated to the general structure
group GL(n). Since the manifold is assumed to be oriented and equipped with a metric the structure group
reduces to SO(n). Hence the spin connection takes values in its Lie algebra so(n).
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4.3 Summary and discussion

This chapter was devoted to the geometrical description of non-geometric backgrounds.
In the first part the algebraic structure for describing the T-dual fluxes appearing in the
duality chain (3.2.5) was developed. It is composed of two quasi-Lie algebroids — one,
the H-twisted Lie bracket, for the geometric sector of duality and another, the H-twisted
Koszul bracket, for the non-geometric sector. They combine into a proto-Lie bialgebroid
which allows to construct a Courant algebroid including both sectors at once. In particular,
the Bianchi identities for the fluxes follow from the Jacobi identity of the Courant algebroid.
However, as has been shown is section 2.2.2, it is not possible to derive a unified gravity
theory for all these fluxes based on the Courant algebroid structure.

Consequently, the second part approached the question of describing non-geometric
backgrounds from the Lie algebroid perspective, which — as opposed to a description in
terms of Courant algebroids — allows for formulating consistent gravity theories. Since
transition functions for a background represented by the generalized metric are elements
of O(d,d), the field redefinition (3.20) can be used to describe the background in different
patches. It induces Lie algebroids which are suitable for describing the geometry in the
different patches. Most importantly, they govern a thorough transition of all the symmetries
of the model and render the immediate identification of the theories on different patches on
account of theorem 2.17. Against this background the description of transitions in terms
of Lie algebroids appears to be the most natural and efficient organizing principle. In
particular, the formalism extends to supergravities and higher-order corrections.

The connection between the two parts of this chapter is the appearance of a geometric
and a non-geometric sector. Whereas the approach via Courant algebroids unifies both
sectors, they can be formulated separately in the approach by means of Lie algebroids. The
geometric sector is given by the H-twisted Lie-bracket (4.3). It describes the Lie algebroid
(TM,[-,],idrar) if H = 0. Is is important to note that the three-form responsible for
the twist does not have to coincide with the field strengths of the Kalb-Ramond field; the
naming is conventional. Thus the geometric sector is described by the standard action
(4.14), which is the Lie-algebroid gravity (4.35) on the latter Lie algebroid. The non-
geometric sector is described by the H-twisted Koszul bracket (4.6), which describes the
Lie algebroid (T* M, [-, -|&, B*) if the defining bivector field is a quasi-Poisson structure. The
geometry is described in the second example of section 4.2.3 and its Lie-algebroid gravity
is again described by (4.35). Hence in the Lie algebroid approach either the geometric or
the non-geometric sector is described.

In general, the lack of a global description of non-geometric backgrounds is closely
connected with the absence of a proper differential geometry for Courant algebroids. In
the next chapter the problem is embarked on from a field theoretic perspective by imposing
duality invariance from the very beginning.



Chapter 5

T-duality invariant CFT

A background preserves the classical world-sheet symmetries — in particular the conformal
symmetry of the sigma model (3.1) in conformal gauge — during quantization if it satisfies
the equations (3.58). Hence a proper string background gives rise to a two-dimensional
conformal quantum field theory (CFT) (see [140, 141] for introductions). In particular,
two-dimensional CFT’s admit an infinite-dimensional symmetry algebra imposing strong
restrictions which leave these theories rather simple.

In this chapter the powerful language of two-dimensional CFTs is employed to study
first simple features of manifest duality invariant theories. This bottom-up approach is
complementary to the geometric approach taken in the previous chapters and follows [102].
In particular, a T-duality invariant theory will be given in terms of the conserved currents,
the propagators and duality invariant operators, which is inspired by [81, 82].

First the CEFT description of the sigma model (3.1) on a spherical world-sheet ¥ and a
flat target-space M is given and its behavior under O(d, d)-duality is explored. Then, a pro-
posal for the duality invariant theory including the study of its simplest states is presented.
From the spacetime perspective, manifest duality is implemented by the introduction of a
second, dual set of coordinates. This can be interpreted as "doubling” of the spacetime,
which engenders additional degrees of freedom. Hence a consistent analysis is expected to
reveal constraints to treat these unphysical redundancies. For finding restrictions to the
space of states, the partition function of the theory on a toroidal world-sheet is studied
which corresponds to a string-theoretic one-loop analysis. Then the lightest states of the
theory are scattered. The premise of having physical intermediate states consistent with
the one-loop analysis then leads to the strong constraint (1.2) of double field theory for an
uncompactified theory. This provides a derivation of this ad-hoc restriction. The procedure
is repeated assuming certain directions of the target space being compactified to a torus.
Finally the associated effective theory is related to double field theory [91, 142, 143].

5.1 The free bosonic CFT and duality

The CFT to be studied arises from the sigma model (3.1) by the following restrictions.
The world-sheet is assumed to be the two-sphere ¥ = S? and the background is taken
to be flat without a Kalb-Ramond field, i.e. G constant and B = 0; by (3.58) this is a
conformal background. Moreover, the world-sheet is Euclideanized by Wick-rotating the 7
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coordinate to t = ¢7. Then another change of coordinates is imposed in order to map the
sphere to the completed complex plane: z = exp(t — io). This allows to write the sigma
model (3.1) as

S(X;G) = a 0X XY (5.1)

2ma!

with the abbreviations 0 = 8— and 0 = g The classical features of the action simplify
significantly under the current assumptions.

e The equations of motion (3.2) become the wave equation
00X*(2,2) =0 (5.2)

with the general solution being the splitting into a holomorphic (left-moving) and an
anti-holomorphic (right-moving) part: X¢(z,z) = X7 (2)+X%(Z2); it can be expanded
in modes as

Xp(2) = af — 5 kg x5 Y
= (5.3)

Xg(2) = kR Inz+i nz”'
n;éO

kr/r = (p£w) denotes the left /right-moving momentum with p® ~ [ do P* and w® ~

J doW* the canonical momentum and winding introduced in section 3.1." The funda-

mental solution G®(z1, 29) to (5.2) has to satisfy 9,,0,,G% (21, 22) = —1a’G®5(2; —

z2). Using 0(1/%Z) = 2m(2) in the sense of distributions the fundamental solution

becomes

Q“b(zl,zg) = <Xa(21,21)Xb<22,22)> = —%/ Gab In |2:12‘2 (5.4)

with z;; = z; — 2z;. The bracket (...) abbreviates the path integral with respect to
(5.1).

e The non-vanishing components of the energy-momentum tensor imposing the con-
straints (3.3) are

T(z) = —% Gy 0X%(2)0X"(2) and  T(2) = -1 Gy dX*(2)0X"(2) (5.5)

with the prefactors set for convenience. It gives rise to an infinite set of conserved cur-
rents f(z)T'(z) for any holomorphic function f and similarly for the anti-holomorphic
part which are associated to infinitesimal conformal transformations z — z + f(z).
Since the world-sheet is assumed to be a sphere, the holomorphic functions are not
arbitrary but have to be invariant under o — o + 27n; for the complex coordinates

'This can be seen by inserting (5.3) into P, and W, and an integration over o. In complex coordinates,
this translates to two integrations according to do = 5(dz/z —dZ/Zz) over a closed contour around the origin
and requires careful treatment of the orientation and Cauchy’s theorem.
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this amounts to z — e 2™z = z. Thus the functions restrict to polynomials in z

which are spanned by monomials {z"|n € Z}. The associated conserved charges are
given by the Virasoro generators

dz n Ln
L, = 740 o PTTE = TE =3 (5.6)

211
nez

Cy denotes a closed curve around the origin and the equivalence follows from Cauchy’s
theorem. The modes associated to T'(z) are denoted Li,.

Classically the energy momentum tensor (5.5) has to vanish; this can not be imposed for
the associated operator. Instead, a primary field ¢(z,Z) of conformal weight (h,h)? is
physical if h = h = 1; in particular, h = h which is called level matching. These physical
states satisfy the quantum analogue of the constraint (3.3).%

Duality

Now the effect of O(d,d)-duality on the free bosonic CFT is studied. In particular, the
dual propagator (5.4) and the dual energy momentum tensor (5.5) are highlighted as they
determine the physical field content and correlation functions of the theory. Since G is
constant and B = 0, duality is simple: The integrability conditions (3.25) only allow for
O(d, d)-transformations 7 with the components t19 and o2 constant. Therefore the dual
coordinates (3.24) can be integrated to give

[(t22)
[(t22)

cf. (3.29).This can be seen by noting that xdz = dz and *dz = —dz for the complex
coordinates. The new background (3.20) is comprised of a metric g and a constant Kalb-
Ramond field. The latter can be neglected as it contributes a total derivative to the action
and the former is related to the initial metric by

Ql

Xi(2)
Xh(2)

a + (t12)amea] Xg(z) )

] (5-8)
a — (t12>amea] X%(Z) 5

Ql

at (t12)amea] [(t22)bb =+ (t12)Bnan] Gab
= [(ta2)%a — (t12)"" Gma] [<t22)5b - (t12)Bnan} G*.

2An operator ¢(z, %) is primary if its operator product expansion (OPE) with the energy momentum
tensor reads

s
QI
Sl

Il
—

o

~

N

[}

N~—
l

(5.9)

T(21)¢(22,22) = h¢(2’22,22) " O¢ (22, 22)

212 Z12

+ reg. (5.7)

and similar for the anti-holomorphic part. The equation has to be understood as being inserted radially
ordered into the path integral with further arbitrary operators. h denotes the conformal weight. Primary
fields transform correctly under conformal transformations; thus they are studied in CFT.

3Inserting the mode expansion (5.6) into (5.7) gives [Ln, ¢(2,2)] = 2"7'0¢ + (n + 1)hz"¢ upon us-
ing Cauchy’s theorem for ¢ primary. The state |¢) associated to a primary operator ¢ is given by
lim; 0 ¢(z, 2)|0) with |0) the ground state. Regularity of T'(z) at z = 0 requires L,|0) = 0 Vn > —2. Using
the commutator above then implies Lo|¢) = h|¢) and L,|¢) = 0 Vn > 0. Thus demanding in particular
Lo|¢) = 0 in order to satisfy the constraint (3.3) is not consistent. Instead, level matching (Lo — Lo)|¢) = 0
as well as (Lo — 1)|¢) = 0 is required.
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The inverse is given for convenience. The equality of the upper and the lower line can be
seen from their difference

2[(t22)&m(t12)5m + (t12)am(7522)5m] = 2[thyt1a + thote] = 2[(T'NT )] = 2m = 0

with the index Ir denoting the lower right dxd-block of the matrix which vanishes because
T € O(d,d). Then on the dual background the propagator (5.4) reads

(XEXD) = -2 gz —w) =  (XIXD)=—2Gn(z—w). (510)

The propagator (5.4) has been split into a holomorphic and an anti-holomorphic part. The
equivalence follows from combining the first lines of (5.8) and (5.9). The dual energy-
momentum tensor reads

T(z) = L4 g5 0X%(2) 0XP(2) = =& Gy 0X%(2) 0XP(2) = T(2) (5.11)

i.e. it remains unchanged. The same holds for the anti-holomorphic parts. Hence the CFT
on the initial background is equivalent to its O(d, d)-dual.

From now on G = § = diag(1,...,1) is assumed.? In total, duality interchanges the
coordinates X with the dual coordinates X® = )?g + X?{ (5.8) while interchanging the
canonical momentum p® = £ (ky, + kp) with its dual

P = (t22)"ap" + (t12) " S (5.12)
For the generating classes of O(d, d) (2.6) and (2.7) the present observations read as follows.
e For changes of frame (3.47) and B-transformations (2.2) nothing changes.
e For T-duality in the k' direction (2.7) the coordinate changes as
XMz, 2) = X[(2) + Xj(2) = X[ (2) = XR(2) (5.13)
by (5.8). The other directions remain unchanged. Using (5.9) also the metric g = ¢

is unaltered. Thus T-duality acts by reflecting the right-moving coordinate in the

dualized direction while interchanging p and w due to (5.12): p* = w*.

e For a fS-transformation (2.12) the dual coordinates (5.8) become
X%(z,2) = XU(2,2) + 8" 6ma [X1(2) = X{(2)] - (5.14)
The new inverse metric can be determined by (5.9); it reads
g = 5% — g, B (5.15)
The canonical momentum (5.12) becomes p® = p® + B4"§,,, w™.

Although O(d, d)-duality leaves the CFT invariant in general, T-duality is particularly
simple. Thus in the following T-duality will be considered for simplicity. Remarks about
the generalization can be found in the conclusion 6.

*Fluctuations around this trivial metric are included in the CFT by certain vertex operators and their
scattering. Hence this is not a restriction in the end.
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5.2 T-duality invariant CFT

T-duality acts by reflecting the right-moving coordinate, interchanges momentum and
winding and leaves the metric on the present simple background invariant. In particu-
lar, it does not alter the propagators for the left- and right-moving coordinates as well as
the energy-momentum tensor. Therefore, treating X and X or equivalently left- and right-
movers on equal footing makes T-duality manifest. The resulting theory is not governed
by the sigma model (5.1) anymore. The propagators for the standard and dual coordinates
are

/

[0
<Xa<21,21)Xb(Z2,§2)> = (5abln\z12\2,

2
/
X s\ X = I}
<Xa(zl’ Zl)Xb(ZQ) 22)> = _5 5ab In |212|2 ) (516)
oy /
<Xa<21721)Xb(Z2,22)> = _g 5ab 11’1@7
2 212

this follows from (5.4) and (5.13). In the following, the most elementary physical states of
this theory are determined without referring to any compactified directions. The presence
of compact directions will be studied in section 5.5. The difference is that in contrast to
the former case, the latter requires momentum and winding to be quantized.

Vertex operators and descendants

The manifest duality-invariant primary field solely containing the coordinate fields is

‘/;),w(za Z) = eiplea(sz) eiwd)}a(zvz) : (517)

9

which will be called tachyon in the following. It is a primary field of weight

(h,h) = (Z/(erw)?,j(p—w)Q) (5.18)

which results in the mass
M? = —Z(h+h)=—(p*+uw?). (5.19)
The OPE of two such fields is
p1-p2twi-wa) <@
Z12
X ‘/201+P2,w1+w2 (22’ 22) .oy

!
) %(pl'w2+w1'p2)

‘/2017101 (Zla 21) ‘/172711)2 (Z2a 22) :|212|a ( (5.20)

and admits a logarithmic branch point whose absence (locality) requires the quantization
condition

O/(pl - Wo + w1 'pg) €. (5.21)

The first descendant states of (5.17) are as follows:
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e At the first excited level one has a form field A, ., and its complex conjugate A, .,

Apw(2,2) = Ag :0X(2) Vpw(z,2) 1,

A}Lw(% 2) = Aa :éXa(2> ‘/p,w(zy 2) : (522)

with A and A one-forms. For heterotic torus compactifications these states give rise
to the well-known enhancement of the gauge group. A is primary with conformal
weight (h,h) = (1+ %(p +w)?, O‘Z/(p —w)?) if it is transversely polarized in the sense
Aq(p® + w®) = 0. Similarly, A is primary with (h,h) = (O‘z,(p +w)?, 1+ %/(p —w)?)
for Aq(p* —w®) = 0.

o At the next level one finds a (0, 2)-tensor field &,
Epw(2,2) = Eap :0X%(2) 0X°(2) Vpou (2, 2) - (5.23)
W,ith the polarization E,,. It is a primary field with (h,h) = (1 + %(p +w)?, 1+
% (p —w)?) for transverse polarization in the sense Eq(p® +w?®) = 0 = Eg(p® — w®).

In section 5.6 it is shown that string scattering amplitudes of three such states (5.23) can
be matched precisely with interactions in DFT. This gives credence to the usage of this
duality invariant CFT as a two-dimensional world-sheet model of DFT.

In order to be consistent with the constraints, the states considered above have to be
physical. The resulting restrictions are shown in table 5.1.

state || level-matching primary mass

‘/p’w p w = - ]\42 = —%
Apw | Prw=—5 Am(p™ +w™) =0 M=-2
Ap.w prw=g Ap(p™ —w™) =0 M?=-2
gpvw p-w=0 Emn(pm+wm):0:Emn(pn_wn> M?=0

Table 5.1: The physical state condition requires the operators to be level-matched primaries
of conformal weight (1,1). This sets the mass of the states.

Clearly V,, ., corresponds to a negative mass? state, i.e., as expected, it is a tachyon. More-
over, the two states A, ., and A,, are tachyonic as well. Finally, &,,, is massless and
therefore, depending on the polarization, gives the graviton, the B-field and the dilaton.
Next the one-loop partition function is considered whose modular invariance imposes ad-
ditional constraints by relating the holomorphic with the anti-holomorphic sector.

5.3 The one-loop partition function

In this section the torus partition function for the CFT introduced above is computed with
a particular emphasis on the modular properties. For a CFT defined on the world sheet
torus with modular parameter 7 and Hilbert space §), the partition function is given by

Z(r.7) = trg (g5 g0~

) . 5.24
— e grg (e 2n (Lot Lo)lm(r) g2mi(Lo—Lo)Re(r)) 20
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with ¢ = €?™. The trace is taken over the whole Hilbert space $5 which beyond the
oscillator modes also includes the continuous trace over momenta and windings. $ itself
is built upon the highest weight state |p,w) = lim; z_,0 V, (2, 2)|0) by acting with the
_ o — o

Virasoro generators L,, (5.6). Using Lo|p,w) = % (p + w)?|p,w) and Lo|p,w) = %(p —
w)?|p, w), the continuous trace can be evaluated as

_ ddp ddw —mo! (p?+w?)Im(7) 2mia’p-wRe(T
f(TaT):/W/W@,we (74w im(r) g2miapuel )|P,w>

1 ddkL iia/k‘QT ddkR 77:10[/],”.2 7
:<p’w|p’w>2</(2ﬂ-)d62 L></(2ﬂ_)d€ 2 R).

The evaluation of the trace over the oscillator part is as usual so that altogether one obtains

(5.25)

2,7 = LBT) (5.26)

As a Riemannian surface the two-torus is invariant under the modular group PSL(2,Z) of
integer-valued two-dimensional projective special linear transformations. They act on the
modular parameter 7 as

a+br

with a,b,c,d € Z; ac—bd =1. (5.27)
c+dr

T —

It suffices to check modular invariance for its generators, the T-transformation 7 — 7+ 1
and the S-transformation 7 — —2. For Im(7) > 0 the integral (5.25) can be evaluated
to be proportional to \T|*d; this is not invariant under a modular T-transformation while

|n(7)| is invariant itself. T-invariance yields the level matching condition
O[/
dpwel = Z(k%-kﬁ)ez, (5.28)

i.e. the two integrals are not independent. Writing k%z = k% — %m for an integer m,
level matching can be imposed by including a factor 6(k? — k% — 2m) in (5.25). Then, to
evaluate the remaining integral in (5.25), d-dimensional spherical coordinates with radius
|kgr| are introduced; up to constant factors one is left with

; ddk -1 —7a’ m(T
f(T,i') N627T’L’H’LT/ (27T)Ld ’kL‘d 1, k2 Im(7)

1
2 — (5.29)
2

for Im(7) > 0, which is T-invariant. However, realizing that Im(T)%m(T)’Qd is already
S-invariant, invariance under a modular S-transformation is spoiled by the second factor
e2m T I (1) 3" in (5.29).

For the unwanted factor in (5.29) to be absent and for obtaining a modular invariant
result, the second integral in (5.25) has to evaluate to

d L _ o =
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d(kr, kr) implements relations between the momenta to be determined and ¢(7) is a mod-
ular function independent of the momenta. Thus the modular function is given by

— ddkR 1Zal (k2 —k%)7 TimT ddkR
o7) = [ o 3 IR Sk k) = [ k). (531)

where level matching was used. In (5.31), g(7) factorizes into a 7-dependent factor and
a momentum dependent one. The former is not modular invariant unless m = 0. The
remaining integral over the momentum must be constant, i.e. d(kr,kr) has to be of the
form 0¢(kr — F(kr)), with F a vector-valued function.

F' can be determined as follows. Since m = 0, level-matching (5.28) can be written as

<’]:1L%)t <]é —0]l> <Z§> = (K, K)a=0 (5.32)

and is invariant under O(d, d)-transformations® of the vector K = (kr,kg)!. Hence, to
maintain level-matching while having a relation between the left- and right-moving mo-
mentum requires them to be related by an O(d, d)-transformation. Thus the general form
of F' can be constructed by rotating the most simple solution kr = kr. An O(d,d) trans-
formation 7 € O(d, d) satisfies Ttdiag(1,—1)T = diag(1,—1) so that in particular the
transpose satisfies

toft tllttll - 75127532 =1
T = (tt“ tfl) € O0(d,d) = {toth —tothy=—1 . (5.33)
12 22
t11th — t1athy =0

Acting with 7 on (kz, kr)! modifies the simple solution according to
{kr =k} = {tarkr + taskp = ti1kL + tiskr} <= {kr = (taz — t12) ' (t11 — t21)k} .

Using the conditions (5.33) for the matrix elements of 7 gives (tao—t12) "1 (t11—t21) € O(d).
Therefore, the conditions for modular T- and S-invariance imply that the right and left
momenta are related by an O(d) transformation as

kr= Mk, with Me O(d) . (5.34)

Having shown that modular invariance requires the insertion of (27)%6%(kr — Mkr)
and denoting (p, w|p, w) = Vj, the final torus partition function reads

Va/2
(2mv/a/ )4 Tm(7)? |n(7)[2

This section closes with the following three remarks:

Z(r,T) =

(5.35)

e In terms of momentum and winding, (5.34) enforces w = 0 for M =1 and p = 0 for

M= —1.

5In the variables k1R the bilinear form 7 defining O(d, d) is diagonalized. In terms of p and w the group
is defined as in the previous chapters.
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e Invariance under modular T-transformation implied o/p - w € Z, while only the
additional invariance under the modular S-transformation really led to the weak
constraint p - w = 0.

e The latter truncates the spectrum as only those states are allowed whose number
of left- and right- oscillator excitations match. Comparison with table 5.1 therefore
shows that in particular A, ,, and its complex conjugate are forbidden.

In string theory, the partition function is related to the one-loop vacuum polarization
diagram with all string excitations running in the loop. In order to detect further con-
straints, one also needs to consider string diagrams containing momenta and winding of
many states. For this reason, in the next section the string scattering amplitude of four
tachyons is considered.

5.4 Tachyon scattering and the strong constraint

In the T-duality invariant CFT the correlation function of IV tachyon vertex operators
Vpiw; (2i, Zi) = Vi can be straightforwardly computed as

Vi V= T el erstwens) (Zij>Oé/(pi.wj—i_wi.pj)5(2]%‘)5(211)@‘). (5.36)

1<i<j<N Zij
The difference to the standard tachyon correlator is the %—factor. As being an amplitude

on the two-sphere, it has to be invariant under the conforrzjnal group SL(2,C). This means
that (5.36) has to be independent of the order of the inserted operators. Although obvious
from an abstract point of view, SL(2, C)-invariance will be checked explicitly for the orders
of interest in the following. After having confirmed the consistency, the duality invariant
Virasoro-Shapiro amplitude is computed and its pole structure studied.

SL(2,C)-invariance

The correlator (5.36) was computed using primary fields; therefore it must be invariant
under the conformal group. Due to the %—fac‘cors this is not obvious anymore and will be

illustrated by discussing the first three orders. Non-vanishing of (5.36) implies momentum
as well as winding conservation

N N
Yopi=0=> w (5.37)
=1 =1

as one-point functions vanish generally. Moreover, level matching p; - w; = 0 as well as the

mass-shell condition (p; + w;)? = % are invoked. The orders of interest are as follows:

e The two-point function of two tachyons reads upon using (5.37) and the mass-shell
condition:

&/
S (p1-wa2+w1-p2)
. o (p1-potwy-w Z12 2(P1w2
<V1V2>—]212| (p1-p2+w1 2)(2
12

_A[Z i(—p1~w1—w1-p1)
= |z12| 4 ﬁ ’ <]1>
21

<Vp1 +p2,w1 +w2>
(5.38)
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Employing level matching as well, the correlator is proportional to |z12|™* which is
expected from conformal invariance.

e The three-point function becomes

zZ12 213 223) %/(pl'w2+w1~p2)<1> . (5.39)

(ViVa Vi) = \212\_2|213\_2’Z23|_2( z
213 223 12

Again, the first factor is expected from conformal invariance. The exponent of the
inconsistent term is p; - wg + wy - p2 = (p1 + p2) - (w1 + w2) = p3 - ws = 0, ie. it
vanishes.

e The 4-point function
) & (ps-wj+wip;)

(Vi Va3 Vy) = H IZz‘jI""(pi'Pﬁwrwj)(@

- (Vigogsta).  (5.40)
1<i,j<4 J

can be simplified using p1 - wo + w1 - P2 = P3 - wy + w3 - pg as well as py - po + w1 - wy =
p3 - ps + ws - wy and similarly for all the other combinations. The correlator becomes

! ’
X}é) % (p1-w2+w1-p2) <X%§> % (p1-wa+wi-pa)
12 14
X43 X23

1210/ (p1-p2+w1-w2) [y 14
X ‘X43 ’X23

(ViVa Vs Vi) = < (5.41)

Oé'(p1~p4+w1-w4)<]l>

with XZ = % the SL(2,C)-invariant cross ratio, which implies the SL(2,C)-
il2kj
invariance of the 4-point function.

This verifies the conformal invariance of the relevant orders.

The duality invariant Virasoro-Shapiro amplitude

Now the full string-theoretic amplitude for tachyons is considered. For N tachyons it is
given by

N
An(pi,wi) = g Cg» /H i [T 0(z) — 27) |z12213208 )"
=1

X <V1...VN>(21,...ZN).

(5.42)

Here the conformal group SL(2,C) has been used to fix three of the N insertion points on
the sphere. The standard choice is z; = 0, zo = 1 and z3 — 0o. Moreover, (5.42) includes
the three c-ghost correlator |(c(z1) c(22) c(z3)>‘2 = |212 223 z13/%. The latter are included
to avoid over-counting of gauge orbits. The prefactors are a factor of the closed string
coupling constant g. for every closed string vertex operator and Cg2 accounting for various
normalizations (see e.g. [13]).

Three-point amplitude
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The three-tachyon amplitude is given by
Ag(pi, w,‘) = gg’ Cg2 <(CEV1)(CEV2)(CEV3)> = gg’ Cg2, (5.43)

where the d-distributions implementing momentum and winding conservation have to be
understood as implicit. The three-point amplitude is therefore identical to the standard
one for three tachyons without a winding dependence.

Four-point amplitude

Using (5.36) and reordering the monomials, the four-point amplitude reads
Au(pi,wj) = gt Cqe /sz ((ceVh) (ccVa) (ccV3) Vy)

::gécgzj/sz{za“er4+wrp@<1_-zyf@2ﬂm+w2p@ (5.44)

> |z‘a'(p1—w1)'(z?4—w4) 11— z’a'(m—wz)'(m—wzl)} )

It is convenient to introduce two sets of Mandelstam variables

s=—(krs +kra)* 5= —(kps + kpa)?
t=—(kpo+ kra)® t = —(kpo + kpa)® (5.45)
w=—(kp1+kra)? u=—(kgra + kra)?

with s+t+u=s+t+u= —% by level matching and the mass-shell condition. The
relation between the two sets is given by

4
(ki + ki) — (kri + krj)* = 4(pi - wj +wi - pj) € L. (5.46)

/

Defining the function «o(s) = —1 — %’s, the amplitude is integrated to

I (a(s)) T(a(t)) T'(a(w))

Ay(pi,w;) =2n gt C : 5.47
apin i) = 2mge Cs R ) D(als) + a(w) D{a(s) + a(t) (5:47)
Using (5.46), the a’s can be related as a(s) = a(s) — na4, where
nij = o (p; - wj +w; - pj) with nig+nga +n3 =0. (5.48)
Then, in terms of the left-moving variables the amplitude becomes
21 gt Cg2 T'(a(s)) T'(a(t)) T(a(u
Aulpisoy) = 52 Plalo)) Tatt) Dofw) (5.49)

I(a(t)+o(u)+nss) I'(os)+a(u)+noa) T(a(s)+at)+nia)

A similar expression can be found in terms of right-moving variables.

In contrast to the standard form of the Virasoro-Shapiro amplitude, (5.49) is not
symmetric in the s-, {- and wu-channel. Channel duality can be retained by requiring
ni4 = Na4 = N34, which due to (5.48) implies n;; = 0. In the following, this constraint is
argued for in a more rigorous fashion.
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Pole structure and the strong constraint

In string theory the poles of the four-tachyon amplitude appear where physical states
become on-shell. Thus, they encode the mass spectrum of the theory. Now, I'(x) has no
zeros but single poles at x = —n for n € N with residue % Therefore the n'" pole in

the s-channel of (5.49) is located at

4 4
S:a(n—l) <~ sza(n+n34—1). (5.50)
Hence, s = —(krs + kra)? = —(k")? and s = —(k")? with k}?}:R = p" £+ w'" can

be considered as describing a physical intermediate state with mass and level-matching
condition given by

(Mint)Q — ((pint)Q + (wint)Q) — é(n + % _ 1) and pint. wint — %, (5.51)
respectively. This corresponds to an asymmetrically excited state with the difference be-
tween the number of right- and left-excitations being ns4. However, the condition (5.34)
for modular invariance forbids asymmetrically excited states. Since the same argument
holds for the t- and u-channel, consistency of the poles with the physical spectrum requires
n;; = 0. This is nothing else than the strong constraint (in momentum space)

pi-wj+pj-w;=0 Vij. (5.52)

Indeed, defining the functions as f;(z, ) = exp(ip;-x+iw;-Z), the relation (5.52) translates
into

Oufi 0°fj +0“f; Oufj =0 (5.53)

which is the strong constraint (1.2) of DFT [92, 142, 94].

To summarize, while modular invariance of the partition function determined the
physical spectrum, consistency with the pole structure of the Virasoro-Shapiro ampli-
tude allowed to derive the strong constraint. In terms of left- and right-moving momenta
K; = (kLi, kri)", the strong constraint (5.52) reads (K;, Kj)q = 0 Vi, j. Combining it with
kr, = M;kr; (5.34), one obtains the joint condition

kri' (1 — M Mj)krj =0 (5.54)

which for fixed 7, j must hold for all left-moving momenta. This implies M; = M, for all
1,7 so that both constraints can be summarized by the consistency condition

kri = Mkp; with M € O(d) Vi. (555)

This means that the solution to the strong constraint is chosen independently of the con-
crete functions f, g in (1.2).
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5.5 Constraints from torus compactifications

In the previous discussion momentum and winding were continuous. This is different in
the presence of compact directions. The purpose of this section is to show that the strong
constraint (5.52) relaxes for toroidal compactifications. Hints for this expectation come
from Scherk-Schwarz reductions of DET [99]. Hence in the following the analysis from the
previous two sections is repeated for the case of k < d compact directions.

Torus compactification

A general compactifications on a k-dimensional torus 7% = R* /27 Ay, with Ay a k-dimensional
lattice is considered. Since the coordinates X and X“ are independent, they can be
compactified on different tori T* and T k. With indices I,J,... indicating the internal
directions, the coordinates X’ and X' acquire new boundary conditions

X1 (e 2™z e2™z) = X1(2,2) 4+ 20Vl t!

_ o . (5.56)
XT(e 2™z e?™z) = X1(2,2) 4+ 20Vl T

with ¢/ and # vector fields on the internal tori, i.e. ¢t € Ay, and 7 € Kk lattice vectors. The
factors v/a/ are introduced for convenience.® Using the mode expansion (5.3), in order to
I 1

satisfy the boundary conditions, the internal winding and momentum are w' = NG t! and

pl = \/107 t! . Then the basic vertex operator (5.17) is of the form

Ve (2,2) =i eX" o7 X" g ke g XY, (5.57)

Small Greek indices u,v,... now denote the external coordinates. The physical state
condition for (5.57) can be deduced from the conformal weight (5.18) as before; it reads
prw, = —2 il For the VpwVyy w~OPE to be single-valued tlth + t1t) € Z is needed.
Hence the tori are not 1ndependent but their lattices are contalned in each others dual
lattices.

It is convenient to introduce the lattice vectors t: = %(f] +t!) and th, = %(fl —t!) as
well as the bilinear form (-, -); defined by diag(1y, —1x). With the 2k-dimensional vector
L = (t1,tr)! the above condition for single-valuedness becomes (L, L');, € Z. Denoting the
lattice spanned by the L’s as I'gy, this means I'y,, C I'5,, i.e. the lattice is integral. Further
restrictions on the lattice I'gy, will arise from the partition function.

The one-loop partition function

The partition function can be evaluated as before. The only difference is the zero-mode
contribution from the internal momenta and windings. Using (5.35) and (5.25) for the
internal part one obtains

B Vdik/Q 1 . t2 _ t2 =
Ze(1,7) = d—k d—Fk Z e IET eTTIRT (5.58)
(2mva/) " Im(7) "2 |n(7)[ (tp.tr)ETas

5To make the conventions clear, note that for a circle they are such that the radius comes with a factor
va'. Then the internal momentum comes with v/a’ and internal winding with the inverse.
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Under a modular T-transformation, all but the last term is invariant. Thus the lattice
vectors have to satisfy (L, L)} € 2Z. This means that T-invariance implies that I'y; has to
be an even lattice. Moreover, using Poisson resummation twice, the partition function is
shown to be invariant under a modular S-transformations if Iy, = I';;. This reproduces
the well known result that modular invariance requires the lattice I'y; to be even and
self-dual [32]. No additional constraints have to be put on the internal sector.

Moreover, the external momenta still have to satisfy the condition (5.34), i.e. ki =
M*P,EY for M € O(d — k). Thus, the physical spectrum in the internal sector is less
constrained compared to the non-compact case. In particular, asymmetrically excited
states are allowed.

Pole structure

Again the scattering of four vertex operators (5.57) is examined. The only difference to the
analysis in section 5.4 is that the contractions of momenta and windings split into separate
contractions of external and internal momenta and windings. The n'" pole in the s-channel
seen from the external point of view is

4 1

¢ = — (n+ —(trs + tL4)2 -1 (5.59)

« 2
and the difference between the external left- and right-movers is ¢ — s¢ = %(’I’ngl — %<L3 +
Ly, L3+ Ly4)i). Splitting n34 and using level matching allows to write this difference as

6 — 5° = (KS + KS, KS + K$) g (5.60)

with K¢ = ((k}), (k)" collecting the external momenta. As before, the pole corresponds
to an asymmetrically excited state. However, the external part still has to satisfy the condi-
tion (5.34) for modular invariance, i.e. (5.60) has to vanish. This implies (K7, K£)4—r = 0,
which is equivalent to (5.52). Then the difference between left- and right-excitations of
the intermediate states is (L3, L4)r. As asymmetric excitations are valid, this describes
a physical state. Therefore, the strong constraint still applies to the external directions
whereas no further constraint arises for the internal momenta and windings.

5.6 The low energy effective theory and DFT

The dual coordinates X (5.8) can be interpreted as the pullback of spacetime coordinates
Z analogous to X% = X*z® The underlying spacetime is therefore doubled, i.e. has
dimension 2d. This engenders unphysical degrees of freedom which are reduced by the
constraint (5.55) or the strong constraint (5.52). A proposal for a manifestly O(d,d)-
invariant spacetime is provided by DFT, which will be connected to the approach pursued
above in the following.

In this section the scattering amplitude of three massless states represented by the
vertex operators (5.23) is rederived [82]. The result is compared to the action of double
field theory [94] by expanding the latter into third order in fluctuations — they match. This
computation is meant to provide evidence for the relevance of this T-duality invariant CFT
for DFT.
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5.6.1 3-Graviton scattering from CFT

Calculating an N-point function of insertions of graviton vertex operators & ., (2, Z) (5.23)
is combinatorially more involved than a tachyon amplitude. For taking care of that one
conveniently defines

Vi(zi7 2@) — :eﬁi‘ax(zi)*)\i‘g)?(ii)eipi'X(zi,Ei) eiwr)Z(zi,Zi) : (561)

with k; and A; auxiliary parameters. One can derive the vertex operators corresponding
to the first excited states simply by acting on (5.61) with derivatives with respect to both
k; and \;. This operator is related to a massless graviton vertex operator &, ., by

g 0
& wi(2is51) = Eigp—— —— V), . 5.62
pi; 7,(’2 Z) ba:‘ﬁ?ia 8)\Zb V Iii:/\izo ( )
The N point correlation function can be written as
N B (ps-pytwiwy) (F T % %/(pi-wﬁwi-pj)
ADomy = L fa speoememm (32)
i=1 1<i<j<N S (5.63)
x Fij(zij, Zij) 5(2]%) 5(2%)
with
' it Kj il T W) K|
Fij(zij, 2ij) = exp<—a[ A 5 +2i (P )
(=i = 2j) aTE (5.64)
Ny (i ww)'w
(2 — ) Zi = Zj '
The full 3-graviton amplitude is then given by
3
As(pi,wi,E;) = g2 Csz <H(065pz‘7wi)>
i=1
3 5 9 (5.65)
_ 3 > 2 (e F
=9c 052 A(Zv ;) H Ekab% m H Fz] (szy zzg)‘m:)\izo )
k=1 1<i<y<3

where A(Z,Z) collects the contractions of the remaining exponentials (5.36). Notice that
the derivatives with respect to x and the ones with respect to A can be treated separately.
Denoting F(Z,%) := H1<i<j<3 F;j(zij, Zij) and taking three derivatives with respect to x,
one finds S

4 212213223

’ b b
RYCRCAYCRCAYEAEN
2 \z12 223 Z12 7213 213 223 )

where momentum and winding conservation was used as well as the transverse polarization
of Ep,. The A-derivatives can be worked out analogously. The two parts can now be

3 ’
1T 0 = 20k + 0k, + kS,
Ki=Aj=
k=1

Orika 4
=1 7k (5.66)
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contracted with the corresponding polarization tensors of the massless vertex operators to
get the full three-point amplitude. Restricting to second order in momentum and winding
and imposing the correct normalization of the graviton vertex operator by including a
factor of % in each &, the three-graviton scattering amplitude reads

As(pi, wi, B;) = 47 ge EragEape Bacpt ™t + O(p*, pPw, ... ,w') (5.67)
with
gabe — peagb 4 pbage 4 pebpa (5.68)
Eabc _ ncakll)R + nbakgR + ncbkgR ) )
Here Cg2 = a%—’grg was used which can be determined from unitarity by factorizing the

four-point amplitude (5.49) over the tachyonic pole. This result was first presented in [82]
and consistently reduces to the well-known three-graviton scattering amplitude [100] for
vanishing B-field and zero winding.

5.6.2 3-point interaction from DFT

Double field theory formulated in terms of the background field £, = Gup + Bgp and the
dilaton field d is considered [94]:

S = / d'zx A%z e |~ LG G GPIDYE 1y Dylap + G (D Eu D Erny 5.9
D D Enpy) + (DUdD" £y + DD E,y) + 4Dadpad}

with Dy = 8, — EgmO™ and Dy = Oy + Emad™ as well as 9 the derivative with respect to
#. The inverse metric G% is used to raise indices and 2"5?1 = 1 is set. To compare (5.69)
with the CFT result (5.67), the background & is expanded around the flat Minkowski
background as follows (see [144, 142]):

Eab = Eap + fab(67 d) ) fab(ea d) = €ap T+ %6am€mb + 0(63) . (570)

Here F,, denotes the constant background, which for vanishing B-field reduces to the
Minkowski metric 7,5 and ey denote the fluctuations around this background. It is im-
portant to take the higher-order fluctuation into account in the expansion of the different
objects. Thus (5.69) is expanded up to cubic order in the fluctuation ey, (see [94]). The
metric Ggp is simply given by G, = %(&15 + &pq) and hence, for example, the expansion of
the inverse metric takes the form

G = — elab) 4 ieamebm + iem“emb +0(e%). (5.71)

Then, up to a total derivative, the action to cubic order in the fluctuation reads
S = / dx dF HeabDe“b + L(D%w)? + 1(D’eay)? — 2dD* D’ ey, — 4d0d

+hea (D enn(D"e™) — (D) (D"e™) = (D) (D' en) o)
(D %eu)? + (Dlew)? + 1D ew)? + 5D ew)? |

+2€ab(‘DaDm€mb + ﬁbﬁmeam)) + 4€abdDa5bd + 4d2|:|d:| ,
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which was first derived in [142]. The derivatives are given by

Da = 8(1 - Eamém )

= - O=Y(D*D,+D"D,) . 5.73
Da:aa+Emaam7 2( * ) ( )

In order to compare with the three-point amplitude from the CFT side, the constant kg
is introduced by modifying the fluctuation to 2k4eq,. In this way the match with the
expansion of the standard Einstein-Hilbert action to third order in the metric fluctuation
hap is obtained. Then, from the second line in (5.72) and after a partial integration, the
interaction term for three eg;’s is identified to be

a b mn a o m m_any (TP
aca((D%enn(D"e™) = (D%emn) (D" ™) = (D™ )(D'eynn) ) 5o
5.7
= — Kq€ab (em"D“Ebemn + (D% ) (D" ™) + (Dme‘m)(ﬁbemn)) + (tot. der.).

The missing term from the partial integration vanishes because of D™e,,, = 0, following
from the polarization constraint as listed in table 5.1. Next the value of the three-graviton
vertex in momentum space is read off by using 9, — ip, and 9% — w", which translates
derivatives to momenta and winding modes. Keeping track of possible permutations results
in

AC = Amg. <k§R C1ab k57, €5 €3mn + k§g €1ab €5 €3mn kb7, + K3k €1mn €5 €2ab kY,
(5.75)
+ (cyclic permutations)) ,

where g. = 5¢. This result matches with the string scattering amplitude (5.67). The
difference in the left- and right-moving momenta can be cured by switching the sign of the
B-field. Therefore, at least up to second order in derivatives the action (5.69) serves as
effective theory for the massless sector of the T-duality invariant CFT.

5.7 Summary and discussion

In this chapter a T-duality symmetric CFT was analyzed whose tree-level string scattering
amplitudes at the two-derivative level are described by DFT. From studying one-loop mod-
ular invariance and the pole structure of the four tachyon amplitude it was deduced that
the strong constraint (5.52) must be imposed in all the non-compact directions, whereas
compact toroidal directions are not subject to any further constraint beyond those following
from modular invariance.

These observations are in agreement with the possibility of relaxing the strong con-
straint on the internal space in Scherk-Schwarz compactifications [99], in light of which the
torus is a special case. The additional constraints found there apply to the possible fluxes,
saying that they are constant and subject to quadratic constraints. Since fluxes are absent
in the torus compactifications studied here, no constraints are expected.

It is important to classify the findings of this section. First of all, the T-duality invariant
CFT can still be considered as a string theory. Although it goes beyond the closed bosonic
string and does not have an obvious sigma-model description, it is still a two-dimensional
conformal field theory. This might be compared to (asymmetric) orbifold conformal field
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theories, which are legitimate string theory constructions. They also lack a clear spacetime
interpretation by their asymmetric treatment of left- and right-movers similar to the T-
duality invariant CFT. Thus, as a string theory it makes sense to consider the T-duality
invariant CFT on the two-torus as one-loop contribution to the perturbative expansion of
the theory. Therefore modular invariance of the torus partition function is necessary. This
also justifies the construction of full-fledged string theory scattering amplitudes from the
CFT correlation functions performed in section 5.4. In particular, the premise of having
physical intermediate states in the scattering of four tachyon states is valid. Thus the final
constraint (5.55) summarizing the relation between left- and right-movers (5.34) and the
strong constraint (5.52) is a genuine prediction in string theory.

The perspective of T-duality invariant CFT being a valid string theory might also shed
some light on the interpretation of double field theory. As being coincident at least to
lowest orders with the effective theory for massless states in the T-duality invariant CFT,
it is indeed a string theory. This is supported by the importance of the constraints in
DFT, which lead to the reduction to string theory effective actions when applied directly.
The origin of DFT also has to be kept in mind: it arose in particular from string field
theory [142]. Thus DFT might not go beyond string theory but serves as an efficient tool
to describe target-space dualities. In particular, the T-duality invariant CF'T can be used
to study higher order correction to the DFT action.



Chapter 6

Conclusion and Outlook

The thesis closes with two final thoughts.

Geometry of duality. The aspects of target-space dualities explored in this thesis il-
lustrate their rich geometrical structure. Yet, the appropriate language for a unified de-
scription of dualities is still missing. In principle, generalized geometry provides a versatile
approach for incorporating symmetries. For example, exceptional generalized geometry
[145, 146] is based on a bundle whose structure group comprises the exceptional groups
of the F-series and is in particular applied to M-theory. Nevertheless, T-duality, or the
more general O(d, d)-duality, requires a Courant bracket with automorphism group O(d, d).
The problem is the simultaneous incorporation of exact B- and -transformations. In sec-
tion 2.1 and section 2.1.2 the generalized tangent and cotangent bundle with their associ-
ated Courant brackets (see section 2.2) have been introduced. The former describes dif-
feomorphisms together with B-transformations while the latter describes diffeomorphisms
together with S-transformations. Moreover, the automorphisms of the Courant bracket in-
troduced in proposition 4.1 are diffeomorphisms and a mixture of B- and -transformations.
The three examples hint towards the capability of only describing ”half” of B- plus S-
transformations. This is supported by a naive consideration of the infinitesimal genera-
tors: diffeomorphisms are generated by vector fields, exact B-transformations by one-forms
and exact [-transformations again by vector fields. Hence, the local form of the bundle
is expected to be TM & T*M & T M which goes beyond the generalized tangent bundle.
In contrast, double field theory assumes the generalized tangent bundle of an extended
spacetime manifold, yet consistency always requires the implementation of constraints. As
was shown in detail in section 2.2.2; even if such a generalized structure is found, grav-
ity theories in the conventional sense are inaccessible due to the seeming absence of an
endomorphism-valued curvature tensor. This stems from the anomalous properties of the
Courant, bracket: the Jacobi identity and the Leibniz rule admit defects. A framework
for treating such defects in a systematic manner is given by strongly-homotopy algebras or
Aso-structures [147]. As they also appear in the formulation of (closed) string field theory
[30], a pursuit in this direction might be helpful. In total, finding a geometry appropriate
for describing duality remains an open problem.

Duality and non-commutative geometry. The scope of O(d, d)-duality requires fur-
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ther investigation. Apart from open questions concerning aspects of this duality in the
quantum theory, it might give new insights into non-commutative geometry in closed string
theory. It has been argued to be related to non-geometric backgrounds. However, since T-
duality is a canonical transformation which does not change the classical Poisson structure,
it is impossible to obtain non-canonical Poisson structures from canonical ones by its appli-
cation. In O(d, d)-duality this is even more apparent as duality leaves the classical Hamil-
tonian density invariant which especially preserves the phase space. Nevertheless, global
effects through winding might be responsible for the occurrence of non-commutativity.

For instance, the derivation of the equations of motion (3.2) was performed under the
assumption of the periodicity of the closed string in order to remove total derivative terms.
But if the variation § X is only constraint to vanish at infinite time the term

/ dr[W, 06X 72", (6.1)

— 00

with W, = ﬁ(Gab&,Xb—Bab&rXb) the canonical winding of the string (3.1), remains. Its
vanishing might result in boundary conditions reminiscent of Dirichlet boundary conditions
in open string theory. For example, constraining the canonical winding to vanish at 0 and

27 gives rise to the boundary condition

(0,X* — G"" Bpp0-X™) |U€{0’2W} =0. (6.2)
This is analogous to the open string case [22] and would cause a non-vanishing equal
time commutator [X% X bHUZO,% as long as B # 0. Here O(d,d)-duality only comes
into play due to its ability of generating a B-field from backgrounds lacking it. But the
implementation of such a boundary condition is unreasonable for constant winding and if
0X% o =0) =X 0o = 27) is assumed.

O(d, d)-duality or more specifically Poisson duality potentially gives rise to non-vanishing
commutators between the ordinary and the dual coordinate in a doubled approach. Using
the dual coordinates (5.8) arising from the Poisson duality induced by the Poisson vector
B and splitting the propagator (5.4) into its holomorphic and anti-holomorphic part yields

’
<Xa(21,21),Xb(22,§2)> = —% (Gab In |212|2 — ﬁab In ;i) . (6.3)

The equal time commutator can be obtained in a barely rigorous manner from this propa-
gator as follows [23]: Radial ordering — which corresponds to time ordering in the coordi-
nates z = exp(t —i0) — is implicit in the expression above. Keeping track of it and writing
zi = ;¢ the equal time commutator with 71 = 79 becomes

([X(r,01), Xb(r,09)] ... ) = lim (X +8,01) X (r,09) — Xb(r + 8,09) X(r, 1))

—i01 __ ,—102 (64)

= B In c_ €
elo1 — eto2

For r1 = ro = r the difference between the worldsheet points is z19 = 2rsin[(o2 —
o1)/2] expli(m — o1 — 02)/2]. Then, omitting the path integral, the commutator becomes

(Xt 01), Xb(t,00)] =i 8% (7 — 01 — 02) . (6.5)
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Thus the equal time commutator of a Poisson-dual coordinate with an ordinary one is pro-
portional to the Poisson structure. Unfortunately, a worldsheet dependence remains which
makes the commutator ill-defined on the spacetime. A potential remaining worldsheet de-
pendence of equal time commutators of closed string coordinates was also discussed in [24].
Comparison with the open string case in [22] shows that the same world-sheet dependence
appears, but it is canceled by boundary terms leaving a proper target-space quantity. This
hints at the inclusion of global boundary condition — possibly as discussed above — in order
for this to be consistent.
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6. Conclusion and Outlook
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