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Zusammenfassung

Eine Konsequenz der ausgedehnten Natur des Strings ist, dass in der Stringtheorie
allgemeinere Hintergrundgeometrien als (Riemannsche) Mannigfaltigkeiten moglich
sind. Insbesondere bei Kartenwechseln sind nicht nur Diffeomorphismen (oder an-
dere Eichtransformationen) erlaubt, sondern auch (String-)Dualitdtstransformationen.
Solche Raume werden auch nicht-geometrische Riume genannt. Ihre mathematische
Formulierung basiert auf Hitchins und Gualtieris Verallgemeinerter Geometrie.

In dieser Arbeit wird gezeigt, dass entgegen bisheriger Resulte in der Literatur die
Poisson-Struktur, genauer die Stromalgebra, eines Strings nicht O(d, d)-invariant ist
und deren korrekte Beschreibung so genannte para-Hermitesche Geometrie benétigt.

Darauf aufbauend wird eine Hamiltonsche Formulierung von klassischer Stringth-
eorie in einem generischen, geometrischen oder nicht-geometrischen Hintergrund vor-
geschlagen. Die Essenz dieser Formulierung ist eine Deformation der Stromalgebra,
die durch die verallgemeinerten Fliisse, die einen solchen Hintergrund beschreiben,
charakterisiert wird. Diese Formulierung ist allgemeiner als die durch eine Lagrange/-
dichte, da zum Beispiel magnetisch geladene Hintegriinde und solche, die die Sek-
tionsbedingung der Verallgemeinerten Geometrie verletzen, hier auch diskutiert wer-
den konnen — auf Kosten der Verletzung der Jacobi-Identitdt der Stromalgebra.

Zwei Anwendungen dieser Formulierung werden diskutiert: Zum einen kann man
aus der deformierten Stromalgebra direkt die nicht-kommutative und nicht-assoziative
Interpretation der nicht-geometrischen Hintergriinde abgelesen. Zum anderen kénnen
zweierlei Verallgemeinerungen von nicht-Abelscher T-Dualitét {iber Poisson-Lie T-Dua-
litat hinaus abgeleitet werden. Es existiert eine nicht-Abelsche T-Dualitdtsgruppe, ana-
log zu O(d, d) fir Abelsche T-Dualitit. Aulerdem existieren Versionen von Poisson-
Lie-Dualitét fiir Modelle mit generischen konstanten Verallgemeinerten Fliissen.

Eine Verallgemeinerung dieser Ergebnisse fiir M-branen in M-Theorie scheint mog-
lich. Fiir eine M2-bran in M-Theorie in vier Dimensionen wird gezeigt, dass die Stro-
malgebra nicht dualitdtsinvariant ist und genauso wie im Falle des Strings eine Lie-
Klammer beinhaltet, die in einer para-Hermiteschen Version von exzeptioneller Verall-
gemeinerter Geometrie auftaucht. Im Unterschied zur Diskussion des Strings kann Ko-
varianz unter der Dualitdtsgruppe, hier SL(5), nur durch die Einfithrung zusétzlicher
Objekte, der Membranladungen, wiederhergestellt werden. Mit Hilfe der typischen
doppelten dimensionalen Reduktion von M-Theorie zur Typ Ila Superstringtheorie
kann man die M2-bran- und Stringstrome miteinander in Beziehung setzen.

Ein anderes zentrales Thema sind integrable Modelle im Kontext von Stringtheo-
rie. In besonders symmetrischen Hintergriinden, wie der Minkowski-Raumzeit oder
bestimmten Anti-de Sitter-Kompaktifizierungen, ist Stringtheorie exakt losbar (inte-
grabel). Deformationen dieser Hintergriinde, die die Integrabilitdt beibehalten, wur-
den in den letzten Jahren ausfiihrlich untersucht. Es stellt sich heraus, dass viele diese
Deformationen klare Entsprechungen in der Verallgemeinerten Geometrie haben. In
dieser Arbeit wird gezeigt, dass eine grofle Klasse dieser Deformationen, die homo-
genen Yang-Baxter-Deformationen, nichts weiter sind als die p-Transformationen der
oben erwédhnten nicht-Abelschen T-Dualitdtsgruppe.
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Abstract

One consequence of the extended nature of the string is that more general background
geometries than Riemannian manifolds are possible in string theory. In particular,
when gluing charts not only diffeomorphisms (or other gauge transformations of the
background) but also (string) duality transformations are allowed. These geometries
are called non-geometric spaces. Their mathematical formulation is based on Hitchin’s
and Gualtieri’s generalised (or O(d, d)-) geometry.

In this thesis it is shown that, despite previous results in the literature, the Poisson
structure — to be more precise: the current algebra — of a string is not O(d, d)-invariant.
Its correct treatment requires the so-called para-Hermitian geometry.

Building on that, a Hamiltonian formulation of the classical world-sheet theory in
a generic, geometric or non-geometric, background is proposed. The essence of this
formulation is that the generalised fluxes, characterising such a background, describe
a deformation of the current algebra. This formulation extends to backgrounds for
which there is no Lagrangian description of the world-sheet theory — namely magnet-
ically charged backgrounds and those that violate the section condition of generalised
geometry, at the cost of violating the Jacobi identity of the current algebra.

Two applications of this formulation are discussed. On the one hand, one can read
off the non-commutative and non-associative interpretation directly from the deformed
current algebra. On the other hand, one can derive two generalisations of non-abelian
T-duality that go beyond the standard factorised Poisson-Lie T-duality. There is a non-
abelian T-duality group, analogous to O(d, d) for abelian T-duality. Moreover, there are
generalisations for Poisson-Lie T-duality for models with generic constant generalised
fluxes.

A generalisation of these results to M-branes in M-theory seems possible. For the
membrane in M-theory compactified on a four-dimensional space, it is shown that the
current algebra is not U-duality invariant. Exactly as for the string, a Lie bracket ap-
pears that is connected to para-Hermitian exceptional generalised geometry. In contrast
to the string, even manifest covariance under the U-duality group, here SL(5), is only
possible when introducing additional objects, the membrane charges. With the help of
the typical double dimensional reduction from M-theory to type Ila superstring theory,
one can relate the membrane and string currents.

Another central topic of this thesis is integrability in context of string theory. In par-
ticularly symmetric backgrounds, like Minkowski spacetime or certain Anti-de Sitter
compactifications, string theory is exactly solvable (integrable). Deformations of these
backgrounds, that preserve integrability of the world-sheet theory, have been studied
extensively in the last years. It turned out that many of these deformations can be de-
scribed in terms of generalised geometry. In this thesis it is shown that a big class of
these deformations, the homogeneous Yang-Baxter deformations, are nothing else than
the B-shifts of the non-abelian T-duality group mentioned above.
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Introduction






Space, time and gravity

Space and time have lied at the core of our understanding of nature throughout the
(western) history of science, starting from the natural philosophy in ancient Greece —
for example in Zeno’s paradoxes or Aristotle’s physics — through Galilean relativity, on
which classical mechanics including Newtonian gravity is based, to special relativity
and electrodynamics. This conceptual process is nicely reviewed in [1].

The advent of differential geometry in the 19th century opened the door for Ein-
stein’s theory of gravity, general relativity [2]. The identity of space and time seemed
to be clarified as a curved four-dimensional manifold. The dynamics of the spacetime
is described in terms of the dynamics of the metric field.

The beginning of the 20th century gave physics quantum mechanics, and finally
quantum field theory. Its typical assumptions are unitarity, Lorentz invariance, locality
and renormalisability, the latter ensuring the predictivity of the theory in the presence of
ultraviolet (UV) divergences. The quantum theories of the other known fundamental
interactions, unified in the standard model of particle physics, are very successful and
fit into this framework.

General relativity, on the other hand, treated as a standard quantum field theory
turns out to be non-renormalisable [3]. The appearing divergences are related to fun-
damental excitations being point-like and the interactions being local. So, at the scale
at which quantum effects of gravity become relevant — the Planck scale —, we expect a
break down of the classical notion of spacetime or violations of some of our assump-
tions on quantum field theories.

String theory

The resolution that string theory offers to the problem of quantum gravity is the relax-
ation of the assumption of locality. The fundamental constituents are assumed to be
one-dimensional strings instead of point particles. Somewhat surprisingly, the space-
time geometry that these strings probe is, at least a priori, "classical’.

Historically, string theory started as a candidate for an effective theory of the strong
interaction — the dual resonance model. With the advent of quantum chromodynamics,
it was discarded. It gained attention again when it turned out that it naturally contains
a (massless) graviton in the spectrum and, hence, is a candidate for a quantum theory of
gravity. The low-energy effective theory turns out to include Einstein gravity. Besides
these excitations, string theory contains in general infinitely many more, corresponding
to internal oscillation modes on the string.

In order to rid the theory of anomalies (e.g. of Lorentz symmetry) and instabilities
(through the existence of tachyons), it has to be defined in a ten-dimensional spacetime
and assumed to be supersymmetric. Both facts could be understood as, at first sight,
fatal flaws. But, they turn out to be a reason for the conceptual richness of string theory.
Compactifying the extra dimensions — assuming that the extra dimensions are small
and curled up —, leaves the parameters that describe this ‘internal geometry” as new
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fields in an effective four-dimensional theory. Also, the supersymmetry can be broken
in this theory. The fascination lies in the fact, that string theory naturally includes grav-
ity and only has one free parameter — the string tension. Hence, it is a potential theory
of everything, in which all the parameters of the four-dimensional low-energy effective
theories are fixed dynamically.

In principle, the phenomenological challenge to string theory is the following: find-
ing a stable configuration, a vacuum, of string theory such that, in the low-energy ef-
fective limit, we obtain the standard models of particle physics and cosmology. One
has to ensure that the additional (infinitely many) excitations that are inherent to string
theory, should lie at mass scale beyond current experimental reach. In particular, the
emergence of multiple massless scalar fields (moduli) in the low-energy effective field
theories is quite generic. These have to be avoided, as they are not accounted for by the
observed physics.

Unfortunately, simple solutions rarely exist and a vast and impenetrable landscape
of string theory vacua was discovered. In addition, the existence of de Sitter-vacua
in string theory, that would describe the proposed current cosmological state of the
universe, is put in question. This leaves the question: Why study string theory today?

o String theory as a quantum gravity. As a fully-fledged and fairly well-understood
theory of quantum gravity, that can also include matter and other interactions,
string theory can serve as a laboratoty to test potential generic properties of quan-
tum gravity. For example, not all potential effective field theories can be consis-
tently coupled to quantum gravity. Recently, constraints on such effective field
theories have been studied extensively in the so-called swampland program [4,5].

o String theory as a toy model. The non-perturbative regime of quantum field theories
is generically hard to access. String theory can help to understand it better.

One picture of string theory is as a non-trivial, interacting two-dimensional quan-
tum field theory. There are dualities that allow to access the non-perturbative
regime. Also, string theory is a conformal field theory and, in some backgrounds,
an exactly solvable, ‘integrable’, field theory. Both frameworks best come into
play in two-dimensional spacetimes, like the string world-volume.

In the context of the holographic duality [6], string theory is a dual equivalent
description of certain field theories. This duality is useful in both ways: under-
standing the strongly coupled regime of field theories via string theory, and un-
derstanding aspects of quantum gravity with help of standard field theory meth-
ods.

e String theory as a source for new mathematical structures. Physical insight from string
theory has helped in the developing new approaches to several branches of math-
ematics, e.g. enumerative geometry [7/], mirror symmetry between Calabi-Yau
manifolds [8, 9] or moonshine conjectures [10].

The latter two points are the ones that will be relevant in this thesis. A different kind
of geometry appears, that generalises the standard Riemannian geometry and captures
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some stringy features. Also, we will be concerned with the notion of integrability of
string theories and how far it can be stretched.

Generalised geometry

Strings are extended objects. They can probe more than one point of the spacetime
at once. Hence, at length scales around the string length, one imagines a spacetime
geometry in which points are meaningless. So-called generalised geometry [11,12], a
generalisation of Riemannian geometry, is a setting which incorporates some of this.

Some aspects of generalised geometry can be motivated purely from the point of
view of the target space. Besides the metric, a "higher” (2-form) gauge field arises in
the massless spectrum of the closed string. Treating both on same footing leads to a
generalisation of Riemannian geometry.

From the string perspective, generalised geometry is motivated from a symmetry
of the spectrum. Along compact directions, the string possesses additional modes, that
describe winding around these compact direction. When analysing the spectrum, one
notices that the winding and centre of mass excitations contribute in a similar way.
Exchanging the two leads to a dual, equivalent theory — this is T-duality. A setting, in
which this duality action is a geometrical one, is generalised geometry.

Going back to how this changes our understanding of space and time — the main
consequences are: the appearance of minimal length scales, more general allowed classes
of spacetimes and non-commutative spacetimes. Let us briefly investigate each of these
points.

Dualities. As mentioned above, generalised geometry is a geometric framework in
which (string) dualities get a geometric meaning. T-duality is the duality with the most
immediate consequences for the target space geometry in string theory. Consider string
theory on a target space, where one dimension is a circle of radius R. Then the dual,
equivalent string theory is defined on the a circle with radius

n
R~ 2

RI
where [g is the string length scale. This duality introduces an effective minimal length
scale Ryin ~ Is to the theory, as a theory with radius below R,,;, is dual to one with
radius above.

Global non-geometry. A Riemannian manifold allows for diffeomorphisms of the
metric, or generally gauge transformations of background fields, for the transition be-
tween different coordinate patches. In the presence of dualities, these can also be used
to glue different patches [13]. This big class of spacetimes is called globally non-geometric.
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Non-commutative spacetimes. A different perspective of what the microscopic na-
ture of the spacetime is arises, if we assume that the spacetime is non-commutative:
[x#,xV] = BM". The corresponding uncertainty relation introduces minimal areas in to
theory:

Axt - Ax > B,

In string theory, such B-fields arise naturally in the presence of the, above mentioned,
2-form gauge field [14]. In generalised geometry, such a S-field is a natural way to
parameterise the background.

The idea, that a quantised spacetime might introduce a natural cutoff like this and,
consequently, resolve divergence problems of the quantisation of general relativity, is a
old as [15] or [16]. As explained for example in [17], this hope was not answered. The
reason is that due to UV-IR mixing standard renormalisation theory cannot be applied.

Integrability

A theory is (classically) integrable, if it has as many symmetries as degrees of freedom.
These symmetries need to be independent or, in technical terms, in involution — their
generators need to have vanishing Poisson brackets with each other. With help of these
symmetries, one can solve these models algebraically. The prime example from classical
mechanics is the Kepler problem: due to a hidden symmetry of the 1-potential, this
model is exactly solvable.

Field theories have infinitely many degrees of freedom. So, a notion of integrability
for field theories needs infinitely many symmetries in involution and a way to compare
the infinities. In contrast to the point particle case, there is no general definition that
achieves that. Very commonly used and also applied in this thesis is the Lax formalism.
A two-dimensional field theory is called Lax integrable, if it is possible to rewrite the
equations of motion as

9tL1(t,x;A) — 0xLo(t, x;A) + [Lo(t,x; 1), Ly (¢, x;A)] = 0.

L, is called the Lax connection, or Lax pair, and takes values in some auxiliary Lie al-
gebra. A is an auxiliary additional parameter, called spectral parameter. If the model
possesses such a spectral-parameter dependent Lax connection, one can construct in-
finitely many conserved quantities. Lax integrability is also possible for field theories
in higher dimensions.

String theory is classically integrable in certain very symmetric backgrounds, in
particular all backgrounds that are Riemannian symmetric spaces. This includes flat
Minkowski space, spheres or Anti de Sitter-spaces. One motivation for the work in this
thesis is to see how far integrability stretches to models with less symmetry. This is done
by deforming known integrable string backgrounds in such a way that integrability is
preserved.



Main results

This thesis investigates how generalised geometry manifests itself in the (classical)
world-sheet theory of a string. In particular, the connection of the Poisson structure
and the generalised fluxes, a certain characterisation of backgrounds in generalised ge-
ometry, is discussed.

The starting point is the Hamiltonian formulation of a (classical) non-linear c-model
on a d-dimensional background with metric G, and Kalb-Ramond field B, and coor-
dinates x¥. The canonical Hamiltonian takes the form

H= ;/da Hmn (G, B)EM(0)EN (o)
with Eyi(0) = (pu(c),0x#(0)), where 0 = 9., and the generalised metric

G—-BG'B BG!
H(G,B) = < _Gle Gfl ) :

x"(c), pu(c) are the coordinate fields of the string embedding and their canonical mo-
menta. ¢ is a spatial coordinate on the string worldsheet. The generalised metric is,
in general, o-dependent throught the coordinate dependence of G and B. The indices
M = 1,..2d are raised and lowered by the O(d, d)-metric

=(9 )

Background fields and deformations of the Poisson structure. In chapter 5 a col-
lection of theories of point particles or strings in background fields is presented. The
common observation is that background fields can be introduced to a theory by a de-
formation of the Poisson brackets. In the Hamiltonian theory, a world-volume theory
in some backgrounds can be schematically defined as

H= H(free) and II = H(can.) + H(background)

for the Hamiltonian of the free theory (without background field) H(®®) and the canon-
ical Poisson structure I1a),

This observation is by no means new for the individual examples, that are well-
known in the literature. But, it is shown to be a generic feature of a c-model description
here. A similar result is derived for the Hamiltonian membrane theory in chapter 9.

Brackets on the phase space. Before one can generalise this generic result to the back-
grounds of generalised geometry, one has to study the geometry of Poisson structure of
the string in order to see, if and how generalised geometry is realised there.

The canonical Poisson structure of the x# (o) and their canonical momenta, phrased
in terms of the Ejs and thus in an O(d, d)-covariant way, is

{EM((Tl),EN(O'2>} = %ﬂMN(al — 32)5(0'1 — 0'2) + %CUMN<81 + 32)5(0'1 — 0’2) (001)
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without any simplifications. 7 is the O(d, d)-metric and w = ( I(i _()]1 >

Terms of the type (91 + 02)d(01 — 02), like the second term in (0.0.1), have been ne-
glected in previous literature. One should keep track of such terms as they contribute in
certain situations: for open strings via the boundary and for closed strings via winding
along compact directions.

The above form (0.0.1) of the current algebra is a Lie bracket, as we started with
the canonical Poisson structure. As in the target space, generalised geometry and
Courant algebroid properties seemed very useful, the question would be where these
are hidden in the canonical current algebra (0.0.1). It turns out that, without the second
term, (0.0.1) would be a Courant bracket, meaning it would be O(d, d)-invariant and
skew-symmetric but violating the Jacobi identity by a total derivative term under the
o-integral.

Moreover, the w-term is crucial for the non-geometric interpretation of the current
algebra. For example, the current algebra of the locally geometric pure Q-flux back-
ground is associative as expected only if it is taken in account. This is shown in section
7.2.

Strings in arbitrary c-model backgrounds. The generalised metric, and hence the
Hamiltonian, can be diagonalised by generalised vielbeins E M HMNEAMEEN = 6,5.
So that, in terms of phase space variables E4(c) = E AME,, the Hamiltonian looks like
the free one

1
H= / do 6PE A (0)Ep(0), (0.0.2)
whereas the background data is encoded in a deformed current algebra
1
A\01),EB(02) y = S1AB(01 — 02)0(01 — 02) — k= Ap(0)kEc(0)0(01 — 02
{Ea(01), Ep(02)} = 51745(91 — 02)4( ) = F 4p(0)Ec ()6 )
+ boundary term, (0.0.3)

in terms of the generalised fluxes
Fapc = <9[AEBM) Ecim (0.04)

with 94 = E4M9,. The Jacobi identity of the current algebra (0.0.3) is equivalent to the
Bianchi identity of generalised fluxes

3
94Fpcp) — ZFE rasFcpje = 0. (0.0.5)

This formulation of the world-sheet theory works for any NSNS-background char-
acterised by the generalised fluxes Fapc. In particular, this includes globally non-

geometric backgrounds in which metric and B-field are not globally well-defined.
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The Hamiltonian equations of motion of a string in a generic background take a
convenient form. We recognise them as a Maurer-Cartan equation of the E, treated as
one-forms and pulled back to the world-sheet:

1

Generalisations to magnetically charged and double field theory backgrounds. The
world-sheet theory as a Lagrangian c-model is only defined in ‘electric’ backgrounds,
i.e. those that fulfil (0.0.5) and are locally geometric. Instead, the Hamiltonian formu-
lation in the generalised flux frame extends straightforwardly to magnetically charged
and locally non-geometric backgrounds.

For a magnetically charged background, the Bianchi identity of generalised fluxes
(0.0.5) is not fulfilled. This means one cannot find a generalised vielbein that will con-
nect the deformed current algebra (0.0.3) to the canonical one (0.0.1). Analogously to
the case of the point particle in an magnetic monopole background, the violation of the
Bianchi identity corresponds to a violation of the Jacobi identity of the current algebra.

Double field theory considers the original target space coordinates x and their T-
duals ¥ on the same footing, such that duality rotations become manifest symmetries.
In the world-sheet theory, the dual fields %, (o) are given by p,(c) = 9%,(c), such that
one can employ the canonical Poisson structure in order to investigate of the world-
sheet theory in double field theory backgrounds. There are typically two constraints
on the dependence of functions on the doubled coordinates XM = (x*, ). Violations
of these constraints have consequences in the above defined Hamiltonian world-sheet
theory and the canonical current algebra (0.0.1):

e weak constraint: 9,0 f (x, %) = 20m0M f(X) = 0 for all functions f

Allowing for a violation of the weak constraint on the generalised vielbein E4™
means that it might depend on original as well as dual coordinates. In that case,
an additional non-local term appears in the deformed current algebra implying a
modification of the algebra of world-sheet diffeomorphisms.

e strong constraint: (9 f)(9Mg) = 0 for all functions f and g

The Jacobi identity of generic functions on doubled space is only fulfilled up to
strong constraint violating terms, e.g.

1
(Y Ap ¢2}} tep. = /dU 5 (nxr + wkr) (Pﬁ ou¥ aMcp,ﬁ + other terms,

where ¢; = [ dogpM (X(0)) Em(0) and ¥, M (o) are functions of the fields Xpi(0) =
(%u(0), x#(0)). See section 7.2 for more details.

The non-geometric interpretation of the current algebra. Given such a deformed
current algebra in a generalised flux frame E4(¢), one might postulate new adapted
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coordinates y* of such a non-geometric background. Generalising Epyy = (py, 0x*),
one decomposes E, into (e, (0),e{(c)) and defines dy” = e{. These coordinate fields
y?(0) are the ones of which the zero modes potentially show the typical non-geometric,
e.g. non-commutative or non-associative, behaviour. We obtain their Poisson brackets
simply by integrating the deformed current algebra (0.0.1).

This is in contrast to many previous derivations of the non-geometric nature of the
backgrounds which relied on solving the equations of motion first. In section 7.2 it
is shown that one reproduces the known results on open strings in a constant B-field
background and closed strings in a constant Q-flux backgrounds. In principle, this
approach shows that the non-commutative interpretation is an off-shell property.

Generalised T-dualities beyond Poisson-Lie T-duality. The framework easily realises
abelian T-duality. For Poisson-Lie T-dualisable resp. the £-models [18,19], the current
algebra is exactly of the kind (0.0.3) with

Fcﬂb = fcgh/ Fcab = 7C‘1b and Fabc = Fabc = O,

where the constants f ; and ?Cab are structure constants to a Lie bialgebra [20,21]. The
duality transformations are linearly realised in that basis. In addition to the factorised
Poisson-Lie T-duality, one observes that similar to abelian T-duality there is a bigger
duality group. This group, named non-abelian T-duality here, is a certain subgroup of
O(d,d).

Of particular relevance is the so-called p-transformation subgroup of this non-abel-
ian T-duality group. The non-abelian p-transformations are nothing else than the so-
called homogeneous Yang-Baxter deformations, a particular kind of integrable defor-
mation of string c-models.

Moreover, it is shown that there exists an extension of Poisson-Lie T-duality for
certain parameterisations of F4pc. It nevertheless relies on the same trick as Poisson-
Lie T-duality, namely that a Poisson bivector on a group manifold realises a constant
generalised flux background. It is also shown that these (generalised) T-dualities are
canonical transformations.

Membranes in the SL(5)-theory. The connection of string current algebra and O(d, )
generalised geometry seems to be no coincidence. In chapter 9, the appearance of ex-
ceptional generalised geometry in the membrane current algebra is shown. This is done
for d = 4, where the U-duality group is SL(5). Basically, all the results from the string
case generalise. This includes the deformation of the membrane currents algebra by the
SL(5) generalised fluxes and an appearance of an additional topological contribution,
that break the duality invariance. An additional issue is that one needs to introduce
additional objects, the membrane charges, into the theory in order to be able to write
the current algebra, the generalisation of (0.0.1) in an SL(5)-covariant way.
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Organisation of the thesis

This thesis aims to be fairly self-contained and therefore contains reviews of some rel-
evant textbook material in part II. Chapter 1 includes, besides a very basic introduc-
tion to generalities of string theory, reviews of k-symmetry, Dirac brackets and Green-
Schwarz superstring c-models. A quite general survey of dualities in high energy
physics and string theory is presented in chapter 2, including a detailed introduction
to T-duality from the world-sheet perspective and its generalisations. Generalised ge-
ometry, focussing on the generalised fluxes, and integrability, with particular focus on
integrable deformations of string c-models, are introduced in chapters 3 and 4.

The main results, as introduced above, are presented in detail in part III. After a few
closing remarks, the appendix contains some additional material on T-duality with re-
spect to fermionic isometries and the action of T-duality on the RR-fields, on Lie algebra
cohomology and Lie bialgebras.

Thesis publications

The material and the results presented in this thesis are based on the following publi-
cations:

o Dieter Liist, David Osten: Generalised fluxes, Yang-Baxter deformations and the O(d,d)
structure of non-abelian T-duality, JHEP 05 (2018) 165, arXiv:1803.03971

e David Osten: On current algebras, generalised fluxes and non-geometry, J. Phys. A 53
(2020) 56, arXiv:1910.00029

The material on the membrane generalisations in chapter 9 is not published yet and the
author’s contribution to:

Alex Arvanitakis, Chris Blair, David Osten, Daniel Thompson: to be published
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Chapter 1
Strings

Although many results presented in this thesis apply to generic two-dimensional ¢-
models, the physical motivation comes from string theory. The aim of this chapter is to
introduce the basic notions necessary for the pursuit of this thesis, namely: the classical
theory, Dirac brackets, the notion of x-symmetry, string c-models and consistent string
backgrounds.

1.1 Bosonic strings in flat space

1.1.1 Actions and symmetries

String theory is the theory of one-dimensional extended objects propagating in a D-
dimensional space time (also target space in the following). A natural action, first con-
sidered by Nambu and Goto [22,23], is given by the area functional of the two-dimen-
sional world-sheet %, generalising the action of a relativistic point particle. For a flat
target space with Minkowski metric # it takes the form

1 17 .,
Sne = _E/ZdA = —?/Zd U\/— C}‘%t (aaxﬂaﬁx'/iyw). (1.1.1)
Here, 0* = (c!,02) = (1,0) are coordinates on the world-sheet and 9, = -%. In

comparison to standard literature, we choose their ranges tobe 7; < T < Ty and 0 <
o < 1. x#(t,0) are the coordinate fields of this embedding in the target space, and
we write ¥ = d.x and x’ = d,x. The only free parameter is the the Regge slope «’.
Oftentimes, other choices of this parameter are used: the string tension T = ﬁ, the
string length scale I, = 27rv/a’ or the string mass scale M; = ﬁ For the most part of
the thesis a’ will be set to &’ = 1.

In order to obtain the equation of motions

0o dL
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by varying the action (1.1.1), we need to impose boundary conditions on the fields
xt(T,0):

e closed string: periodic boundary conditions x* (7,0 + 1) = x*(7,0).

e open string: % dxt(t,c) =0atoc=0,1.

There are typically two ways to achieve this:

— Neumann boundary conditions: % =0atoc=0,1.

— Dirichlet boundary conditions: éx* at the o = 0, 1. This basically introduces
new higher dimensional objects, the D-branes, into the theory.

The Nambu-Goto action is not polynomial and thus it will be difficult to quantise it.
But, there is a classically equivalent action in which the square-root is removed by in-
troducing auxiliary degrees of freedom [24,25]

1
Sp = —276//ZdZ(T\/—'y'y“ﬁaax"Bﬁx‘/iyw. (1.1.3)

This form is named after Polyakov [26], who used it to perform the path integral quan-
tisation of string theory. The auxiliary fields 7*f take the form of a (non-dynamical)
metric on the world-sheet. They act as Lagrangian multipliers, as their equations of
motions correspond to the vanishing of the two-dimensional energy-momentum ten-

sor
2 05 1

T8 = =y =
Global symmetries of the Polyakov action (1.1.3) correspond to isometries of the tar-
get space, in this case the Poincaré transformations x* — a#,x" 4 b” with constants
Ayy = —ayy and b¥. Local symmetries consist of reparameterisations c* — ¢* + dc*,
and local Weyl rescalings 7,5 — 7ap + 2w7ap- The local symmetries have two impor-
tant consequences: the Polyakov action exhibits full local two-dimensional conformal
symmetry and moreover we can use the reparameterisation invariance to gauge fix the
world-sheet metric to be conformally flat v, = O?(T, 0)1,p. With that and because of
Weyl invariance, the Polyakov action becomes nothing else than the theory of D free
scalar bosons on the world-sheet

<8axp‘8ﬁxv — ;'ya/g'ywayx’*a(;xy) =0. (1.1.4)

1

Sp=——
P 20!

/)2 420 0,212V (1.15)

with equation of motion d,0*x" = 0. A generic solution with closed string boundary
conditions takes the form:

, . — .
(T, 0) = xf) + a'piT + iy :—n Y. (ucﬁe’m”” + &Ze’z’“”‘ﬁ) : (1.1.6)
n£0

The x}y and p* refer to the center of mass position and momentum of the string and
will often be summarised as zero modes. The at and a*-terms describe the internal
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oscillations of the string, often subsumed as oscillators. We also employed light-cone
coordinates on the world-sheet

1
ot =140, 9L = E(E)Tiag),

1
Nee =1+ =—5 N+s =7-—=0.

1.1.2 Constraints and brackets

The gauge fixing of the world-sheet metric 7*# to (1.1.5) does not come for free. We
need to impose the original equations of motions (1.1.4) as constraints now: Tz ~ 0
— the Virasoro constraints. Whereas T, = T_, = 0 by tracelessness of the energy-
moment tensor is enforced by Weyl invariance of (1.1.3), T4+ and T__ are non-trivial
constraints.

Algebra of constraints. The canonical Poisson brackets for the fields x* and their

canonical conjugates p/ = % are

{x(0),x" (")} = {pu(e), pu(c’)} =0
{x"(0), pu(c')} = 8l/6(0 — o). (1.1.7)

As all the brackets are supposed to be evaluated at equal times, the T-argument is ne-
glected from here on when working in the Hamiltonian formalism. By d we then denote
o-derivatives, e.g. in the canonical current algebra

{oxt(0),0x" (") } = {pu(o), pu(c’)} =0
{0xt(0), pu(c')} = 6} 35(0 — o). (1.1.8)

With that, one can compute the algebra of constraints

N[ —

{Tis(01), Tos(02)} = £2 (T4 (01) + T4 (02)) (91 — 92)d (01 — 02)
{Tii((ﬁ), T¢; (0’2)} =0. (1.1.9)

In terms of their modes,
= / doe 2T L — - / do e~ 2mT, (1.1.10)
it takes the more familiar form of the de Witt algebra,

{Lml Ln} = _Z(m - n)Lm-i-n/
{Ly, Ly} = —i(m —n)Lysn (1.1.11)
{Lm, Ly} =0.
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In particular, these generate two commuting copies of the algebra of reparameterisa-
tions of S!, here ¢ — f(0*). As usual, the Hamiltonian, the generator of T-translations
via % f = {f, H}, of a time reparameterisation invariant theory is a constraint. As such,
it is part of the above algebra as well and given by

1 -
H= [do(#+x%) = Lo+ Lo. (1.1.12)
in conformal gauge. Similarly, the generator of o-translation is given by

= cx-x =Ly— Lo. 1.
p /d ' Ly—1L (1.1.13)

Dirac brackets. The analysis of the algebra of constraints does in general not end
here. There are many caveats in the treatment of gauge constraints, first discussed by
Dirac [27,28]. Let us discuss Dirac’s procedure from a purely Hamiltonian view. We
start with a canonical or 'naive’ Hamiltonian H.,,. together with a bunch of constraints
¢n ~ 0 (often called primary, though without a Lagrangian there is no hierarchy of
constraints). The '~" indicates a weak equality, an equality enforced by a constraint, as
opposed to the strong one, ‘=" describing a true identity.

The constraints should hold over time so we impose ¢, = {H, ¢, } ~ 0. The naive
Hamiltonian H,,, might not satisfy this. Hence, we use the, by this point, most general
choice of Hamiltonian H = He,. + ¢y = Hean. With constants ¢, potentially to be
determined. Requiring ¢, = {H, ¢} ~ 0 can have different outcomes — besides show-
ing a fundamental inconsistency when there is no solution — there are three interesting
options:

1. @ ~ 0 holds by use of the ¢, =~ 0 alone. There is nothing more that needs to be
done about these constraints.

2. ¢ is a function of the c,, such that we make some choice of the ¢, in order for
@m ~ 0 to hold.

3. @ are new non-trivial functions on the phase space, but independent of the c,.
In this case, we add these ¢, to our set of constraints (often called secondary, and
potentially tertiary, quartary, etc. when repeating the procedure).

The generalised Hamiltonian computed like this is enough to obtain correct equations
of motion. But, also the Poisson structure has to be modified. This is done by the
introduction of Dirac brackets {-, - } ,, 5 satisfying {¢u, ¢» }p g = 0, apart from requiring
all other axioms of a Poisson bracket. There are two ways to understand this condition:

e When quantising, the constraints ¢, ~ 0 become honest operator identities ¢, ~
0 — ¢, = 0. Via canonical quantisation of the naive Poisson brackets, we would
have [(ﬁn,(ﬁm] = —%Mnm # 0. So, unless we quantise the Dirac brackets this is
inconsistent.
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e The constraints should be independent, meaning their order of application should
not matter. This is exactly what is measured by the Poisson bracket.

It is possible to find a basis (l[JV, o) of our ideal of constraints, such that

{$wn} = {¢wda} =0 and {Po Pp} = Cop (1.1.14)

with Cyg being invertible. The ¢, are called first-class, the 1, second-class. The Dirac
bracket of two functions F, G on the phase space is then uniquely determined to be

[27,28]
{F,Goy = {F,G}— {F,ya} ()" {45, G} (1115)

As a consequence of {¢y, ¢} = 0, we also see that we can save ourselves from
computing the generalised Hamiltonian H, as {¢, H}, 5 = {¢n, Hean. } p .-

For the free bosonic string and the Virasoro constraints, we see that none of this is
actually necessary as {Ly;, Ly} ~ Ly4+n = 0. Nevertheless, in the Hamiltonian treatment
of the superstring and the supermembrane it becomes relevant. Also, in sections 7 and
9, a Dirac procedure is applied to obtain the canonical Poisson brackets from a higher
dimensional ‘generalised” phase space. Many conceptual aspects of this discussion will
also appear in the study of classical integrability in section 4.

1.1.3 Quantisation

The general challenge in quantising the string is to ensure gauge invariance, in this
case two-dimensional conformal symmetry, in the quantum theory and to remove the
unphysical degrees of freedom. Let us outline some general ideas.

Spectrum and critical dimension. Performing the canonical quantisation {, } — i[, ]
of (1.1.7) on the level of the mode expansions gives

[ahy, &%) = My ynont, [pu, x"] = idy,. (1.1.16)
Up to rescaling, the a- and a-modes correspond to right- respectively left-moving har-
monic oscillator modes. A generic state is given by the creators, a” , for n > 0, of these
modes acting on the vacuum state |0; p) characterised by the center of mass momentum
p.
Due to (1.1.16), the Lo-operator is the only Virasoro operator that is subject to normal
ordering ambiguities,

1 o
Ly = 5 Z S0y a = ZPHPV 4+ N +a, (1.1.17)
n
with the number operator N = }_, a_,a, for the a-modes, similar expressions for the L

and the a-modes and a normal ordering constant a. The mass spectrum for the closed
bosonic string can be derived from the (normal ordered) Hamiltonian H = Lo + Lo + 2a:

2 ]
M? = —p'py = = (N + N +2a). (1.1.18)
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The invariance under o-reparameterisations is ensured by P = Ly — Lo ~ 0 in the
classical theory (1.1.13). In the quantum theory, this is called the level matching condition

(Lo — Lo) |¢pnys.) =0 = N=N. (1.1.19)

The Virasoro algebra receives a modification by a central term in comparison to (1.1.11),
due to the normal ordering procedure

[Lys L] = (1 — 1) Lypn + ém(mz — 16 (1.1.20)
for c = D, being the dimension of the target space. This means there is an anomaly of
conformal symmetry, the so-called Weyl anomaly. The D bosons x#, each contributing
¢ = 1, cancel this anomaly and the energy-momentum tensor remains traceless.

Due to the central term, the constraints L,, ~ 0 cannot be completely implemented
as operator conditions on the space of physical states like Ly, |,pnys.) = 0 and instead

(Lo —a) [¢pnys.) =0 and Ly |pppys) =0, form > 0. (1.1.21)

is the best that one can achieve. Continuing from here and identifying and removing
negative norm states from the spectrum with help of (1.1.20) is called covariant quantisa-
tion. Closer to standard field theory methods is the quantisation based on the Polyakov
path integral

G L
vol(Diff) x vol(Weyl)

with help of a Faddeev-Popov procedure [26], or more modernly the BRST quantisation
[29,30]. The light-cone gauge quantisation [31] offers a straightforward way to obtain the
spectrum and conditions on target space dimension D and normal ordering constant
a. As is typical in gauge theories, the fixing of gauge in the Polyakov action is not
complete. There is a residual gauge freedom of this gauge choice. Here, these are the
reparameterisations generated by the conformal Killing vectors, i.e. those that maintain
the conformal gauge. A way to fix this residual gauge freedom is to set x* ~ p*rin
light-cone coordinates on the target space, x* = x0+xPand ¥, fori = 1,..,D — 1.
Due to the Virasoro constraints, x~ is fixed in terms of the x' as well. This gauge fixing
breaks manifest Lorentz invariance in the target space. Imposing Lorentz invariance to
hold anyway implies

(1.1.22)

critical dimension: D =26, and a = —1. (1.1.23)

Another consequence is that the a*-modes should be identified as the unphysical lon-
gitudinal degrees of freedom, such that a generic physical state after light-cone gauge
quantisation is of the form

(at, Yo @, )]0, p) (1.1.24)

—m

20



subject to the level matching condition (1.1.19). According to the mass formula (1.1.18),
the lightest states in the spectrum are

0;p), a & (10;p), ... (1.1.25)
The first one has ' M? = —4 and is a tachyon - signalling that bosonic string theory is
unstable. More interestingly, on the next level we have massless states that decompose
under the massless little group SO(24) of the Lorentz group SO(1,25) into a symmet-
ric traceless, a skewsymmetric and a scalar representation. These correspond to the
graviton, skewsymmetric and dilaton excitations.

Towards string in curved space. The interaction between the string excitations are de-
scribed by insertions of their vertex operators on the world-sheet. The one of the graviton
has the form

Vo~ / 4208, (X) /77 : 3, XX Ve X (1.1.26)

with a polarisation tensor ¢;,. Introducing such an external graviton as source to the
string path integral e=?~V = ¢57 (1 — V + ...) and exponentiating the graviton vertex
operators, we expect to obtain the coupling to a finite metric, understood as a coherent
state of gravitons,
1
S=——
2u/
This is the natural generalisation of (1.1.5) to curved space. In comparison to flat string
theory, the x-dependence of the background means that this is an interacting theory.

/Zdza 00 X" 0" xV Gy (x). (1.1.27)

1.2 Non-linear c-models and the geometric paradigm

The action (1.2.2) is part of a class of models, known as c-models [32,33]. These are theo-
ries of maps ¢ : £; — M from a d-dimensional world-volume X; into a D-dimensional
target space M, such that the Lagrangian is quadratic in derivatives:

1 o
S=—5 / dTCE ()9up 0 (1.2.1)

The fields ¢’ transform as scalars on the world-volume. In principle, the E;;(¢) can in-
clude infinitely many coupling constants E;; =}, Ejjx, ., (,bkl e (f)k", but it is beneficial
to understand it as some field dependent coupling. In particular, the infinitely many
B-functions of the expansion can be resummed again to a S-functional ﬁl(f)(cp). The
constant A takes the role of 71 in general, or in string theory the role of &’. If E;;(¢) is not
constant, the o-model is called non-linear.

This class of models includes quantum mechanics as a one-dimensional example.
The original M=0(3) oc-model with the physical space-time as world-volume served
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as a toy model for spontaneous symmetry breaking [32], the effective description of
o-mesons (giving the c-model its name) [33] or instantons [34]. In a more string theory
related setting, so-called gauged linear c-models have been employed in the Landau-
Ginzburg/Calabi-Yau correspondence [35]. The o-models’ behaviour under renormal-
isation group flow for d = 2 + € has been described in [36-39].

1.2.1 String c-models

We want to include finite versions of the antisymmetric tensor, the Kalb-Ramond or
B-field, and the scalar excitation, the dilaton ®, into (1.1.27) as well. The general action
that describes the propagation of a string in a background generated by the massless
states of the bosonic string is

/

1 o
S=-o / <Gw(x) da’ Axdx” + Byy (x) dx Adx” + -~ @(x) R 1> . (1.2.2)

the so-called string c-model — a non-linear o-model, with the two-dimensional world-
sheet being the world-volume and the physical space-time the target space. Whereas
in many of the above examples E;;(¢) is the metric tensor on the target space, here, the
coupling E;; has a symmetric and a skewsymmetric part, corresponding to a metric and
a B-field. Additionally, the dilaton term, containing the world-sheet Ricci-scalar R,
is not included in the generic form of a o-model (1.2.1). It is higher order in &’ and
hints at the fact that string theory is not only a theory of embeddings of the world-sheet
into target space but also describes two-dimensional internal gravity on that world-
sheet. Consequently, there are some specialities for the string c-model in comparison
to a generic one:

Non-trivial world-sheet topology. Gravity in two dimensions is trivial, meaning that
the world-sheet metric y has no dynamics. By reason of symmetry, the two-dimen-
sional Einstein equations vanish and hence the two-dimensional Einstein-Hilbert action
describes a topological invariant: the Euler characteristic

1
x=21-g) = E/Zd2m/—'y72(2).

Indeed, the two-dimensional string world-sheets can have different non-trivial topolo-
gies. In oriented closed string theory, the world-sheets are two-dimensional Riemann
surfaces of genus g. The topology does not influence the local dynamics of the c-model
but still contributes via the dilaton term.

Double perturbative expansion. Though there is only one dimensionful constant a
priori, o/, there are two dimensionless parameters in which we can perturbatively expand
the theory, each of which is relevant in a different context.
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e World-sheet loop expansion. The first ingredient is the string length scale \/a/ ~
Is. In order to get an expansion in a dimensionless parameter, we need another
characteristic scale to compare. This comes from o-model perturbation theory, which
is in principle simply the perturbation theory of the infinitely many couplings
of (1.2.1) resp. (1.2.2). A o-model is renormalisable in the traditional sense, if
only finitely many of its coupling constants run. Oftentimes, it is instructive to
parameterise the fields and couplings differently, x*(c’) = x}j + Va'y"(c), as an
expansion around a constant background value or a classical solution. In the first
case, we have

G (1) 2%y ~ <Gw(x0) + Va9, G (x0)y° + ) Yy’ (1.2.3)

The typical length scale on the target space It shows in the gradient of the metric

Va'd,Gpy ~ ;5 (1.2.4)
T

giving an expansion of (1.2.2) in the dimensionless ratio Is/It. This perturbation
theory is applicable when the theory is weakly coupled, Is/Ir < 1 and breaks
down when the extended nature of the string becomes relevant It = I ~ v/a/.

o Target space loop expansion. The typical loop expansion (in target space) of a quan-
tum field theory is governed in a very unique way in string theory. The string
path integral includes a sum over different world-sheet topologies Z = )., Z,,
in the closed string case a sum over the different genera (= target space loop
numbers). Normally, this corresponds to an expansion in a dimensionless cou-
pling constant as well. Each of the Z, requires a separate discussion in principle,
but the vacuum expectation value of the dilaton contributes in a universal factor
oSt = ¢=%021-8) — ¢X? with g5 = e®. So, gs is the ‘loop counting’ coupling
constant in target space. This is a good example for a general feature of string
model building: dimensionless parameters emerging from string theory corre-
spond to vacuum expectation values of scalar fields.

Classical conformal invariance. We obtained the flat space c-model (1.1.5) from (1.1.3)
by gauge-fixing. In order to ensure conformal invariance on the classical level, we have
to impose the Virasoro constraints (1.1.4). The dilaton term seems to break conformal
invariance, but this happens at higher order in #’ and thus it is a quantum correction,
cancelling the O(a’) breaking of conformal invariance of the metric and B-field term.

Quantum conformal invariance. The quantum theory should respect the conformal
invariance as well. In particular, scale invariance is a strong statement as it implies
that there should be no dependence on the renormalisation scale. Such a dependence
is described in terms of the B-functionals. The Weyl anomaly of the theory is given by
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the B-functionals in a convenient renormalisation scheme in first order in &’ and in first
order in an expansion of G, B and ® around flat space as

2T, = Bl 1P, X195 XY — iBlE)e*Pa, X195 X" — o/ BPIR (2. (1.2.5)

So, O(«") Weyl invariance is indeed equivalent to scale invariance, meaning that all
B-functions have to vanish

Bl =B = p® =0. (1.2.6)

Including higher orders in fields, the B-functionals of the (field dependent) couplings
®, B,y and Gy, up to O(a’) for critical bosonic strings read:

!/

,Bglcl/;) — DC/R](,[Zyé) _’_lelvyvvq) o ‘XZH]U\WHVA(U + 0(01/2)
!/

BlE) = %V“’wa + &/ VODH 0 + O(a2) (1.2.7)
! !

BY = TVED Vo ®VUD — T Hy H 4 O(a?).

72,(421,6) denotes the target-space Ricci-tensor, V is the affine connection to G and H = dB
is the three-form field strength of the antisymmetric tensor B. For consistency, it should
be possible to get these equations as the equations of motion of an action. This is the
case and the low-energy (meaning lowest order in ') effective spacetime action, that
reproduces (1.2.7) as its equations of motion, is:

1 1
S — 5 /d26X /—detG e 2% (R(zé) _ ﬁHW?\HwA +4qu>vuq>> . (1.2.8)

K is connected to the D-dimensional Planck mass MI(JD) by k2 ~ (Ml(jD) )P2 resp. to the

gravitational constant G by x? ~ G.

1.2.2 The geometric paradigm

The o-models that we want to consider are supposed to be subject to the geometric
paradigm (see e.g. [40,41]):

”Physical quantities of a o-model correspond to geometric quantities of the target space.”

Let us demonstrate this for the example of target space M being a Riemannian mani-
fold with metric G:

e The coupling in the c-model is given by the metric tensor G.

e The B-functional is the Ricci tensor (up to potential RG-dependent diffeomor-
phisms).
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e The classical solutions are the minimal surfaces (resp.: volumes) of the target
space.

o Global symmetries of the target space correspond to global symmetries of the o-
model.

e Assume that the target space is a Lie group G. Then the o-model is classically
integrable, meaning that it possesses infinitely many conserved charges. Almost
all of these will be non-local, seemingly suggesting they have no obvious purely
target space interpretation. But there is an algebraic construction, solely based
on the Lie algebra g of G — the so-called Yangian Y(g) —, that corresponds to the
algebra of conserved charges in this case. See chapter 4 and references there for
more details.

In particular, this point shows that even non-local objects can have existing ana-
logues in the pure target space geometry.

On the one hand, this paradigm seems very natural as it reflects the physicist’s favourite
approach of bootstrapping results with the help of symmetry and geometry. On the
other hand, the previous section showed that at scales below /&' /I7 effects showing
finiteness of the world-volume become important. So, we expect that ordinary Rie-
mannian geometry, the notions of which are motivated by point particles, will not be
the correct framework. One challenge, even at the classical level, will be posed in the
next chapter 2 — the existence of T-duality, an equivalence of two c-models with target
spaces, that differ in terms of Riemannian geometry and even topology.

So, the question turns out to be: What is the correct kind of geometry, in which one
can understand all physical quantities of a given o-model? This is the guideline for the
program of generalised geometry, introduced in chapter 3 and, as such, a central topic
of this thesis. A main result of this thesis concerns the role that the generalised fluxes
of generalised geometry play in the Hamiltonian treatment of a (not necessarily string)
o-model.

1.3 Superstrings and fluxes

The bosonic string theory sketched in the previous sections suffers from two problems:
the existence of the tachyon in the spectrum and the absence of fermions. Supersym-
metric string theory solves both of these issues.

1.3.1 Supersymmetric strings

Fermions and supersymmetry can be introduced in two ways in string theory — on the
world-sheet and target space. Let us sketch both constructions in flat space, following
in large parts the standard textbooks [42-45].
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Target space supersymmetry. Starting with the bosonic Polyakov string action (1.1.3),
a natural guess for the superstring action is

S = —% / 2oy Ax - Ap  with A} = 92! —i®'T"9,0". (1.3.1)

for I = 1,2. Here, we introduced two Majorana-Weyl spinors ®' and Dirac matrices T
on the target space. This action is invariant under the (N = 2) supersymmetry transfor-
mations 6@! = €’ and sx# = ie'T*@'. However, this manifestly supersymmetric action
is not the desired action because there are twice as many fermionic degrees of freedom
as there should be — a Majorana-Weyl spinor in D = 10 has 16 real degrees of freedom
whereas there are only eight bosonic degrees of freedom after light-cone gauge fixing.
Also, the equations of motion become rather complicated and non-linear:

A2=0 Af=0 TI-A%9,0=0. (1.3.2)

Adding an extra Wess-Zumino term Sy to action S; resolves this problem and we
obtain the Green-Schwarz (GS) action [46]

Sgs = 51+ Swz
1 _ _ )

Swz =5 / d20 (—ie"a, " (OLT,050" — O°T;,9567) (1.3.3)
+ ePOIT9,0'07T,0,0? ) .

The result of imposing supersymmetry on Sy is that, even in the classical theory, the
superstring only exists in a certain number of spacetime dimensions (D = 3,4,6 or
10), due to Fierz identities of the Imatrices. Similar to the bosonic string, Lorentz
symmetry in the quantum theory requires D = 3 or D = 10. In the following we only
work in D = 10.

The resolution of the problem of the superfluous degrees of freedom introduces the
important concept of k-symmetry. It is a local fermionic symmetry, a gauge symmetry,
that allows to gauge fix half of fermionic degrees of freedom. The concrete realisation
is highly technical. In other backgrounds and in other conventions it might take a very
different form — in some backgrounds even the required rank of xk-symmetry might be
different, e.g. in the construction of the AdS, x cp? superstring action [47].

Nevertheless, let us sketch the basic idea. The gauge parameters x! are not only
Majorana-Weyl spinors but also world-sheet vectors. As the irreducible representations
of the two-dimensional Lorentz group are one-dimensional, any world-sheet vector
can be split into a self-dual and an anti-self-dual part. So, we impose that the gauge
parameters ! fulfil:

k2 =TIy -2 (1.3.4)
with respect to projectors I15 = 2\% (v/=77*F £ €*F). This is the reason why «-

symmetry removes exactly have of the fermionic degrees of freedom. The x-symmetry
transformations then take the form

00! ~ il Ak’ and  ox# ~ i®THO!. (1.3.5)
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In addition, the variation of the world-sheet metric -, B still has to be determined.

World-sheet supersymmetry. The Ramond-Neveu-Schwarz (RNS) formalism [45,49]
introduces two world-sheet Majorana spinors that also carry a target space vector in-
dex ¥* = (Y'.,¥"). This approach is very popular in the modern textbooks, because
it allows to use the powerful tools of two-dimensional superconformal field theories.
After fixing superconformal gauge the Polyakov-type action describes D free bosons
and D free fermions

_ 1 2 o P
Srns = —@/Zd 0 (Bux - *x +i¥ - FF). (1.3.6)

In addition to the bosonic symmetries of the Polyakov action, the action is (on-shell)
supersymmetric under drx" <> ¥*, §¥Y'. = —idrx"e. This becomes apparent in the
equations of motions

.Y =0_¥". =0 and 9.9_x'=0. (1.3.7)
The fermions can be expanded into (anticommuting) modes
Y=Y dper, Y= ) dper (1.3.8)
neZ+r neZ+r

with the anticommutator {d},, d",} = 7""5,,10, and correspondingly for the left-moving
modes, after canonical quantisation. They can appear in two sectors depending on their
boundary conditions: the antiperiodic Neveu-Schwarz (NS) sector with r = 1 and the
periodic Ramond (R) sector with » = 0, meaning ¥ (7,0 + 1) = £¥(7, o) respectively.

Whereas the vacuum of the NS-sector is unique and bosonic, the R-sector contains
the d}) -modes which form a representation of the target-space Clifford algebra, T* ~ dJ),
as {d},dy} = . Their action commutes with the fermion number operator and hence
with the mass operator. So, the R-sector vacuum has to transform as a target space
fermion. The full Fock space is obtained by the action of the creators a},, d}, for m < 0
on these oscillator vacua. As these modes are target space vectors, their action preserves
the statistics of the vacuum and the closed string Hilbert space decomposes into

(H(Na o H<R>) ® (H(NS> o H(R))

right-moving left-moving '

After a similar procedure as for the bosonic string, e.g. via light-cone gauge quantisa-
tion, we arrive at a critical dimension of D = 10 and a spectrum that still contains a
tachyon and does not possess target space supersymmetry. The Gliozzi-Scherk-Olive
(GSO) projection [50], that arises naturally from requiring modular invariance on the
torus partition function, resolves all these problems. It makes use of the so called G-
parity

GINS) = (—1)F resp. GW®) =Ty (-1)F (1.3.9)

with the fermion number operator F =}~ _, d",di, and the ten-dimensional target
space Dirac matrix I';1, that characterises the chirality of a ten-dimensional spinor. The

27



GSO projection projects onto G-eigenspaces. On the NS-sector, one fixes GNS) = 1
removing the bosonic ground state, the tachyon, from the spectrum. In the R-sector
G-parity fixes only a relative chirality as compared to the vacuum. Hence, states in the
R-sector become (Majorana-)Weyl spinors in target space. For the open string (or the
right- or left-moving sector of a closed string), we denote the R-sector ground state by
|+) resp. |—), real 16-dimensional Majorana-Weyl spinors. The Dirac equation removes
another half of these degrees of freedom, leaving eight.

The lightest, massless states of the spectrum after light-cone gauge quantisation and
GSO-projection are

d[0,p)™ and |+, p)®.

The massless spectrum exhibits N = 1 supersymmetry, as expected. Bosons (NS sector
states) and fermions (R-sector vacuum) both have eight degrees of freedom, as usual
for massless vectors in D = 10.

Combining right- and left-moving sectors of a closed string, together with the level
matching condition, gives two possible relative choices of a vacuum resp. GSO-projection
for the RR sector. These different choices result in the type Ila and IIb superstring theo-
ries, which are discussed in the following.

Type Il superstrings. The three types of possible left- or right-moving excitations can
be arranged into representations of SO(8), the massless little group in D = 10. The
NS-sector excitations correspond to the vector representation 8y and the two R-sector
vacua of opposite chirality are Spin(8) representations, often denoted by 85 and 8.
For closed string excitations, there are the two possibilities of relative chirality of the
R-sector vacua, leading to the type Ila and IIb superstring;:

Ma: By ®8s)®(8y ®8:) — G, B, &, Cq, C3, fermions
IIb: (8V & 85) X (SV & 85) — G, B, &, Cy,Cy, C4, fermions.

The (bosonic) NSNS-sector is universal containing — as in the bosonic case — a metric
G, a skewsymmetric tensor B and the scalar dilaton ®. The fermionic NS/R-sector
states consists of two gravitini (spin %) and dilatini (spin %). The (bosonic) RR-sector
contributes p-form gauge fields C,. Not all the field strengths F, are defined in the
usual way, for F;, F4, Fs we have:

F3=dC,— CoH, F=dC3+CiAH, F5=dC,— %d(Cz AB), (1.3.10)

supplemented by the self-duality condition F5 = xFs.
Potential low energy effective theories of these excitations are known: the type II
supergravities,
Ssugra = Sns + Sr + Scs. (1.3.11)
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They contain the universal NSNS-sector part Sys of the form (1.2.8), the kinetic terms
of the RR-flux gauge fields

There are additional Chern-Simons (CS) terms describing interactions between the NSNS
and RR gauge fields, H = dB and F, = dC, .

st 1 [ (BAdcs ndcy)

42
1Ib 1

The constant ten-dimensional gravitational constant behaves as x2 ~ 18, due to dimen-
sional reasons. The equations of motion of Ssigra are called supergravity equations.
Their classical solutions are considered to be viable string backgrounds, i.e. the world-
sheet theory in these backgrounds is conformally invariant at 1-loop level.

The objects that are sourcing an RR-flux F, are the D(p — 2)-branes as electric sources
and the D(10 — p — 2)-branes as magnetic sources. Their low energy excitations are de-
scribed, by a Nambu-Goto type action, namely the Dirac-Born-Infeld (DBI) action. [43]

Other superstring theories. Besides the construction sketched above, there are also
type I superstrings theory (obtained by an orientifold projection from type IIb super-
strings), namely the two heterotic superstring theories and the type 0 string theories
(results of different GSO-projections and not resulting in a target space supersymmetric
spectrum). Apart from their relevance in the web of string dualities leading to M-theory,
they will not be relevant in the following.

Compactification. Also in the ten-dimensional superstring theories, we are still not
yet in the striven for four-dimensional space-time of our physical reality. In many real-
istic scenarios one supposes that the background is a product manifold

Mz X Mint (1.3.12)

of our physical space-times M 3 and an internal six-dimensional space M. Phrased
as a four-dimensional theory, the parameters (metric, fluxes) that describe the internal
geometry, become fields of the four-dimensional theory. Such an approach first arose,
independently, in work by Kaluza and Klein [51,52], who proposed that general rela-
tivity and Maxwell theory can be unified in a five-dimensional theory of gravity.

The internal space M ,; is often considered to be ‘small” and compact. This is because
it is so far, at the energy scale of present experiments, unobserved [53]. Also, from the
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Einstein-Hilbert actions in D dimensions,
D-2
S~ (M}D))( ! /de\fGR(D%

we read off that , g
(M) ~ (M) Vol(Me). (1.3.13)

As a consequence, one has to require a finite volume of the internal space in order for
the effective four-dimensional Planck constant to be finite.

The internal geometry of the compact internal manifold is the playground for phe-
nomenological scenarios in string theory. These will not be pursued further in this
thesis. Instead, the compact nature of the internal space brings two additional features
into the game, Kaluza-Klein excitations and winding strings, the interplay of which leads
to T-duality and generalised geometry, introduced in the following chapters. Let us
assume we compactify on a circle S! with radius R. Any field ¢ can be decomposed
into modes on the circle ¢(x) = ¥, ¢("e?™*%, where 0 < x < 1 is the coordinate on the
circle. In the lower dimensional effective theory of a compactification, these excitations
¢(") appear as a tower of distinct fields, the Kaluza-Klein states, with mass M? ~ z

The allowed momenta along the compact direction are quantised. This is also true
for the centre of mass momentum p in (1.1.6), p ~ ¢ for n € Z and contributing like

M? ~ (%)2 to the mass spectrum. This is true for point particles as well. A purely
stringy feature is that strings can wind around such compact directions. L.e. they can
be subject to the more general boundary condition x(7,0 + 1) = x(t,0) + Rw, where
w is the winding number of the string.

1.3.2 Superstring c-models

The low-energy effective actions of type Il superstring theories, sketched by their bosonic
actions above, are known and well-versed theories in their own right as dimensional
reductions of maximal supergravity. On the other hand, the superstring analogue to
(1.2.2), a superstring c-model, is not known in general. The NSNS-sector has the uni-
versal form of (1.2.2), but even the bosonic sector is not completely known, as the cou-
pling of the world-sheet to the RR-sector is not known in general.

In case the backgrounds can be realised as semisymmetric supercosets, it is possible
to construct a complete c-model in the framework of the GS-formalism nevertheless.
The most influential of these, through its relevance in the AdS/CFT-correspondence,
is arguably the type IIb superstring o-model in AdSsxS° [54]. Starting from this su-
percoset construction, one can construct string c-models in less symmetric string back-
grounds via deformations. Some of these are discussed in section 4.2.

The action is of the form

1

S:—@

/ a2 (ﬁy“ﬁSTr(AﬁAg)) - e“ﬁSTr(AS)A(;))) (1.3.14)
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for fields ¢ : = — G, and A = ¢~ !dg. The fact, that it is a semisymmetric supercoset
means, that the Lie algebra g of G is Z4-graded, g = g9 gV ag?ag®. gMand g®
denote the fermionic components, 39 @ g® and g(© are the bosonic Lie algebras to the
isometry and isotropy groups, G and H. Hence, the bosonic part of the background is
% C % The latter describes a full supersymmetric backgrounds, including fermions.
Furthermore, A() denotes the projection of A onto g, Choosing a group parameter-
isation ¢ = ¢(x,®) in terms of coordinates x#, @' on the target superspace, one can
deduce actions of the form (1.2.2) including fermions and couplings to the RR-fluxes.
Typical examples are:

e Type Ila or Ilb strings in flat space, depending on the relative chirality of the
supercharges Q' [55]:

g = span(M,,) ® span(Q', Q') & span(P,) & span(Q?, O%).

where P* and M, are the translation and Lorentz rotations in ten-dimensional
Minkowski space. In that case the second term of (1.3.14) reproduces the WZ-
term in (1.3.3).

e Type IIb strings in AdSs xS° [54]:

SU(2,2) SU(4) PSU(2,2/4)
5
AdSs X 5" = 551,4) X 50(5) © 50(1,4) x SO(5)" (13.15)
o Type Ila strings in AdSy X CP? [47]:
Ads, x Cp? = 29(23) SUM) - OSp(6l4) (1.3.16)

50(1,3) ~ U(3) x U(1) ~ SO(1,3) x U(3)"

It is assumed that the supercoset c-model does not describe the full dynamics in
that case [47].

Let us mention two important general results about these semisymmetric supercoset
string o-models:

o If the isometry group has vanishing Killing form, the background is Ricci-flat
and, as a consequence, the c-model is conformally invariant at 1-loop and, hence,
a consistent string background [56]. In particular, this includes the groups to the
superalgebras A(n,n) = psl(n|n;C) and its real forms (e.g. psu(2,2[4)), D(n +
1|n)=0sp(2n + 2|2n) and the exceptional Lie superalgebra D(2|1, «) in the classi-
fication of Lie superalgebras [57].

e The consistency of the backgrounds implies x-symmetry of these models. The
converse statement is not completely true [55]. Instead, xk-symmetry is now be-
lieved only to imply generalised supergravity equations of motions.
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Chapter 2

Duality

2.1 Duality in high energy physics

The concept of ‘duality” appears in many facets in string theory and is central in this
thesis. This section aims to characterise it in the context of the related notions of 'sym-
metry” and ‘emergence’.

2.1.1 Symmetries, emergence, duality — a disambiguation

Symmetries. Transformations of fields or of the space-time that leave certain features
of the physical systems invariant are called symmetries. Depending on the context, one
requires invariance, for example, of the equations of motions or the partition sum.

Typically, one differentiates between global and local symmetries. The key charac-
teristic of ‘global” symmetries in comparison to gauge symmetries and dualities is that
they relate different field configurations resp. states of the same theory. Local or gauge
symmetries describe redundancies of the mathematical description of a physical system.
They map physically equivalent field configurations of a theory to each other.

Emergence. Effects and properties that stem from an interplay of the constituents of a
(physical) system, but are not — at least superficially — described by the properties of the
constituents, are called emergent. The obvious example from physics is the emergence
of thermodynamics from statistical mechanics.

In natural philosophy, emergence is a very debated notion. One differentiates be-
tween a strong and a weak notion. Fundamental physics only employs the weak version,
as it assumes that emergent qualities and quantities can, in principle, be derived from
an underlying theory, although they might be encoded in a highly non-trivial way. The
statement of strong emergence on the other hand is, that there might be emergent sys-
tems that are not even in principle understandable only in terms of their constituents
or a basic underlying theory.

Emergence requires some kind of ‘'macroscopic” and ‘microscopic” description. The
transition between these two is characterised by extensive quantities, e.g. size, particle
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numbers or energy scales at which the physics of the systems is evaluated. The latter is
typical in high energy physics, where the emergent systems at low energies are nothing
else then effective field theories. One gets from the high-energy (UV) to the low-energy
(IR) theory via the renormalisation group flow or by integrating out states above a
certain energy scale. The other direction, finding a UV-complete, renormalisable, de-
scription of certain effective field theories (the standard model, general relativity) is the
program of fundamental physics.

Other typical examples of emergent quantities in high energy physics are solitonic
excitations, i.e. instantons or other states protected by topology or (super)symmetries,
coherent states and other composite degrees of freedom. In string theory, D-branes and
winding strings are examples for instantons, and vertex operators (1.1.26) are examples
for collective degrees of freedom. Another interesting example is the emergence of the
kinetic term of a gauge field, when integrating out massive fields that possess a UV
description with a (non-dynamical) gauge field. This is reviewed in the case of the CIP"
o-model in [5].

A general expectation/conjecture/hope is that any dimensionless coupling in the
low-energy theories is emerging (created dynamically) from a fundamental theory. In
string theory this happens in the way that such couplings are obtained as vacuum ex-
pectation values of scalar fields, as in section 1 for the closed string coupling constant

8s = exp((Po))-

Dualities. An (exact) equivalence of two (quantum) theories is called a duality. In-
teracting quantum field theories are generically hard to understand beyond the pertur-
bative level. Hence, the maps between the states and the complete spectra of the two
theories are often not known completely. Both would be necessary in order to identify a
duality. Strong-weak (UV-IR) dualities, connecting non-perturbative to pertubative sec-
tors of different theories are particularly interesting. Here, emergent quantities are dual
to fundamental ones in the dual theory and vice versa. Such dualities are very useful
for getting insights into the non-pertubative sectors and for perfoming otherwise inac-
cessible calculations. Sometimes, the notion of approximate dualities as opposed to exact
dualities is used. In this case, only certain limits or subsectors of two theories are dual
to each other.

Dualities, also called duality symmetries sometimes, and symmetries are very sim-
ilar concepts. Both correspond to different "‘parameterisations’ of the path integral. Let
us outline several differences between these two concepts. A symmetry maps two states
to each other that have the same physical meaning, whereas a duality maps two states
to each other that have a different physical interpretation. This is obvious if the duality
is between two distinct theories, but it can also happen in self-dualities of a theory.

Let us try to find more rigorous characterisations. In a Lagrangian formulation, sym-
metries typically correspond to local field redefinitions, whereas dualities (if the duality
map is known explicitly at all) are at best non-local ones. In the (classical) Hamiltonian
theory, it is often the case that dualities are canonical transformations. In particular, a lot
of them appear to be field theory generalisations of the Born duality g =+ P, p = —Q

34



generated for example by a generating function: F(gq,Q) = qQ. (Continuous) global
symmetries, on the other hand, act on fields or observables as 0F = {F, ®}, where ®,
the generator of the symmetry, is the conserved Noether charge corresponding to that
symmetry, {H, ®} = 0.

That duality actually refers to two is often the case. Then, the duality corresponds to
a Z; action. Sometimes, compositions of different dualities and symmetries form big-
ger webs of pairwise dual theories. Consequently, duality can act as bigger non-trivial
groups, for example SL(2, R) in S-duality, O(d, d) in T-duality or the exceptional groups
Ed(d) in U-duality. In such cases, there exist terms like "plurality” or, as a mathematical
example, "triality’ (for the Zs-symmetry of the SO(8) Dynkin diagram) in the literature.
Following standard practice in the literature, all elements of duality groups are referred
to as dualities in the following, not minding that some of these are simply (gauge) sym-
metries. In case the actual dualities are meant, these are referred to as Z,- or factorised
dualities.

The end of reductionism? Dualities, in particular those of the strong-weak type, chal-
lenge the paradigm of high energy physics of finding more and more ‘complete” UV-
theories in terms of more and more fundamental entities. The existence of these dual-
ities implies that emergent (IR) degrees of freedom can be interpreted to be as funda-
mental as the microscopic (UV) degrees of freedom in a theory. In the natural philoso-
phy literature, this has been argued to imply the end of reductionism and atomism. [59]

Instead, the proposed point of view in the following is that the existence of dualities
might suggest that we did not formulate the theory in terms of the correct degrees
of freedom. We strive to find a formulation of the theory that describes duality as
an honest symmetry. This has a famous historic analogy: the correct formulation of
quantum mechanics could only be found after dismantling the particle-wave duality.

2.1.2 Examples

Particle-wave duality. Whereas the particle-wave duality between momentum and
position space representations of the free field/free particle Hilbert space is some-
times considered to be an outdated concept, it is a true duality in terms of the cri-
teria phrased above. The duality map is exactly known, a Fourier transformation
¢(x) ~ [dp eP*¢(p). It is not a symmetry transformation: it does not leave the equa-
tions of motion invariant and, moreover, it is non-local. Classically, it corresponds sim-
ply to the canonical transformation x — p, p —+ —x. One could even argue that it
is a weak-strong duality — small scales in position space correspond to large scales in
momentum space and vice versa.

The understanding that the particle-wave duality simply corresponds to the choice
of a different basis/different coordinates of the state space will reappear in the treat-
ment of T-duality in generalised geometry.
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Bosonisation. Consider a free complex fermion ¥ and its particle-hole excitations

¢(z) ~ /Zdw :YY (w) : (2.1.1)

that behave like a (free chiral) boson ¢. Similar relations like this hold in any dimension.
But, specifically in two dimensions, we have that coherent superpositions of that boson
can be associated again to the elementary fermion

Y ~exp(ip) ;. (2.1.2)

The changed statistics comes from a branch-cut in the complex logarithm. So, emergent
degrees of freedom — collective resp. coherent ones — and elementary excitations change
role. The duality map is exactly known.

There are versions of this as a duality of interacting theories, between the massive
Thirring model and the sine-Gordon model [60] and in the Wess-Zumino-Witten model
[61]. Independently, this phenomenon has been discovered in the condensed matter
literature [62].

Electromagnetic duality. The (four-dimensional) vacuum Maxwell equations,
dF =0, dxF=0,

are invariant under the exchange F <+ +F, or (E, B) <+ (B, —E). The Dirac quantisation
condition for electric and magnetic charges g, - g, € Z shows that this is a strong-weak
duality. The emergent degree of freedom here is the magnetic monopole — a solitonic
excitation, corresponding to a point-like topological defect —, the fundamental one is an
electrically charged probe.

As an exact quantum duality, it entered the literature as Montonen-Olive duality of
supersymmetric Yang-Mills theories [63,64] and, as such, electromagnetic duality is the
prototype for some dualities relevant in string theory.

Type IIb S-duality. The (non-perturbative) D-branes are no accidents of string theory,
they are as fundamental as the string itself. The duality that describes this is S-duality.
In type IIb it is a self-duality. Concretely, an S-duality element

M:<i Z)e SL(2,R)

at+b C @)
— . 2.1.
_>cr+d' <B>—>M<B> (2.1.3)
linearly resp. fractionally linearly on the doublet of two-form NSNS- and RR-potentials

resp. the axio-dilaton T = Cy + ie®. It acts trivially on the metric (in Einstein frame)
and the C4 gauge potential.

acts as
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There is no general proof of S-duality, not even a general map. Instead, it is used
to probe the non-perturbative regime of the IIb superstring theory and demonstrated
by the use of BPS-states. These are states of which certain properties are protected by
supersymmetry. The half-BPS states of the type IIb theory are

H| F |B|F
electrically charged | F | D(-1)|D1| D3
magnetically charged | NS5| D7 | D5| D3

with F being the fundamental string, NS5-brane the magnetic source for the H-flux, and
the D(—1) the D-instanton. They are transformed into each other under the (factorised)
S-duality:

F < D1, NS5+« D5, D3 < D3. (2.1.4)

The D3 <+ D3 self-duality corresponds to the Montonen-Olive (electromagnetic)
self-duality of ' = 4 super-Yang-Mills theory. It is a non-perturbative weak-strong
duality in the string coupling constant gs. For example, if we compare the tensions of
the fundamental string and D1-brane:

Tr ~ % & Tpp ~ (2.1.5)

gse’

Quantum effects break the SL(2,R) to SL(2,Z). The simplest motivation is that the
fluxes are quantised, and for example the fundamental string carries integer units of
B-charge. This should be preserved by the duality, allowing for SL(2, Z) as the biggest
subgroup of SL(2,R) that does so.

Other non-perturbative (S-duality type) dualities of string theories include the self-
duality of four-dimensional heterotic string theory, the duality between SO(32) het-
erotic string theory on T* and type Ila string theory on K*-spaces and the duality of
SO(32) heterotic theory to type I string theory.

Holographic duality. A string (or potentially more generally: quantum gravity) dual-
ity, that does not fit in the above list of examples of generalisation of the electromagnetic
duality, is the holographic duality. It is most remarkable, as it makes it possible to con-
sider gravity as an emergent phenomenon and relates gravity to a field theory (without
gravity) in one dimension less:

quantum gravity on AdS,,; «—  conformal field theory on RY-1,

The most exact manifestation of holography is the duality of type IIb superstring theory
in AdS5;xS° and N = 4 super-Yang-Mills theory with SU(N) gauge group [6]. It has
been tested well using integrable structures on both sides of the duality [65]. Preserving
some of these integrable structures and going beyond this very symmetric setting is the
aim of the program of integrable deformations, introduced in chapter 4.

37



Two typical examples of the maps between these theories are:
e scaling dimension A of operators <— energy E = A of string states

e expectation values of Wilson loops, non-perturbative quantities, in the CFT «—
minimal areas of string world-sheets, the Nambu-Goto action evaluated on classi-
cal string solution

2.2 T-duality

The duality that will play a central role in the following is (abelian) T-duality and its
generalisations.

2.2.1 Strings on S!

Closed bosonic strings. Compactifying one dimension on a circle of radius R, we
have seen before that the mode expansion of a closed bosonic string takes the form

1..25

7,0) = x&° + &'p®1 + Rwo + oscillators.

x25 (

Here, w is the winding number. The compactness of the 25th dimension leads to a
quantisation of the p*>-momentum, the Kaluza-Klein (KK) momentum n € Z, p* = %
The mass spectrum and level-matching condition change in comparison to the non-

compact case:

7\ 2 2
o' M? = n2<\/"7> + w? (\j}) +2(N+ N +2) (2.2.1)

n-w=N—N. (2.2.2)

From here, we can read of a duality as a 'symmetry” of the spectrum. The simultaneous
exchange

n<+<w, R& R=— (2.2.3)

leaves the spectrum invariant. It fits into our picture of dualities sketched above: It is a
duality between two o-models with distinct target spaces if, at the same time, the role
of the KK-momentum (fundamental) and the winding modes (solitonic) are exchanged.
In this case, it is an invariance of the full spectrum and thus we expect it to be a duality
of the full quantum theory.

Under T-duality, the x?>-field transforms as

0+x? — 49,12 resp. dx?® — xdx?®. (2.2.4)

In this sense, T-duality could be understood as a kind of electromagnetic duality on the
world-sheet. This picture will be clarified in the next section.
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Open bosonic strings. As the above calculation only involved the zero modes of the
closed string, the basic notion of T-duality does not change in case of the open string.
The difference is that, on the one hand, open strings with free, Neumann, boundary
conditions cannot wind around the the compact direction — they have the topology of a
point — but they can move freely along the compactified dimension and hence possess
a KK momentum. On the other hand, strings with Dirichlet boundary conditions are
fixed to the D-branes and cannot have center of mass momentum orthogonal to the
D-brane but they can wind around the compact direction.

Neumann string Dirichlet string

radius of S! : R PN radius of S! : a//R

KK momentum p = n/R winding number w = n
Dp — brane D(p +1) —brane

Open strings with mixed Neumann-Dirichlet boundary conditions along the compact
direction can have neither winding nor KK-momentum.

Type II superstrings. The above observation for open strings, that T-duality maps
Dp- to D(p + 1)-branes, motivates that T-duality is not a self-duality of the Ila/IIb
theories as in the bosonic case, but instead

Ila on S! with radius R <— IIb on S! with radius ' /R.

This is because the half-BPS Dp-branes have p being even resp. odd in Ila resp. IIb and
we assume the duality to map between BPS states.

More rigorously, let us consider closed superstrings in the RNS formalism. Due to
worldsheet supersymmetry, 0+ X ~ Y., the T-duality map 0+ X — +0+ X corresponds
to Y+ — Y+ for the world-sheet spinors Y+. This implies for the zero mode in
the Ramond sector, dg — —dg. As a consequence, ')y = T'o-I'-...-T9g = —TI'1; and
P, = 1+T4; — Ps, being the projector on the two chiral Weyl components. Hence,
T-duality maps between the Ila and IIb theories.

The result is that the type II string theories compactified on a circle can be identified
for almost all of the moduli space, i.e. except for R — 0 or R — oo.

Perturbative expansions and map of couplings. T-duality is a non-perturbative (weak-

R
o’

strong) duality in the dimensionless c-model coupling @ ~ describing the world-

sheet loop expansion as discussed in section 1.2. At the radius R = /a’ the theory is
self-dual, the duality symmetry becomes a gauge symmetry. The radii R < /&’ are
dual to the radii R > v/a/. Effectively, this introduces a minimal (or maximal) length
scale of the internal manifold.

In order to see what T-duality does to the gs-expansion, let us consider the effect on
the low-energy effective action. The string frame effective action scales as

[ dV=Ge PRI 4. e [d%V/=Ce PRI @25)
&8s
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Dimensional reduction on an S! of radius R gives

S [ d%/=Ge PRI R [ &xv/ =GO RO, (22.6)
&8s 8s

Comparing the low-energy effective action for two T-dual theories, we see that g% —
S

g’;‘—/R. Hence, g5 — % gs. T-duality is a perturbative (weak-weak) duality in gg, as it
S

maps a perturbative expansion in gs to another one.

2.2.2 Non-linear c-models and abelian isometries

The product manifold setting M x S! can be generalised to arbitrary circle or even
toroidal fibrations: T¢ < M.

The key requirement for the appearance of T-duality is that the background pos-
sesses multiple isometries k;: 6x# = €'k!d,x". These correspond to global symmetries
of a non-linear c-model (1.2.2) of a closed string (9~ = 0), if

ﬁkiG =0 and Ekl-B = dl/i. (227)

This means that k; are indeed isometries of the metric G and the Lie derivative of the
B-field generates at most a gauge transformation of the H-flux. When the k; commute
and hence form an abelian algebra, the c-model is subject to T-duality. To differentiate
between this notion and the generalised versions appearing later, this is called abelian
or standard T-duality in the following.

We aim to show basic features of T-duality. More details can be found in the impor-
tant publications and reviews on T-duality that include [66-81]. Many basic features
can be demonstrated in a slightly less general setting. Consider the non-linear c-model

1

5= Tow

/ (Guv (x)dx* A xdx” + Byy (x)dxt Adx"), wv=1,.,D (2.2.8)

where we neglect the dilaton term for now and assume the target space has an isometry.
Then, one can choose coordinates x# = (x!, x£) such that x! parameterises the isometry.
G and B are then assumed to be only functions of the x%.

Buscher rules. One can rewrite the action (2.2.8) by substituting dx! by gauge fields
A. For this, we also have to add a Lagrange multiplier term —X;dA to the action,
such that the new action is classically equivalent to (2.2.8) by enforcing that A is flat,
A = dx!. When one integrates out the gauge field A instead of the Lagrange multiplier
X1 one obtains a new o-model of the form

1 ~ —_
S= “odl / [GVV(xﬁ)dxy A *dx, + B”"(azﬁ)dxy A dxv} (2.2.9)
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with coordinates £, = (%1, x!) where the new background E = G + B for the metric G
and the Kalb-Ramond field B is given by the so-called Buscher rules [82]

i 1 gy Fw
Gn En
) Ea _ EnEq
o B pw_p _TETE (2.2.10)
Eqn = Eq

in terms of the old background E = G + B.

Dilaton. Let us consider the dilaton term of (1.2.2), Sz ~ fz D x 1. At first glance,
the dilaton is not affected by the gauging procedure described above, if it respects the
isometry as well — %(I) = 0. But, when performing this procedure properly in the path
integral, one finds that the dilaton has to transform, too [53].

A simple route to derive the T-duality transformation rule of the dilaton is to impose
that the measure of the low-energy effective action v/—Ge 2% stays invariant under T-
duality. The shift

1
® — @®-;InGn (2.2.11)

compensates the T-duality transformation of the metric determinant.

Holonomies. Another issue in the procedure described above is related to ensure
gauge invariance of the gauged o-model (the intermediate state in the above procedure)
in case of higher genus world-sheets. We would like to get rid of potential holonomies
ha, ~ 59 s A of the gauge fields A along the generators a; of the first homology group of

27min; §, A .
1

the world-sheet. Introducing the J-functions d(h,,) ~ ¥, e in the path-integral

enforces this. This is done with help of the Lagrange multipliers %

/dxlAAN]{daa]{A—j{dazlijénljz{A—nzfA (2.2.12)
z a ap ay a az a

for example for the torus ¢ = 1, where we have two cycles a; and a, as generators of
the first homology group. The first step is the Riemann identity. In the second step, we
recognise that we reproduce the J-function naturally in the path-integral through the
sum over all configurations of %; with fﬂi d¥; = =£n;. The consequence is, that the dual
direction has to be compact as well and the dual coordinate, the Lagrangian multiplier
%1, has to be multi-valued.

So, the total derivative term [ d¥; A dx! that arose in the gauging procedure should
not be neglected if we identify A = dx'. In general, x! is not single-valued. In particu-
lar,

7{ dx!=w e Z resp. dx' =a'pez, (2.2.13)
spatial

time-like
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for winding number w and Kaluza-Klein momentum p. In the path integral, the total
derivative term corresponds to

exp <2OT /Z s Adx1>. (2.2.14)

This exponential does not contribute to the path integral justifying that we could ne-
glect the exponent in the action. By consulting Riemann’s bilinear identity again, this
relates holonomies of dual and original coordinates along non-trivial cycles on the
world-sheet. In some way, this generalises the exchange of momentum and winding
excitations due to T-duality and ensures that this works at higher genus world-sheets,
as well. More details on this can be found in [66,73].

T-duality and topology. T-duality will, in general, map topologically distinct target
spaces to each other. Circumstances in which that happens are, for example, if the
toroidal bundle is degenerate at some point. As a simple example, consider R? as a
degenerate circle bundle in polar coordinates (R, ¢):

ds? = dR? + R2d¢* — d2=dR*+ %dgsz.

The dual background possesses a singularity at R = 0, demonstrating that it is not only
geometrically, but also topologically different from the original background.

Including backgrounds with H-flux, topology change due to T-duality has been
studied systematically in [54, 85].

Exotic T-dualities. So far, we only considered backgrounds with isometries corre-
sponding to compact spatial directions. It is possible to consider time- or light-like
compact isometries, as well. These arise, for example, in AdS spaces.

Both cases have been studied with interesting results. Time-like
T-duality leads to exotic string theories [36] — the “exotic” refers to the appearence of
multiple times in target space, Euclidean strings and time-like Dirichlet boundary con-
dition. Recently, these exotic string theories attracted attention as they allow for dS
solutions [57]. T-duality along null directions breaks Lorentz invariance [55]. The dual
backgrounds are described by (non-relativistic) Newton-Cartan geometry [589,90].

2.2.3 The T-duality group

In case there are d such U(1)-isometries, or in other words the target space is a toroidal
fibration, the above consideration can be applied to each of the isometries. We choose
coordinates such that these fibres are parameterised by the x* in x# = (x% x!) and
apply the above procedure. Combining the Z,-dualities discussed above with GL(d)-
transformations of the x* gives the duality orbit

E=¢.E= (aE+b)(cE+d)}, (2.2.15)
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where a = diag(A,1), b = diag(b,0), ¢ = diag(c,0) and d = diag(D, 1) are each D by

D matrices and
A B
qoz(c D) € 0(d,d),

where O(d, d) is defined w.r.t. the metric # = < 1 > The duality group is O(d, d)

1
and can be revealed only by considering the quadratic part in derivatives of the isome-
try coordinates - the transformation of non-isometry coordinates (also called spectators)
is easily reproduced from (2.2.15). These are normally neglected in conceptual con-
siderations. The action of O(d,d) on the RR-fluxes and a generalisation for fermionic
isometries is discussed in appendix B.

Alternatively, O(d, d) acts linearly on the generalised metric

o -1 —1
G- BG~'B BG ) 2216)

H(G,B) = < —G-1B G—l

a 2D x 2D-matrix, incorporating the full information on the background. This gener-
alised metric appears in a Hamiltonian derivation of the O(d, d) T-duality group. With
the canonical momentum

pu = — (Gua” + Bx"), (2.2.17)

we can compute a first order form of the action (from now on we choose &’ = 1):

S = —% [ & (#p,— H) (22.18)
with H = % / do(x, p)H(G,B) (x,p)" . (2.2.19)

This holds generically, also in the case without isometries. If there are d commuting
isometries, then we choose adapted coordinates as above and the Hamiltonian density
H is invariant under linear transformations by ¢ €O(d, d) of (x’, p). From a similar first
order form of an action we will motivate the non-abelian generalisation of the duality
group O(d, d).

There is an O(d) xO(d)-subgroup — or depending on the signature of the compact
background O(g,d — q) xO(gq, d — q)-transformations — determined by the metric G, that
leaves the generalised metric H invariant. As a consequence, the duality group without
overcounting is

O(d,d)

o) X O (2.2.20)

As it turns out, the generalised metric H itself is in O(d, d)-element and takes values in
that coset. Hence, (2.2.20) is nothing else than the moduli space of internal geometries,
described by metric G and and B-field.
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Any ¢ €0(d, d) can be generated by elements of the following four subgroups:

e The true Z;-dualities, corresponding to the Buscher rules, are normally called
factorised dualities. They fulfil 9> = 1 and ’generate’ the components of O(d,d),
that are not connected to the identity:

1—E; E;; .
QT = ( E; u 1 —”Eii ) with (Eij)kl = irdji- (2.2.21)

e General linear transformations G + B — AT(G + B) A are contained in this repre-
sentation of O(d, d) as

AT
PcL = ( 41 ) for A e GL(d). (2.2.22)

e B-shifts by a constant skewsymmetric matrix also form a subgroup of the duality
group. They correspond to gauge transformations of the H-flux, H = dB.

e Performing a ’full’ factorised duality ¢ = 7, gives a new background E = ¢ + f3,
where B takes the role of B and is given by

p=—(G+B)'B(G-B)", (2.2.23)

We will refer to B as being dual or conjugate to B. So, logically B-shifts by a
skewsymmetric matrix form another subgroup of O(d, d). We discuss their mean-
ing on the oc-model level in the next paragraph.

The matrix representations of B- and B-shifts are given by

¢B=<1 1b1) go,sz(lrl 1) (2.2.24)

for skewsymmetric b and r.

B-shifts via a generalised Buscher procedure. The o-model interpretation of B-shifts
will be of special interest in the following. We will show two points of view on B-shifts.
Starting from the linear c-model (setting «’ = 1)

1

S:_E

(Guvdx® A xdx” + Byyda A dx) (2.2.25)

for constant metric G and Kalb-Ramond field B, we follow the steps

1. gauging all the U(1)-isometries: substituting dx* by gauge fields A* and intro-
ducing a Lagrange multiplier term X, A A" in the Lagrangian,

2. B-shift in the dual picture: adding a term X*f = pF'dx, A dx, with constant
and skewsymmetric coefficients g, which is a total derivative as dp = 0, to the
Lagrangian,
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3. step 1 for the U(1)-isometries of the dual coordinates %,.

We arrive at
1 - _ -
S = =5 [ AFA (Gux A+ Bl &) + Ay A (B A, + AF) +dx A Ay (2226)
Integrating out A* and A, gives the standard O(d, d) p-shift

S — 1 /dx” A [GW*_FBMV} dxV = /dzo' o4 xH o d0_x'. (2.2.27)
2 o5+
+B nv

The second perspective on a B-shift, that we will take, is the following. A B-shift cannot
only be interpreted as a B-shift in the dual coordinates, but also as the introduction of a
Poisson bivector IT = p#"d,, A d,. On a symplectic leaf of I1 - so choosing and restricting
to coordinates such that (ﬁ_l)w exists —, we can define a two-form w = [5;“} dx# A dx?,

which is symplectic for constant #":
LI =0 < dw=0, (2.2.28)

where [, |s is the Schouten bracket of multivectors. On such a symplectic leaf and after
integrating out the A, in (2.2.26) first and redefining AY — A" — dx", we get

1
S = —5 [ Dx* A (Guux D2’ + By Dx') + Bl A¥ A A” (2.2.29)
with Dx#* = dx* — A¥. With the identification

dx, = Gy *dx" + By dx” (2.2.30)
between dual (winding) and the original coordinates and subtraction of a total deriva-
tive dx, A dx" we obtain

1
S= =5 [ A" A (Guux A+ B AY) + iy n AP + Bl AY A A (22.31)
The reason that we consider the version (2.2.31) of (2.2.26) is that it can be obtained
via a different route, which was introduced in [91]:

e Given a cocycle w (2.2.28) we can centrally extend the isometry algebra with gen-
erators {t,} (abelian in the toroidal case) in the following way (see appendix C
for more details), where Z is the new central element of the algebra:

tt] =0 = [t,t] =t +w(ty)Z =BuZ, [tyZ] =0. (22.32)

e Starting from original action (2.2.25), we substitute dx* by gauge fields A*, which
we now assume to be components of a gauge field A" = A*t, + CZ with field
strength F' = dA’ — [A’)A’]". Using (2.2.32) the components of F are

F''=dA" and F*=dC-p,, A" AA", (2.2.33)
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Instead of adding a Lagrangian multiplier term which enforces only F¥ = dA* =
0, we also want to set FZ = 0. For this we use "extended’ dual coordinates Y, =
(%,,Y) and add the following term to the Lagrangian

Lragmur. & —YsF* 2 dg, A AP +dY AC+ Y, AM A A, (2.2.34)

e Integrating out C leads to Y = const., so that the resulting action is the same as
(2.2.31). After integrating out A we are left with (2.2.27).

All these manipulations were rather trivial in the abelian case, but this analysis helps
to understand the geometrical meaning and the objects to look for in the non-abelian
case. We will comment on this and the connection to Lie algebra cohomology in section
8.2.2.

2.2.4 Non-abelian and Poisson-Lie T-duality

Up to now, we assumed that the isometries we consider commute. Certain aspects of
abelian T-duality can be generalised to cases of non-commuting isometries and, mo-
tivated by that, even without isometries in certain algebraic circumstances. This is
known as non-abelian T-duality (NATD) and Poisson-Lie T-duality.

Non-abelian T-duality. The adapted parameterisation in the case of non-commuting
isometries,

[Ka, ko] = f€apke

uses group G valued fields g: ¥ — G, with corresponding Lie algebra g and structure
constants f¢ ;. If then the ‘background’ field E = G + B is constant, the model

§= —% / d?o (§7'9+8) Eap(g~'9-8)" (2.2.35)

is (globally) G invariant under left multiplication, g — g0g. We neglect potential ad-
ditional spectator coordinates and perform a procedure, which is very similar to the
abelian case: Substitute ¢~'dg by g-valued gauge fields j, add a Lagrangian multiplier
term x,(dj + [f,j])?, which fixes j to be pure gauge and then integrate out j. The non-
abelian T-dual model is

1 _ _
S = —5 /dza 0 x,E(x)d_xp, E' = Ewp— xcf - (2.2.36)

In contrast to the abelian case, the duality connects an isometric and a non-isometric
model with each other. In general, the status of non-abelian T-duality is not as strong
as the one of abelian T-duality — it is not a true duality at the quantum level, but a map
between similar theories or a type of solution generating technique [92].

Also, if the trace of the structure constants of g does not vanish, f.* # 0, the non-
abelian T-dual model (2.2.36) possesses a kind of anomaly that spoils conformal invari-
ance in the quantum theory. For more details on non-abelian T-duality see [72,74,75,

,93-95].
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Lie bialgebras. Before we discuss the further generalisation of the above, i. e. Poisson-
Lie T-duality and Poisson-Lie c-models, which will also enlighten the structure of the
action (2.2.36), let us review the algebraic basics for this — Lie bialgebras — and set up
our conventions.

Here and in the rest of the thesis, we consider a d-dimensional s.emi-simple1 Lie
algebra g with corresponding Lie group G, the Killing form x and generators ¢, fulfilling

[ta, ty] = f€apte- (2.2.37)

We use d,, 9y, ... to represent the curved derivatives corresponding to t,, t;, ... treated as
invariant vector fields on G, and d,, 9, ... for flat derivatives.
There are two ways to define Lie bialgebras:

o Definition via Manin triples. We want to define a Lie bracket on the vector space
g ® g* in terms of the 2d generators Ty = (t,, ") of g @ g*, such that the canonical,
non-degenerate and symmetric bilinear form, defined by

(talty) = (F'|") =0, (t|F") = &5 (2.2.38)

14

or in terms of the Ty, (T4|Tp) = nap withy = < >, is Ad-invariant, i.e.

1,
(TallTp, Tc]) = ([Tc, Ta]|Ts) - (2.2.39)

The structure constants of a complementary pair (g, g*) of Lagrangian (meaning
maximally isotropic w.r.t. to ( | ) subalgebras can be constructed to be of the form

[Ta, Tg) = FCapTc
with [t ty] = £ ote, [P F] = F.F, (2.2.40)
i — b _
[tﬂ/ tb] = fa CtC + fhcatc'

The Lie group to the Lie algebra 0 is called Drinfel’d double, we denote it by D. It
contains G and G (the Lie group to g*) as subgroups, D = G x G. The condition
on the structure constants f¢_, and ?ca in order for (2.2.40) to fulfil the Jacobi
identity is
— ab — ble

fcmnfc = f[uc[mfn] : (2.2.41)
The triple (9, g,g*) is called a Manin triple. For a given (9d,( | )) there can be
multiple Manin triple decompositions. In the following we also use the notation

g g” (2.2.42)

to describe a Manin triple. Consistency requires that x ! is the Killing form on g*.

n principle we do not have to restrict to the semi-abelian case to perform non-abelian T-duality. This
was successfully demonstrated in [96].
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e Definition via 1-cocycles. In the maths literature bialgebras are normally defined
differently but of course equivalently. A bialgebra is the pair (g, ) of a Lie algebra
gand a g A g-valued 1-cochain u on g fulfilling

1. 1-cocycle condition:

du(m,n) := Aady)u(n) — Alad,))u(m) —u([m,n]) =0 (2.2.43)

2. Jacobi identity”:
A(u)ou =0, (2.2.44)

where we defined the coproduct A(X) :=1® X+ X ®1. A g A g-valued 1-cochain
u(te) = uc™ty Aty (2.2.45)

can be identified with a skew-symmetric bracket on g*, [, ]g+ : g* A g* — g* with

structure constants f Cab = u.". Then the 1-cocycle condition (2.2.43) is equivalent
to (2.2.41) and (2.2.44) corresponds to the Jacobi identity on g*. So indeed, this
definition is equivalent to the Manin triple.

If the 1-cocycle is 1-coboundary, we will call the corresponding bialgebra 1-coboun-
dary. We will comment on a certain type of these 1-coboundary bialgebras in the
next paragraph. But, of course, there are more possible bialgebras. In appendix
D.4 we comment on this. Some relevant basics on Lie algebra cohomology are
summarised in appendix C.

R-brackets and Yang-Baxter equations. Given a Lie algebra g with bracket [, |, is
it possible to define another Lie bracket on g? A simple candidate is the so-called R-
bracket

[m,n]gr = [m,R(n)] — [n, R(m)] Vm,n € g (2.2.46)
for some R € End(g). A sufficient condition on R, s.t. [, |r fulfils the Jacobi-identity, is
[R(m), R(n)] — R([m, n]r) = c*[m, n] Vm,n € g. (2.2.47)

This condition can be rewritten as
[(RE+cl)(m),(REcl)(n)] = (R=Ecl)([m,nlr), Vm,n € g, (2.2.48)

which means that (R & c1) is a Lie algebra homomorphism between (g, [, |) and
or := (g,[, |r). After rescaling we can distinguish three cases of (2.2.47):

1. ¢ = 0: classical Yang-Baxter equation (cYBe),
2. ¢ = 1: non-split modified classical Yang-Baxter equation (mcYBe)

3. ¢ = i: split modified classical Yang-Baxter equation,
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each of which have distinct roles in the definition of Lie bialgebra structures of semisim-
ple Lie algebras, which is sketched in appendix D. A more extensive review can be
found for example in [97].

The connection of R-brackets of semisimple Lie algebras to their bialgebra struc-
tures is seen via the definition via 1-cocycles. The non-degenerate Killing form x on g
defines a 2-vector r = r®t, A t}, for each R € End(g), rb = xRY.. The g A g-valued
1-coboundary

Or(x) = A(ady)r = [A(x),7] (2.2.49)

is trivially a 1-cocycle (2.2.43) and the condition for the Jacobi identity (2.2.44) on r can
be written as
A(ady) ([r,7]s) =0, (2.2.50)

where [, |s is the standard Schouten bracket of multivectors.

Bivector fields on Lie groups. Typical bivectors on Lie groups are associated to a dual
Lie algebra structure by the canonical relation

7.7 = 001 (o). (2.2.51)
The canonical Poisson vector IT = T1%°t, A t;, on a Lie group G for a left-(right-)invariant
basis {t,} of TG is given by

1" (g) = fcabxc — %fck{afb]dkxcxd +.., forg=-exp(xt;) €3, (2.2.52)

when the structure constants f, f describe a Lie bialgebra.? The explicit form of (2.2.52)

can be derived from (formally) transporting fcubxc along G. Let us note, that IT in
(2.2.52) is neither left- nor right-invariant, which allows for the fact that IT(e) = 0. For
this reason we will call IT a homogeneous Poisson structure in the following. The Poisson
bivector (2.2.52) can be constructed also in a coordinate independent manner. Given a
Lie bialgebra @ = g ®; g* and the adjoint action of a ¢ € G on the generators of d we
can write the homogeneous Poisson bivector as [95]

I(g) = C(g)- A\ (g) (2.2.53)
B
tog ! > ( A(g) 0 )
for Ad,Ts = g_z_ = ° Th.
s <gtg1 Cg) (AN g ) 4"
From the properties of Adg on 9 we can deduce the useful relation

duIT(g) = f, " + 2,11 (g) (2.2.54)

’E.g. O(x) of I1¥99, 11"¢) vanishes because of the Jacobi identity on g*, all the higher order terms
because of Jacobi identity on g* and 1-cocycle condition (8.3.7).
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for g = exp(x“t,).

Another important class of bivectors are invariant bivectors. In case we have a 1-
coboundary bialgebra associated to g and the O-cocycle r = r%t, A t, on g, we can
define a non-homogeneous bivector

e (g) = r"* — 7Cabxc +..., forg=-exp(xt;) €g, (2.2.55)

which is simply r transported via left-(right) translation along G and the same as (2.2.52)
plus a constant term.

Generically, I, given by (2.2.55) will not be a Poisson structure, but the bialgebra
properties on the structure constants f and f mean that the Jacobiator will be constant
and Ad-invariant. So for example, if ¥ corresponds to a solution of the (modified) clas-
sical Yang-Baxter equation, then

TTF79, 11 (g) = Exmxbnge (2.2.56)

where ¢? is the coefficient in the (modified) classical Yang-Baxter equation (2.2.47).
In case r is a solution of the classical Yang-Baxter equation (c* = 0), (2.2.55) is the
left(right)-invariant non-homogeneous Poisson bivector, introduced by [99].
For such 1-coboundary bialgebras we can reproduce the homogeneous Poisson bivec-
tor (2.2.52) from
I1T=r—-TI,. (2.2.57)

This has been noted already in [100]. But, as commented above, IT1?(¢) = "’ does not
necessarily have to be a solution of a Yang-Baxter equation in order for IT to be Poisson.

Construction of Poisson-Lie c-models from a doubled c-model. Let us review the
basic construction and geometry of Poisson-Lie c-models. It is the natural generalisa-
tion of o-models like (2.2.35) or (2.2.36).

A first order parent action [101-103] for Poisson-Lie o-models is a c-model of fields
| taking value in a Drinfel’d double D
s=_1 &U(U”%LFWJ)—U”%L%U’QJ»>+E— (=t tdindn),
2 JoB 12 Jp
(2.2.58)

where (, ) is the canonical metric on 9. From now on, we set &’ = 1. The operator H
represents a generalised metric

. Go — BoGy'By BoGa!
%ABEH(TA,TB)E<TA,7'[(TB)>=( 07 7070 B0 P00 >

—Gy !By Gy*

and is defined by constant symmetric resp. skewsymmetric d x d-matrices G resp. By
given in some basis {Ta} = {t,, "} of a Manin triple decomposition of 9. As such,
(2.2.58) is the natural generalisation of the toroidal first order action (2.2.18) with a few
caveats:
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e The polarisation term X - P in the abelian case becomes a WZW-model like term.

e The non-abelian nature of ® means that for some choice of Manin triple decom-
position the decomposition of | = gg~! € D for § € G and ¢ € G will not result
into a direct decomposition of / 19,1 (which would correspond to (X’ ‘0 P;) in the
abelian case), but instead we have:

I71dl = Adg (—g'dg+g7'dg) (2.2.59)
= —(g7'dg) " Adg(te) + (§1dg)aAd,(F)

= (~(s71dg)" (57 da)s) ( ) 1 > ( M g ) ( A )

where the homogeneous Poisson structure I1(g) arises according to definition
(2.2.53).

What we call a Poisson-Lie o-model in this thesis is constructed as follows: Choose a
Manin triple g €, g* with a corresponding basis {t,, "} and groups G, G, and take a
corresponding decomposition of / as above | = g¢~1. We put this choice of parameteri-
sation of D into (2.2.58). Then with knowledge of (2.2.59) and the help of the Polyakov-
Wiegmann identity for the WZW-term, we integrate out ¢ and obtain

1 1
S= f/dZU (g0, g)" () (g7t0_g)l. (2.2.60)
2 GO}’BO + H(g) ab

This model is a o-model for G-valued fields g. The bialgebra structure of the original
doubled o-model is encoded in the homogeneous Poisson structure I1(g) of the form
(2.2.52), and the generalised metric finds itself in Ey = Go + By.

The models discussed before belong to this class of c-models for different choices
of bialgebras:

o The toroidal o-model (2.2.25) is reproduced from (2.2.60) for ? being abelian.

e We obtain the G-isometric o-model (2.2.35) for the so-called semi-abelian bialgebra
0 =g Po (u(1))".

o The non-abelian T-dual of the above (2.2.36) corresponds to
0= (u(1)) @ 0.

Due to the abelian structure of the target space, this Poisson structure of the form
(2.2.52) is given by I, (x) = — €, Xc.
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Dirac structures. The key data of the doubled c-model (2.2.58) is the bialgebra o and
the generalised metric H (2.2.16). This data singles out a decomposition of ? into so-
called Dirac structures, orthogonal subspaces w.r.t. to the natural O(d, d)-metric (, )

p=02" L0 (2.2.61)

Each choice of a non-degenerate d x d-matrix Ey = Go + By, with a metric Gy and
skewsymmetric By, determines such a decomposition:

Si =ta+Eg,F', with Ef = Ej,Ey = Eo (2.2.62)

o* =span (S7). (2.2.63)

This basis also block-diagonalises the canonical O(d, d)-metric
(/) =153)Ge" (8, = IS5) GG’ {8y | (2.2.64)

So, the effect of the generalised metric term in (2.2.58) is to ‘choose” a decomposition of
0 into Dirac structures, which are the eigenspaces of H:

mai =+(,) |, H =|S5)GE" (Sy|+1S.) GE¥ (S, |. (2.2.65)

A crucial property of the (classical) doubled c-model (2.2.58) is that the dynamics fol-
lows the constraint

(I7toL1,0%) = 0. (2.2.66)

This relation highlights the role of the Dirac structures and was the starting point of
the investigation of Poisson-Lie T-duality in [98], even before the doubled c-model was
discovered. For a mathematical treatment of Dirac structures and Courant algebroids
in the context of Poisson-Lie T-duality, see [104].

The choice of decomposition is of course independent of the basis choice of 9, but the
Dirac structure is not manifestly realised in the Poisson-Lie c-model (2.2.60), the explicit
form of which will depend on a choice of basis. This is the key point in our analysis of
Poisson-Lie T-duality.

Poisson-Lie T-duality. Suppose we have another choice of Manin triple other than
g @p g~ at our hand, the simplest choice of course being g* ©, g. We choose a corre-
sponding parametrisation of D in (2.2.58) by [ = ¢¢~! and integrate out g (instead of §
before). This gives rise to a classically equivalent c-model

5= % / d?o(g710+8)aE™(2)(810:8)s (2.2.67)

with E~1(g) = Go + By + I1, where IT is now the homogeneous Poisson structure on G,
equivalent to the dual Lie algebra structure g. This is the Poisson-Lie T-dual of (2.2.60)
and generalises the R +» %-behaviour from abelian T-duality by

EoEy' =1 andalso E(e)E(e) = 1.
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A Poisson-Lie T-duality group will consequently be the space of decompositions | =
hh=1 € D, where h € H, h € H for some D = H x H. At the Lie algebra level this
corresponds to the set of Manin triple decompositions of the bialgebra 0 to D. The task
to explore this space is what we set about in section 8. It will also become apparent
that the construction, showing that Poisson-Lie T-duality is a canonical transformation,
extends to more general setups than the Poisson-Lie o-models.

One can find generalisations of Poisson-Lie T-duality to coset spaces, open strings
and supersymmetry [105-107], a canonical analysis [18,20, 108, 109] and studies of the
dual models beyond the classical level [102,110-114] in the literature.

2.3 String dualities and M-theory

The consequence of S- and T-dualities connecting all the known superstring theories is
that they should all describe the same physics. The evidence for an underlying theory
that connects and unites these string theories was brought together in a collective effort
in the mid 1990s, among many others in [115-117]. That theory has been called M-
theory.

Eleven-dimensional supergravity. Besides the supergravity theories that arise from
the superstrings theories as low-energy effective theories, there is a unique maximal
supergravity in D = 11, first considered in [118]. The bosonic field content is very
simple, consisting only of a metric G and a three-form gauge field A. From this, we
can easily motivate that there are two natural objects: membranes, or M2-branes, —
charged electrically under A — and the Mb5-branes — charged magnetically under A.
These branes are BPS-states in the theory. The supposed UV-completion of eleven-
dimensional supergravity is M-theory [119].

The web of dualities. The following scheme summarises the web of S- and T-dualities
of the five superstring theories and, also, how these and eleven-dimensional supergrav-
ity are related to M-theory.

11D SUGRA

low-energy

comp. on S! comp. on S'/Z .
IIa P M P * heterotic Eg x Eg

1 \ [r

s IIb heterotic SO(32)
X /
I

() denotes the orientifold projection.
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A complete formulation of M-theory does not exist. A natural way to understand it
is as a world-volume theory of the M2- and M5-branes [119,120]. This is the route that
will be taken in the rest of this thesis. The problem with this is that the quantum theory
can be approached only in the perturbatively accessible string theory limits.

Besides the superstring theories, further insights into the nature of M-theory have
been achieved through the matrix models in the BFSS matrix theory [121] and the
AdS/CFT-correspondence, here in particular through ABJM superconformal field the-
ory which is dual to M-theory on AdSy xS’ [122].

Membrane action and double dimensional reduction. The relation of the type II
string theories and M-theory will be of special interest in the following.

Let us write down the bosonic part of the M2-brane action [119]
1 IS 1 apre o oe s
S = 5 /d3cr (M’?“ﬁaaxf‘angGﬁﬁ + geaﬁ“Ya@xVBBxVa’?prﬁﬁp _ M) . (2.3.1)

where x" are coordinates on the eleven-dimensional target space and 7/’ is the metric
on the three-dimensional world-volume.

If one performs the double dimensional reduction, a dimensional reduction both of the
world-volume and of the target space,

ot = (c%,p) = (x¥,p), (2.3.2)

one arrives straightforwardly at the Polyakov action (1.1.5). In this picture, the tar-
get space is assumed to be M x S! and the membrane is wrapped around the circle.
The same can be demonstrated for the full supermembrane action that reduces to the
type Ila superstring action upon this double dimensional reduction [123]. In case the
membrane is not wrapped around the circle, the membrane becomes the D2-brane of
the type Ila theory. Similarly, the three-form gauge field A of eleven-dimensional super-
gravity decomposes into an NSNS part, B,y = Aj10, and an RR-flux part, C3 0 = Ay
due to dimensional reduction to Ila supergravity.

The connection between M-theory and the heterotic string theories, on the other
hand, is related to M5-brane dynamics and has first been discussed in [120].

U-duality. Toroidal compactification of eleven-dimensional supergravities on T% pos-
sess a global symmetry group containing

SL(d;R) <1 O(d —1,d — 1), (2.3.3)
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describing Lorentz symmetries unbroken by the compactification on T? and the T-
duality group in one dimension less [124]. The full duality groups up tod = 8 are [118]:

d | U-duality group E;4 H, dim(R1) dim(R»)
1 R 1 1 1

2|  SL(ZR)xR* SO(2;R) 3 2

3| SL(3;R) xSL(2;R) SO(3;R) x SO(ZR) 6 3

4 SL(5;R) SO(5;R) 10 5

5 S0(5,5;R) SO(5R) x SO(5;R) 16 10

6 Es(6) USp(8) 27 27

7 Er) SU(8) 56 133

8 Egs) SO(16) 248 3875

Here, E;z) denotes a split real form of Eg, in particular such that the T-duality group
O(d —1,d — 1) is a subset of it. H; is the maximal compact subgroup of E;(y. Eg(q)/ Hy
parameterises the moduli space (the massless internal degrees of freedom) of eleven-

dimensional supergravity compactified on T%. This is similar to %
metrises the space of generalised metrics and, in this way, describes the moduli space
of the NSNS sector in the gravity theories associated to strings. R1 and R, are two
representations of E; (. The latter is the fundamental representation, whereas R is the
generalised vector representation, also called charge or flux representation. The relevant
object in the Ri-representation is the collection of momentum and winding/ "wrapping’
excitations, similar to the collection of KK-momenta and winding number of a string
which form an O(d, d)-vector. Let us demonstrate this for the SL(5)-theory, describing

compactifications of M-theory on T*:

, which para-

dim(R4) = §KK-momenta + fwrapping configurations of an M2 = 4 + 42—3 = 10.
A consequence of this is that a ‘factorised membrane duality’ cannot work in the same
way as in the string case via an exchange of momentum and wrapping excitations [125].
Apart from the case d = 3, the number of momentum and wrapping modes do not
match [126].

The full (quantum) superstring and M-theory breaks the duality group to E;(4)(Z),
as expected from the arguments for T-duality and S-duality [124]. Above d = 8, the U-
duality groups become infinite-dimensional [127-129]. In the context of matrix theory,
U-duality has been explored in [130]. Exceptional field theory, a U-duality covariant
setup, is explained for the case E4(4) =SL(5) in section 3.4.
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Chapter 3

Generalised Geometry

As long as the background is globally geometric — meaning only diffeomorphisms and
B-field gauge transformations are necessary for gluing coordinate patches — the metric
and the B-field are globally well-defined and seem to be an appropriate description of
the background. But not all backgrounds in string theory can be described as such.
So called non-geometric backgrounds have been shown to arise naturally as T-duals of
geometric backgrounds [131]. The ones we consider here can be understood as T-folds
[13,132,133], meaning that we allow for patching with T-duality transformations as
well. They are expected to make up a big part of the landscape of string theory [51,134—

], this includes not only duals of geometric backgrounds but also genuinely non-
geometric backgrounds. These backgrounds can be described in terms of generalised
geometry [11,12,138] or the generalised fluxes. These fluxes arise as parameters in gauged
supergravities [139,140], are the basis of a formulation of double field theory [67,51,141-

] and have been shown to be related to the non-commutative and non-associative
interpretations of these backgrounds [149-156].

3.1 Introduction

T-duality showed that distinct geometries can give rise to equivalent world-sheet the-
ories. From the string theory point of view, KK-momenta p, and winding modes w/
appeared on the same footing, connected by an O(d, d)-action. But, from a point par-
ticle perspective from which most geometric notions are motivated, the two have very
different meanings. This indicates that strings might require a different understanding
of geometry.

A geometric object that incorporates such an O(d, d)-action is the generalised tangent
bundle

(TeT")M=TM & T*M

which has a natural O(d, d) structure group, coming from the natural pairing of vectors
and 1-forms. From now on, we will restrict M to be the d-dimensional internal space
with coordinates x*. For ¢ € (T ® T*)M we use indices ¢M = (¢*, ¢, ). From a more
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geometrical point of view, the elements of the generalised tangent bundle
v+¢e(TeTM

for vector fields v, generating diffeomorphisms, and 1-form fields ¢, generating B-field
gauge transformations B — B + d(, are called generalised vector fields. They generate
the so-called geometric subgroup of the O(d, d)-group. The action of such a generalised
vector field ¢ = v + ¢ is often called generalised diffeomorphism.

Potential algebraic structures on the generalised tangent bundle will be the topic of
the next section. The geometry of this generalised tangent bundle is called generalised
geometry, including different kinds of generalisations of notions of Riemannian geom-

etry. A key difference is that we have two types of metrics on this generalised tangent
bundle:

e the constant O(d, d)-metric 1

e the (non-constant) generalised metric #(G, B) (2.2.16)

It defines the splitting of the generalised tangent bundle into a pair of (maximally)
Lagrangian' subbundles L and L: (T & T*)M = L & L, in the way that |, = G.
Alternatively, the generalised metric defines the decomposition into Dirac struc-
ture, as already above in the discussion of Poisson-Lie T-duality.

Doubled geometry goes one step further than generalised geometry. It assumes that the
generalised tangent bundle is the tangent bundle of a doubled manifold M: TM &
T*M (= TM). The coordinates on this doubled manifold are X" = (x*, %,). The dual
coordinates %, are the ones that appear in the T-dual actions. In this approach, the origi-
nal target space coordinates x and their T-duals * are treated on the same footing, such
that duality rotations become manifest symmetries. In the world-sheet theory the dual
fields %, (c) are given by p,(c) = 9%,(c), in analogy to the winding which is related
to dx¥ by w# = § do dx". One typically imposes two constraints on the dependence of
functions of the doubled coordinates XM:

e strong constraint or section condition: (9, f)(d#g) = 0 for all functions f and g

Satisfying this condition is equivalent to choosing a section, a d-dimensional sub-
space. A section would be for example the original manifold M before doubling,
parametrised by the coordinates x*.

The space of inequivalent sections is again parameterised by %. T-duality

simply comes down to taking a different choice of section.

There is no fundamental motivation for the strong constraint apart from the fact
that it allows for a straightforward reduction to a d-dimensional manifold. It will
be shown later that violations of strong constraint are possible — at cost of the
associativity of the Poisson structure, see section 7.2.

1Lagrangian means that nyn¢MyN = 0 for all ¢, € L — maximally Lagrangian, 1yn¢™pN # 0 for
¢pcLlandp & L.
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e weak constraint: 9,0" f (x, %) = 3dm0™ f(X) = 0 for all functions f

This constraint is weaker than the strong constraint, as it allows for a different
choice of section for every function on the doubled space.

The origin of the weak constraint lies in the level matching condition, coming
from the invariance under o-reparameterisations. An instance of this will be seen
later in section 7.2, where it is shown that violations of the weak constraint of the
background (i.e. metric and B-field) lead to violation of the Virasoro algebra.

With the help of doubled geometry, one can rephrase the target space geometry in a
manifestly O(d, d)-covariant way. In particular, one can write down the potential low-
energy effective action for the target space dynamics, such that O(d, d) is a global sym-
metry. If one solves the section condition it reduces to the standard low-energy effective
action (1.2.8). This is the approach of double field theory.

In this chapter, we collect and review well-known material about generalised ge-
ometry and generalised fluxes. Further details can be found in the standard reviews
of double field theory [81, 144-147], generalised geometry [12,138] and the generalised
flux formulation [148].

3.2 Lie and Courant algebroids

The generalised tangent bundle is an example of an algebroid. In non-technical terms,
an algebroid over a manifold M is a collection of algebras for each point of M. Or in
other words, an algebra where the structure constants are functions on M.

In this section we collect some well-known facts about the algebroid structures rel-
evanttous[11,12,81,142,143,157-163].

Lie algebroid. A vector bundle E — M over a manifold M with a Lie bracket |, |1, i.e.
skew-symmetric and satisfying the Jacobi identity, on the space of sections I'(E) and an
anchor, a linear map p : E — TM, is called a Lie algebroid (over M), iff |, |, together
with the anchor p satisfies the Leibniz rule

(91, fp2]L = (p(¢1)f) P2+ flp1, ¢2]r,  for @1, ¢p € T(E), f € C*(M).

[, ] is the Lie bracket on TM and the fact that p is a homomorphism of Lie brackets

p([@1, 2]L) = [p(P1), 0(2)],

follows from the Leibniz rule.

Courant algebroid. A Courant algebroid over a manifold M is a vector bundle E — M,
together with a bracket [, |p on I'(E), a fibre-wise non-degenerate symmetric bilinear
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form (, )g and an anchor p : E — TM, satisfying the following axioms:

(91, (92, 3p]D = [[91, 2]D, P3]D + [$2, [$1, 3]D]D

—

[p1, f2lp = (p(91)f) P2 + fl1, ¢2]D
6910 = 5(0,9)
p($1)(P2, p3) = ([p1, P2, P3) + (P2, [P1,$3]D)

for ¢; € T'(E), f € C®°(M) and the derivation D : C®(M) — E:
(Df.¢) = p(9)f.

In the following, we call [, |p Dorfman bracket. 1t is also called generalised Lie derivative
in the literature. From the first two axioms follows that p is a homomorphism of brack-
ets. The third axiom implies that [, ]p is not skew-symmetric, the first line describes a
certain Jacobi identity for this non skew-symmetric bracket.

Skew-symmetric realisation. A Courant algebroid as defined above possesses an equiv-
alent representation via a skew-symmetric bracket

[P1, P2]c = % ([¢1, ¢2lp — (2, ¢1]D) = [¢1, 2D — %77(4%492),

which we call Courant bracket. It satisfies modified axioms — in particular, the Jacobi
identity only holds up to a total derivation by D

(91, (2, ¢3]c]c + cp. =D <;<[¢1,¢2]C,¢3> + C.p.> . (3.2.1)

The standard Courant algebroid on TM @& T*M. The Courant bracket for sections
¢p=v+¢ € TM®T Mis given by

(91, P2]c = [01,02] + Lo, G2 — Lo,G1 — %d (G2(v1) = €1(v2)) - (3.22)

In the following we use the notation ¢ = ¢’ with 9; = (9;, dx’) where the action of dx’
on functions is dx'.f = 0. Then the coordinate expression for Courant resp. Dorfman
bracket is:

1
(1, 420C = pp019y — yxe9'9s,  [bnealb = horey — nxplo'es,  (3.23)

where 7 is the O(d, d) metric, which raises indices I, ] = 1, ...,2d. The anchor is simply
projection to TM: v + ¢ > 0.

One motivation for the Courant bracket from the point of view of the study of T-
dualities is, that it possesses an invariance under global O(d, d)-transformations (man-
ifest through the index structure in (3.2.3)) and also under the geometric subgroup of
local O(d, d)-transformations, namely diffeomorphisms and B-field gauge transforma-
tions via 0; — 0; + Bi]-(x)dxj withdB =0.
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3.3 Non-geometry and generalised fluxes

So far, we have parametrised the background in generalised geometry in terms of the
generalised metric (2.2.16). For the most part of this thesis, we will use a different
characterisation. As for metrics in Riemannian (or Lorentzian) geometry, one can write
the generalised metrics in terms of generalised vielbeins.

Generalised vielbeins. A generalised vielbein or frame E4™(x) is defined to be any
(local) O(d, d)-transformation in the component connected to the identity that diago-
nalises and trivialises the generalised metric H, i.e.

0 7
where 7 is a flat metric in the signature of the target space and is used to raise and lower
indicesa,b,... = 1,...,d. Indices A, B, ... = 1, ...,2d denote the "flat” indices and are raised
and lowered by #4p. Unless stated otherwise, we will assume that the generalised
vielbeins are (local) functions on the original target space with coordinates x¥*. With
this assumption we restrict to locally geometric backgrounds, but below and in section
7.2 we will also discuss the generalisation to locally non-geometric backgrounds.
Every generalised vielbein can be generated by successively performing

1 B ) . e _ [ ¢ 0
0 1 ), GL-transformations E'*) = ( 0 (e-1)T > (3.3.2)

0
EAMEp ymn = nap and  EAMEgNHun = vap := < Tab ab ) , (3.3.1)

B-shifts: E(B) — <

shifts: E® = ( 1 0 i ities: ET) = ( 1~ % O
B-shifts: E < B 1 >, factorised dualities: E*“* ( 5, 1-0,

for skewsymmetric d x d-matrices B and f3, an invertible matrix e (a d-dimensional viel-
bein) and (6, )vx = v dpux-

Weitzenbock connection and generalised fluxes. The Weitzenbdck connection of such
a generalised flux frame is defined by

QC,AB = acEAMEBM with dg = EAME)M, (3.3.3)
fulfilling Q€ 45 = —QCp4 dueto (3.3.1). Iy = (9, o"), where 9" denotes the derivative
w.rt. to dual coordinates ¥,. Assume that we work on a section described by the
coordinates x*, such that 9" vanishes.

In fact, only the totally skewsymmetric combination? will be relevant for us: the
generalised fluxes:

Fapc = Qcap) = (a[AEBI) Ecpp- (3.3.4)

2The following conventions are used:

V[ Wp| = VaWh — VpWa, U UpW| = UaVpWe + cyclic perm.

U[gUpWeZ) = UaUpl0cZg + (—1)%18" x all permutations
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It includes the four fluxes — H, f, Q, R - for different decomposition of the O(d, d)-
indices

Hupe = Fape, fcub = Fcab = Fbcu = Fubc

Rabc = Fabc Qcab = Fcab _ FbC” _ Fabc
In a generalised flux frame (3.3.1) all the information about the background is stored in-

side the generalised fluxes, instead of the generalised metric. The generalised metric
will be trivial in that frame.

Bianchi identities. Generalised fluxes, given as above in terms of a generalised viel-
bein, cannot be chosen arbitrarily but have to fulfil the (dynamical) Bianchi identity
[ ’ - ] 3

d(aFpcp) — ZFE asFcpje =0, (3.3.5)

or in the decomposition into the d-dimensional fluxes

3
0 = 9 Hpeq) — EHk[ubfkcd] = (dH)apea
0 = 0"Hyeq + Opf ) — £4af by — Hipe Q™

0 =0y +9,.Qy" — £ Qi + £,,,Qg " — Hypy R (33.6)
0 = 9,R" + a[bQucd] _ Qak[qubc] B Rk[bcfd]ak
3

0= a[aRbcd] + ERk[ﬂkaCd]'

If the fluxes violate this condition, they cannot be written in terms of a generalised viel-
bein via (3.3.4). In the following, we call the corresponding backgrounds magnetically
charged.

The locally geometric T-duality chain and the non-geometric fluxes. The starting
point in the T-duality chain is the flat 3-torus with & units of H-flux, i.e.

H = hdx' Adx? A dad. (3.3.7)

A choice of B-field for this H-flux is B = hx® dx! A dx?, such that the two commuting
isometries of the background are manifest. After a T-duality along the isometry x! the
Buscher rules [82] produce a pure metric background. This background turns out to be
parallelisable, e.g. there is a globally defined frame field e,;*. The only non-vanishing
component of the generalised flux (3.3.4) is

flos=h with £, = e e,,"d,e". (3.3.8)

The interpretation of the locally geometric pure f-flux is that it is the totally skewsym-
metric combination of the spin connection of a d-dimensional vielbein.
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Performing a second T-duality along x,, we arrive at the background

G- thw ((dx) + (dx)?) + (dr?)?, (3.3.9)
H= _(1+hh(x3)2)2 (1—h(x*)?) dx' Adx® Adx®

with identifications x ~ x' + 1. At x> + 1 ~ 2 it is not possible to patch geometrically.
Instead, we can describe this background by the generalised vielbein

1 0 0 12
E(Q) = < IB 1 > , B= —hx3 0 = Q3 = h. (3310)
0

So, a constant B-shift by & dx! A dx? can be used to patch at x> +1 ~ x°. In other words,
a 3-torus solely together with a constant Q-flux is characterised by a non-trivial mon-
odromy of B. The background has the interpretation of a non-commutative spacetime
with {x!,x?} ~ hw?, where w? is the winding around the x3-cycle. More details on the
non-geometric interpretation of these backgrounds can be found in [81, 149-156].

Local non-geometry. Let us summarise the above in the scheme [131]

Hyys o5 £,2 2, 9,2 2 R1B, (3.3.11)

The first two steps can be realised via standard abelian T-duality, whereas the last step
cannot because the background (either described by a generalised metric or generalised
vielbeine) does not possess a corresponding isometry for x°. In order to allow for
such T-dualities along non-isometric direction, we need to allow for the dependence
on dual coordinates %,. As, discussed the dependence of functions of the 2d coordi-
nates XM = (x#,%,) is typically restricted by the strong or weak constraint. In the
following, we implicitly work in some section, i.e. a solution to the strong constraint,
unless stated otherwise. T-duality can be simply understood as transforming between
different sections on this doubled space, e.g. the exchange x* < X,,.

Given a generalised flux configuration and a section, we call a background locally
non-geometric, if one can only find a generalised vielbein reproducing these generalised
fluxes that depends on dual coordinates as well.

One example for such a background is the missing background in (3.3.11), the pure
R-flux background. A generalised vielbein reproducing a pure R-flux with R'? = h is

0 hi
Er) = ( 2 g ) B= ( —hiB 0 ) (3.3.12)
0

which is obviously the formal T-dual, via x3 < %3, of the pure Q-flux background.

It turns out that it is impossible to find a vielbein that only depends on the original
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coordinates x for a pure R-flux background. As a consequence, it turns out that one
cannot write down a c-model Lagrangian in the usual fashion, as the metric and the
B-field do not depend on the original coordinates of the section alone.

This slightly unhandy definition of local non-geometry is employed because there
are also generalised vielbeins, that depend on dual coordinates and describe locally
geometric backgrounds nonetheless. This is the case for example for the pure f- or Q-
flux backgrounds with possible alternative choices of generalised vielbeins:

5 1 B O~ hz3
E(f):<0 ]1>,B:<—hx3 0 0),

N e 0 1 00
Eqg) = g J,e=| -n¥ 1 0 |].
© < 0 ()7 ) ( 0 01 )
Apart from section 7.2 we will only work in locally geometric backgrounds.

Examples and Lagrangians. In this paragraph, we will include some explicit exam-
ples of such generalised flux frames. Besides setting conventions for later discussion, it
should be emphasised here that in our definition as components of F4pc the physical
interpretation of the fluxes H, f, Q, R is frame dependent. By this we mean the Q-flux
might not correspond to a monodromy of § or closed string non-commutativity or the
R-flux not to local non-geometry, in a generic generalised frame.

o Geometric frame. This is the standard frame of a Lagrangian c-model given by a
metric and a B-field. Only the H-flux and the geometric f are non-vanishing

Hgpe = a[aBbc} +fd[abBc]d (3.3.13)
o = fcab = evce[ayayeb}v
Qcab =0= Rabc

The corresponding vielbein is a composition of a d-dimensional tetrad rotation
and a B-shift: E = E®)E().
o (Globally) non-geometric frame (resp. open string variables). c-models like
_ _1 2 1 a, b U v
s=-3 /d o <7—H<X)>ab e,e,'d, X' _x". (3.3.14)

are described by the vielbein E = Eg )E(E), with E%} ) denoting a B-shift by a bivec-
tor I'l. This results in the generalised fluxes

Hppe =0 (3.3.15)
fcllb - fcgb

Qcab _ Qcab _ acnub +f[adcnb]d

Rabc _ Rabc _ Hd[aadnbc] +f[adEHb|dH|C]E-
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This is an important class of backgrounds as this parameterisation is relevant
for open strings in NSNS-backgrounds. Also non-abelian T-duals, Poisson-Lie
o-models are of this form.

The e-B-I1-frame. The next logical step is to introduce a frame in which all the
fluxes are non-vanishing. The nearly exclusively used choice in the literature is
the generalised flux frame for the c-model

1 1
S=_—= /dZJ <1> ey“evbaer’*a_x". (3.3.16)
2 =507~ 1) ab

The corresponding generalised vielbein is of the type E = Eg} JEBEE) and the
resulting generalised fluxes are

Hpe = 9uBye) + f* Bl (3.3.17)
05 = [ + Hapal 1
Qcab _ Qcab + Hcdenadnbe _ acnub +f[adcnb]d + Hcdenadnue
R = R 4 Hyo TTTTTT = 11709, 110 + 10, TTPMTTIle 4 Heg ITT1P 11
This has been derived several times in the literature [160, 166, 167].

The e-I1-B-frame. The previous choice was not the only possible one. For example
E = E®EIDE®) is a valid parameterisation for which generically all the compo-
nents of F4pc might be non-vanishing. Here the generalised fluxes are

Hape = 9aBoq + f* 1y Beja + [B, Blage + BladBueQq™ + BaaBueBoe R (3.3.18)
fcab = fcgb + Q[achb]c + HCdadBab + BahBheRabC
chb — Qcab + R4 gac — acnub +f[adcnb]d + R4 gac
R%c — Hd[aadnbc] _{_f[adenb\dn\c]e.
We recognise the (dual) Koszul derivative df; = I1°99,, which is used to define

the Koszul-Schouten bracket [, ]X° of forms analogously to the usual Schouten
bracket of multivector fields. This vielbein corresponds to the c-model

1 1 b
The completely general expression for F 4pc in terms of a generic generalised viel-
bein can be found in [31], also including a vielbein which might violate the strong
constraint.

In contrast to the case in the T-duality chain (3.3.11), where only one of the fluxes H, f,
Q, R was turned on, the single components have no general interpretation. E.g. here,
there can be R-flux in a locally geometric background, if other fluxes are turned on as
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Global non-geometry. Despite all the above examples being locally geometric, many
of these backgrounds might be globally non-geometric. Metric and B-field, encoded in the
generalised metric, are only defined locally. If the patching involves only B-field gauge
transformations and d-dimensional diffeomorphisms, we call the background globally
geometric. On the other hand, for a generic non-geometric background we can patch as

Hiun(G'(x), B'(x)) = M (x) (Hxe (G(x), B(x))Mn"(x) (3.3.20)

for an Mgy (x) €O(d,d). In a corresponding generalised flux frame (3.3.1), we have
that the “internal” generalised metric H ap = E AMHMNEEY = 645 is trivial and globally
well-defined. The generalised vielbein will in general be defined only patch-wise and
patched via E'451(x) = Mp™ (x)E4Nn(x). The generalised fluxes transform according
to

Fasc = Fapc + E(4"VE" (9 MM N) Mk (3.3.21)

‘O(d,d) gauge transformations’ are those M(x) for which the second term vanishes
such that, as expected, the generalised fluxes are globally well-defined in a non-geometric
background. Such O(d, d) gauge transformations include for example

e in the geometric frame: geometric gauge transformations, i.e. B-field gauge trans-
formations and d-dimensional diffeomorphisms.

o in the geometric frame with H = 0: certain (coordinate dependent) B-shifts in non-
holonomic coordinates, s.t. both QC”b = 0 and R = 0. Such B-shifts exist,
homogeneous Yang-Baxter deformations of group manifolds are of this kind for
example [168]. It has been shown that these correspond to a non-local field redefi-
nition in the Lagrangian [169].

e frame independent: all constant O(d, d) transformations, including factorised dual-
ities. For example the constant Q-flux background in the T-duality chain is of this
type, where M is a constant S-shift.

As (3.3.21) shows, the allowed My (x) depend on the generalised frame E,™ under
investigation. Not all of these necessarily have to be interpretable as standard abelian
T-duality, for example they might also correspond to non-abelian T-duality transforma-
tions [170].

Finding such a generalised flux frame for some given generalised metric H is non-
trivial and not unique, as there is a huge gauge freedom>. There is in general no pre-
ferred frame, except if we can find a globally well-defined generalised vielbein (this
case is called a generalised parallelisable manifold - see e.g. [138]). We are only con-
cerned with local properties of the target space in the following, so all statements in-
volving the generalised vielbeins E4™ are to be understood in a single patch.

3Condition (3.3.1) fixes only the gauge for the flat internal indices, the gauge freedom corresponds to
the gauge freedom of the original H .
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In section 7 we strive for a Hamiltonian formulation of classical string theory given
directly in terms of these globally well-defined generalised fluxes Fspc. This formu-
lation will only hide the fact that in principle we still need to work in the different
coordinates patches in which the E4™ are defined. Steps towards a more rigorous dis-
cussion of global issues have been taken in [171,172] in the present context of current
algebras and loop groups as phase space.

3.4 SL(5) exceptional generalised geometry

U-duality is the duality symmetry of M-theory. The aim of exceptional generalised ge-
ometry is the same as the aim of generalised O(d, d)-geometry in string theory: offering
a geometrical framework for the target space geometry that is U-duality covariant.

As discussed in section 2.3, the U-duality groups E;(;) and their used representa-
tions have to be discussed for each d separately. Fairly generic for all 4 is the form and
properties of the generalised Lie derivative*, or Dorfman bracket, of two sections of a
bundle E — M

[p1, ¢2)* = —pfaLey + Y unglorgy'. (34.1)

Again, we assume an extended space with coordinates XM = (x*, #;,), including "dual’
coordinates with different index structure for each d. Imposing a Jacobi-like identity on
this bracket leads to a section condition

YXE NOk forg = 0,  for all functions f, g. (3.4.2)

Now, let us discuss the concrete realisation in the E44) =SL(5)-theory, so the theory
relevant for compactifications of M-theory on a four-dimensional manifold M. The
generalised tangent bundle is

¢ € E=TM® A*T*M. (3.4.3)

There will be two kinds of representations of SL(5) that play a role in the follow-
ing. The generalised vectors ¢X are in the so-called R;-representation, which is the
(skewsymmetric) 10-representation of SL(5). So, we can understand K as a double in-
dex K = [kk']. Moreover, we choose the following conventions

1 / 1
K kk K kk k sk
4) = 7\/54) PR e.g. 5L = *2(5”/ = 5[151,]

The R;-indices are the fundamental SL(5)-indices and will not be that relevant in what
follows.

The analogue of the O(d, d)-invariant metric # in the SL(5)-theory is the epsilon
tensor €y p:

eklmank’le’lMm’mMn’nMp’p = ek’l’m’n’p’-

4This form include the Dorfman bracket of the Courant algebroid with YKLy = 17KL HMN-
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Some definitions regarding the e- and generalised Kronecker symbols are collected in
appendix A.2. The Y-tensor of the generalised Lie derivative is defined in terms of
e-symbols:

Ykk/ll/mm/nn’ = €pkk/ll/epmm’nn’ (3.4.4)
With this Y-tensor, the section condition take the form
a[kk/ & allq =0 (345)

In contrast to the O(d, d)-case, there are different types of solutions to the section condi-
tion. The above decomposition into TM & A2T*M corresponds to the M-theory section:
k = (x,5),1 = (A,5),..and v = (x,*) = (x5, ). In the M-theory section, the ex-
tended coordinates decompose as X" = (x*, X,,¢) into the four physical coordinates
x# on the four-dimensional internal space and six ‘dual’ coordinates. The conventions
have been chosen in a way that d = dXMdy = dx#9, + %diwléw/. The section condi-
tion is fulfilled, if 3"* f = 0 for all functions f.

In addition to this, there are also three-dimensional sections that describe the three-
dimensional internal geometry of compactifications of the ten-dimensional type II su-
pergravities. In both cases the R,-indices decompose as k = (x,4,5).

e The type Ila section follows trivially from the M-theory section by decomposing
xt = (xE, x4) and assuming that d4 = 0, as well. This corresponds to the dimen-
sional reduction of M-theory.

e The type IIb section is not connected that simply to the M-theory section. The
physical coordinates are the three coordinates XM in xt = (xL"/, x'", x') with
#,...=1,23andi,. =4,5.

The background, described by the metric G and the 3-form A is again encoded in a
generalised metric. In the M-theory decomposition, it is given by

Ha(G) = < Gy +1;A}4K1{/A1/KK/ 1 é,“\uw o > (3.4.6)
AN, L(GMGHY — G GIY)
Similarly to O(d, d) generalised geometry, one can define SL(5)-vielbeine
‘little” vielbein: E, ™ .. .Eg"5e™M 5 = gl
'big’ vielbein:  E4X = %Eaa,k"’ = E"E©
EARER"EMCENPYMNyp = YCP 45
and generalised fluxes
FCap = EN“OuERN — YP ApENPOEEN, from [E4, Eg]p = FC apEc. (3.4.7)

Decomposed in terms of M-theory or type II sections, they describe the collection of
NSNS-, RR- and geometric (metric) fluxes and non-geometric versions of these, as in
the O(d, d)-case. In the SL(5)-theory, this has been explored in [173]. For more details
on exceptional generalised geometry, also for d # 4, see [163,174-179].
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Chapter 4

Integrability

In Hamiltonian systems, (maximal) integrability means that the model allows for a
maximal set of Poisson commuting (involuting) conserved quantities. This is also called
integrability in the Liouville sense. The phase space is describable as a foliation and, in
the finite-dimensional (and compact) case, is diffeomorphic to T?" due to the Liouville-
Arnold theorem. Upon finding that diffeomorphism, one has solved that system.

In quantum theories, a possible definition for quantum integrability is the factoris-
ability of the S-matrix. This means, an S-matrix factorises into 2 — 2 S-matrices and,
moreover, all the different possible factorisations are equivalent.

Developed to a large extend in mathematics literature, see e.g. [180], integrability
experienced a renaissance in string theory as a technical tool in the prime example
of the AdS/CFT correspondence. The interplay between the classical integrability of
string theory in AdSsxS®, the integrability of certain spin chains and the quantum in-
tegrability of N/ = 4 super Yang-Mills theory offered a powerful test of the duality.
The classical integrability of string theories, as a two-dimensional field theories, will be
investigated in the following.

For detailed reviews of various aspects of integrability, including an introduction to
quantum integrability and the inverse scattering method, see [65, 1581].

4.1 Classical integrability of 2d field theories

Lax integrability. A two-dimensional field theory, for simplicity defined here on a
closed string world-sheet, is called Lax integrable, if its equations of motion can be writ-
ten as a spectral parameter dependent flat connection L,(A), the Lax connection or Lax
pair. The zero-curvature condition

daLg(A) —9pLa(A) — [La(A), Lg(A)] =0, (4.1.1)

is called Lax connection. The appearance of the, at this stage redundant, spectral pa-
rameter A € C is crucial. Infinitely many conserved charges can be derived with the
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help of the so-called monodromy matrix

1
T(t,A) = Pexp </ doLy(o, T;A)) . 4.1.2)
0
Its time evolution is given by
9:T(t,A) = [L(0,T; A), T(T,A)]. (4.1.3)

A consequence of this is that the eigenvalues y;(A) are conserved over time. The in-
finitely many conserved charges arise as coefficients in a Laurent expansion of the y in
A. As an example and basis for further investigations, let us discuss the principle chiral
model.

The principal chiral model. The field theory of group G valued of a field g(7, o) with
the action

1
S=—2 [ kpj" AxfL, (4.1.4)

with j = —¢~'dg and « being the Killing form on the Lie algebra g of G, is called
the principal chiral model. The equations of motion and the flatness condition for the
g-valued currents j is:

dxj and dj+%[j,j]:0. (4.1.5)

The Lax representation of the equations of motion of the principal chiral model can be
easily computed from the ansatz

L=hj+hL~*j (4.1.6)

where [; and I, are to be determined. Using of the equations of motion and the flatness
condition for the currents j*, one finds that the Lax connection is

A? A
L:il—)\2]+1—

e 4.1.7)

with the free "spectral” parameter A.

The r-s formalism. From this Lax pair one can derive the monodromy matrix and,
following from this, the infinitely many conserved quantities. A necessary condition
for Hamiltonian integrability (in the Liouville sense) is that the conserved quantities,
that are produced in the Lax formalism, do Poisson-commute.

A sufficient condition on the Poisson bracket of the Lax pair was derived by Sky-
lanin [152], and in the more general setting that is relevant for the principal chiral by
Maillet [183]

{L1(o;A), La(os 1) } = [r12(A, ), La(05 A) + Lo (0 u)]é (0 — o)
+ [512()&,“1/{), Ll(U';/\) — Lz(O’l;}l)]é(O' — 0'/) (4.18)
— 2512(/\,‘1/1)5/(0' — 0'/)
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This relation is formally defined on the free algebra of g with L1 € g®1 L, € 1® g
and 12,512 € g ® g, r being skewsymmetric and s symmetric when exchanging the two
copies of g. The last ¢’-term is called the non-ultralocal. It will play a central role in the
geometric investigation of the Poisson structure later.

If one finds these objects r and s such that the Lax pair has the Poisson algebra
(4.1.8), the conserved charges computed in the Lax formalism are in involution. Only
now, the system is integrable in the Liouville sense.

Imposing the Jacobi identity on (4.1.8), one arrives at an instance of the classical
Yang-Baxter equation:

[Raz2(A, 1), Ruz(A, )] + [Raz(A, 1), Ras (A, )] + [Ras(A, w), Ras(A, )] =0 (4.1.9)

for R = r + s as a sufficient condition.

Integrable string c-models. Integrability and conformal symmetry are both powerful
tools in two dimensions. But, they are independent of each other. So, a integrable o-
model does not have to be a string c-model, meaning conformally invariant at 1-loop.
In other words, the background of an integrable c-model does not have to be a solution
to the supergravity equations of motion.

The principal chiral, that served as example above, is not a string c-model. In-
stead, one can generalised the integrability of the principal chiral model to Riemannian
symmetric spaces (spheres, AdS, hyperbolic spaces,...), and finally semi-symmetric su-
percoset spaces — so, exactly to the kind of spaces for which we know the form of the
GS o-model, as shown in section 1.2.

As discussed there, these backgrounds are string backgrounds only if the isometry
group has vanishing Killing form. Integrability is not connected to that property, as is
K-symmetry.

4.2 Integrable deformations of string c-models

The criterion for integrability of a superstring c-model is clearly very restrictive, as it
only applies to very symmetric spaces. But, it is possible to deform these in a way that
preserves integrability and, in some of these cases, also the property of being a string
background. Let us introduce these deformations for simplicity as deformations of the
principal chiral model.

421 Yang-Baxter deformations

Following the same conventions as in the principal chiral model above, the action of a
Yang-Baxter deformed principal chiral model is

R Y -1 a 1 P b
S= 2/d o (g a+g) KM(][—URS> b(g a*g) s (421)
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where Ry = Adg1 o Ro Ad, (and also R) is a solution to the (modified) classical Yang-
Baxter equation’

[R(t), R(t)] = ROR(t2), ) + [ta, R(8)]) = [t 1] (422)

in terms of the R-operator.? For ¢ = 0, the corresponding deformations are usually

called (homogeneous) Yang-Baxter deformations and for ¢ = i 77-deformations.

Their integrability was proven in [184], before they were generalised to coset and
supercoset oc-models, and solutions of the classical Yang-Baxter equation as genera-
tors [185-187]. The resulting backgrounds are (super)gravity solutions if the general-
ising classical r-matrix is unimodular [169], meaning that the resulting dual structure
constants fulfil

70 =0, for £ =pllg) (4.2.3)
Nevertheless, starting from a x-symmetric semi-symmetric type IIb supergravity back-
ground, all Yang-Baxter deformations preserve x-symmetry and thus the resulting back-
grounds are still solutions of so-called modified type IIb supergravity equations [58,

—191]. The study of many examples of homogeneous Yang-Baxter deformations
[187,192-203] revealed that they seem to be related to B-shifts of abelian T-duality in
case of abelian r-matrices. This was proven in the case of abelian r-matrices [204] and
for general r-matrices in case of AdSs xS® [91]. The connection of Yang-Baxter defor-
mations and non-abelian T-duality became clearer in [169, , ]. It was demon-
strated, that on a purely formal level Yang-Baxter deformations are given by formal p-
shifts, though there was no criterion of a connection to non-abelian T-duality (NATD)
there [207]. In case of AdSs ><S5—backgrounds in context of the AdS/CFT correspon-
dence it was demonstrated that homogeneous Yang-Baxter deformations lead to Drin-
fel’d twists of the corresponding Hopf algebra structures on both sides of the dual-
ity [200,208]. These aspects were investigated further in [209,210].

The non-geometric features have been already discussed in the case of the (abelian)
B-shifted S°-background (a special case being the Lunin-Maldacena background [211])
in [212,213], where the B-shift can be accounted for by twists of the closed string bound-
ary conditions. The first insights into homogeneous Yang-Baxter deformations in the
sense of non-geometric fluxes discussed in section 3 have been found in [214]. There the
Q-flux of homogeneously Yang-Baxter deformed coset -models was studied in some
examples and a T-fold interpretation of the resulting backgrounds was established.

With the help of the previously developed framework of a NATD group and gener-
alised flux analysis of the Poisson-Lie c-model, we will analyse Yang-Baxter deformed
o-models. In case of the homogeneous Yang-Baxter deformations this will prove the
natural generalisation of [204] for non-abelian r-matrices, that the notions of homoge-
neous Yang-Baxter deformations and non-abelian T-duality generalisation of B-shifts of
principal chiral models are exactly the same. This is proven in section 8.

1Let me emphasise for clarity’s sake the distinction between R-operator, related to g by % = R(’chCb,

and the R-flux, defined in terms of 8, as R = [B, B]s-
2This classical Yang-Baxter equation is related to (4.1.9) by R%;, = 1<,

72



4.2.2 A-deformation

A class of integrable models, that is a conformal field theory for all values of the defor-
mation parameter, is the A-deformation

1
S(g) =S / Lo (370:8)" [ ———— | (g7'019)"
(8) wzw k(8 +8) <]l—AAd§1> (870+8)
ab
It describes an interpolation between a WZW-model and the (factorised) non-abelian
T-dual of the principal chiral model [215-219]. The deformation parameter A can be

Written in terms of the WZW-level k and the coupling of a principal chiral model x as
/\ —

K2 +k Interesting limits are

o A — 0: undeformed WZW model

e k — oo: non-abelian T-dual of principal chiral model on G
_ 1 2 o\ —1,ab
SNATD = p /dU 94+ Xa (1 — xc(f)) X
e k < x2: perturbed WZW
k2 _ _
S(8) = Swznalg) + -5 [ do? (3719:8)"(379+8)"

It can be completed to a supergravity solution, corresponds to certain g-deformations
of the original group and has been argued to be equivalent via Poisson-Lie T-duality
and analytic continuation of the deformation parameter # <+ %iA to the #-deformation

[ 4 7 4 ]‘
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Chapter 5

Deformation of the current algebra —
a motivation

The "geometric paradigm’ in section 1.2 emphasised the connection of target space ge-
ometry to the world-volume theories. In additional support to that statement, this
chapter collects several instances of the fundamental connection of background fields
and deformations of the Poisson structure. Apart from staying in the framework of Rie-
mannian geometry, these examples employ the same conceptual step as later in chapter
7. That is finding coordinates of the phase space in which the Hamiltonian is trivial.
The chapter presents material from [221].

5.1 Point particle in an electromagnetic background

As a motivational example that shares many features with the string in NSNS back-
grounds, let us consider a relativistic point particle with mass m and electric charge g in
an arbitrary electromagnetic background [222,223]. At first we define it by an electric
potential A = A, dx" with field strength F = dA = F,,,dx” A dx". A convenient choice!

of Hamiltonian, H = ﬁ (p— qA)z, together with the canonical Poisson structure gives
the equations of motion

m m(py - CIAV) and Ty = %Fyvﬂv~ (5.1.1)

Alternatively, this problem can be phrased in terms of new coordinates on the phase
space (x*, ;) with the kinematic momentum 77,,. Let us note a few important charac-
teristics of this formulation, which will also be key points in the string discussion:

o Preferred non-canonical phase space coordinates. In terms of kinematic momentum 7t

M

the Hamiltonian is H = né‘r: , s0 we have a "free’” Hamiltonian. All background

IThe free Hamiltonian H free = +p? with 4-momentum p is obtained via a Polyakov trick with the
einbein e so that Hy,, is indeed the constraint corresponding to time reparameterisation invariance in this
case. After gauge choice ¢ = 1 and minimal substitution we are left with above Hamiltonian.
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data — the coupling to the electromagnetic field — is encoded in the deformed
Poisson brackets

{x',x"} =0, {«", m}=0), {m,m}=qFuw, (5.1.2)

resp. the deformed symplectic structure w = wy + gF. The Jacobi identity of the
Poisson bracket resp. the closedness of w is equivalent to the Bianchi identity in
the standard Maxwell equations:

dw=0 < dF=0. (5.1.3)

The field equations for F can also be phrased conveniently in terms of the sym-

(e)

plectic structure: 0w, = 47'ch€ .

Generalisation to magnetically charged backgrounds. In this formulation there is no
need to refer to the potential A, it is phrased only in terms of the field strength F.
So it is well suited for generalisations to magnetically charged backgrounds with
*dF = 47j0m).

Alternatively, one could take another point of view, namely to consider this as a
free particle in non-commutative or, in case dF # 0, even non-associative momen-
tum space. This is why it this a typical example and toy model for the treatment
of non-associative phase spaces [224-228]. Recently it has been shown that such
a non-associative, or almost symplectic, phase space can be realised in a higher
dimensional symplectic one [229,230].

Charge algebra. This coordinate change in phase space (a symplectomorphism in
the case without magnetic sources?) is simply the local field redefinition from
canonical to kinematic momenta

w = —df = d(p,dx") = d(m, +gA,) Adx"
= drm, Adx¥ +gF. (5.1.4)

2To make this problem symmetric in electric and magnetic terms we could consider a dyon (g,g) in
an electromagnetic background F, e.g. a particle with Lorentz force 7, = % (9Fuv + gFuv) 7%, thus corre-
sponding to the deformed symplectic structure is w = wp + gF + g x F, which is not symplectic anymore,
as soon as we have any electric or magnetic sources for F. For the dyon then there is no (local) field
redefinition anymore connecting the two formulations.
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5.2 Integrable models and deformations of current algebras

The principal chiral model, the theory of the embedding of a string world-sheet into a
group manifold G, is one of the most important toy models for the study of integrable
o-models. It can be defined by a Hamiltonian

1 .. g
=5 / do <K“b]o,,1]0,b + Kabﬁ]i’> (5.2.1)
and the following Poisson structure, the current algebra,

{Joa (@) jop(c') } = —fpioc(0)d(o — o)
{Jo,a(ff),h(ff’)} = —f0 _§5(0)0(0 — ') — 880,8(c — o) (5.2.2)
{it()fie"} =o.

1€, are structure constants to the Lie algebra g of G and « its Killing form. We take
dr = {-, H}. The Hamiltonian equations of motion contain both the flatness condition
and the (Euler-Lagrange) equations of motion,

dj+%{j,j] =0 and dxj=0. (5.2.3)

We have jo, = (§7190¢)s = pa and j4 = (¢7101¢)" = e,"9x¥. This identification will be
different for distinct backgrounds and is, what we later call, a (generalised) frame. We
still have to define the brackets between the j, and functions f on G:

{joa(0), f(x(0")} = ~3uf (x(0))5(0 — o) = —esd, f (x(0))3(0 — ')
{j1a(0), f(x(@')} =0,

where we chose some coordinates x on G.

The principal chiral model possesses many deformations which preserve one its
most interesting properties: its classical integrability. Interestingly, all these deforma-
tions can be understood as deformations of the current algebra (5.2.2) instead of the
deformation of a Hamiltonian or Lagrangian.

e Theintroduction of a WZ-term in the Lagrangian can be accounted for by a change
of the jp-jo Poisson bracket in comparison to (5.2.2)

{]Oa ]Ob /)}WZW = - (fcabj0,6<0) +kfubcji(a))5(a_gl)' (5~2~4)
Classically, k can be considered as a deformation parameter. See for example

the standard textbook [231] for more details on the Hamiltonian treatment of the
WZW-model.
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e The o-model Lagrangian of the r7-deformation was discovered in [1584,232] and
its target space interpretation as a g-deformation of the original group manifold
was given in [186]. It can also be represented by a modication of the current al-
gebra. As such, it arose already in [233]. Compared to (5.2.2), the Poisson bracket
between the j; is

2
(@R} = 75 o) =), (525)

e The A-deformation was introduced directly in terms of a deformation of the cur-
rent algebra, originally for G =SU(2) in [234] and later generalised to arbitrary
groups in [215], accompanied with a Lagrangian derivation. For more details and
references see section 4.2.

Again after some rescaling of the currents compared to the original articles, the
A-deformation corresponds only to a change in the j;-j;-Poisson bracket:
)\2

@A}, =~ e "oe@)6(0 ). 526)

Phrased like this in the Hamiltonian formalism and compared to (5.2.5), we see
directly that A- and #-deformations are equivalent via analytic continuation 1 <+
+il.

With this short survey we have motivated that in the Hamiltonian formulation defor-
mations of the current algebra are a convenient playground. In fact, we will see that
every bosonic string c-model can be represented by the free Hamiltonian and a modi-
fied current algebra.

A related discussion of the SU(2) principal chiral model aimed on the features con-
nected the generalised geometry can be found in [235].

5.3 String in an H-flux background

The generalisation of the point particle in an electromagnetic field (section 5.1) to strings
in a geometric H-flux background was achieved in [236]. Consider the o-model of a
(classical) string in a geometric background, defined by metric G and Kalb-Ramond
field B

S = —;/dx" A (G (x) % +Byy(x)) dx”. (5.3.1)

Twisted symplectic structure Following the same steps as before, we express the
symplectic structure in terms of the kinematic momenta 77, := p;, + B, (x)0x"

w = / do dp, (o) A Sx (o) (5.3.2)

= /da <(57T;, Adx¥ — %Hw,c(x)ax’“éxy Aox¥ + %8 (Bw(x)éx” A 5xv)> )
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Up to the total derivative term, the symplectic structure is twisted in a B-field gauge
independent way, by the H-flux, similarly to the electromagnetic case (5.1.4). Imposing
that the symplectic form (5.3.2) is closed,

dw = é /daa[iijl] (x) dx* 5x" A 6x* Adx! =0, (5.3.3)

requires that His a closed 3-form on M. If we instead neglect the boundary contribution
in the symplectic two-form (5.3.2), we get such a contribution for the closure of the
symplectic form

Swpay = 0 (Hywx (x)0x" A 6x¥ A 6xF) (5.3.4)

up to a total derivative term. So together with the Hamiltonian
1 N
H= E/da (G”(x)rcyrcy + G,,Ax)&x"@x”) (5.3.5)

this defines a world-sheet theory in backgrounds which are magnetically charged un-
der the NSNS flux, e.g. the NS5-brane - in particular in and near these magnetic
sources, but requiring that the phase space there is only almost symplectic.

The total derivative terms in (5.3.2) resp. (5.3.3), which naively vanish for closed
strings, are for example relevant for

e open strings ending on D-branes. A contribution to the symplectic structure from a
(potentially pure-gauge) B-field on the brane is the well known source for the fact,
that we find non-commutative gauge theories on the brane. In the present context
of deformations of the symplectic/Poisson structure this has been discussed in
[236], in particular closedness of the symplectic structure requires H‘D_brane =0
if we neglect the boundary term in the current algebra. For the some of the models
motivating this thesis D-branes have been discussed, i.e. Poisson-Lie c-models
[105] or A-deformations [237].

o winding strings. As discussed above the winding number

w = /daax(a)

along a compact direction is such an integral over a total derivative. In section
7.2 we show that such winding contributions need to be considered so that the
current algebra still satisfies the Jacobi identity.

o globally non-geometric backgrounds. E.g. consider the Q-flux background obtained
from the standard T-duality chain of T® with g units of H-flux, expressed in terms
of a metric G and the H-flux (3.3.9). We expect a contribution of a monodromy
H(1) — H(0). But let us note that also the Hamiltonian (5.3.5) is not well-defined
at x> + 1 ~ x? in the geometric frame.

Choosing the generalised flux frame instead — here in particular the one for the
pure Q-flux background — should give a globally well-defined description of the
background and be used to twist the symplectic structure. This is the route we
want to take in the following.
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It turns out that these twists by the generalised fluxes are more conveniently defined in
terms of the variables p, () and dx¥(c) and their Poisson structure, the current algebra.
The current algebra and its deformations could in principle also be phrased in terms of
a symplectic structure. But in case of such a Poisson structure containing so-called non-
ultralocal terms, the symplectic structure will be non-local:

Weurrent = /daldO'ZG)(al - 0'2>5p]/t (Ul) A §(axﬂ)(0-2)’

where © is the step function with 6,0 = §(¢). Trying to invert the H-twisted Poisson
current algebra (5.3.2) to obtain a twisted weyrrent We get:

Apl(oy,02)  640(0p — 02)
= w ¥
(4]}[1/(01/02) ( _5;1@(0-] _0,2) 0

with /dO’QB%AVV((ﬁ,O'z) = —HWKaxK(al)
neglecting boundary terms.
Let us make a connection between what follows in the next part and the above

twisting of the symplectic structure by the H-flux. Going to kinematic variables dx",
7, ) the current algebra is

{0x¥ (), 0x"(02)} =0, {0xt (o), 71, (02)} = 6,016(01 — 7). (5.3.6)
{mu(on), my(02) } = —Huux(01)0x" (01) (01 — o)

+ /dcra (Buw(0)6(0 — 01)é(0 — 02))

The Jacobi identity imposes, of course equivalently to (5.3.3), d;Hjy; = 0 and in case
we neglect the total derivative term in (5.3.6) H‘D_brane =
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Chapter 6

On the geometry of the current
algebra

In the previous chapter, it was shown that the Poisson structure can encode background
data. The presented examples showed this for geometric backgrounds. In order to see
how generalised fluxes of generalised geometry appear, we study the algebraic struc-
ture of the current algebra first.

The material presented in this chapter was part of [221].

6.1 O(d,d)-covariant formulation of current algebra

6.1.1 Local functionals and reduction to standard algebroids

The configuration space of a closed string moving in a manifold M is the (free) loop
space
LM = {x: st — M, ar—>x(0)}.

We denote elements of LM by x or x# (o), working in a coordinate patch of M. We take
o to have values between 0 and 1 and in a slight abuse of nomenclature for LM also
include open strings.

The class of smooth functions on LM, that we will consider most often, are (multi-
local) functionals on M

F: LM — R, Fla] = /dal...danf(x(al),...,x(rfn))

induced by smooth functions f : M x .. x M — R - in particular this includes all
the background fields and fluxes. We assume no explicit c-dependence, as required by
independence under o-reparameterisations.

The tangent space T(LM) is spanned by variational derivatives and consists of ele-
ments

)
dxH(0)

Vix] = / do VF[x](c) e T(LM).
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For simplicity of the notation, we will write V’*( ) = VHx ]((7). These V¥ (o) are
also only implicit functions of ¢, i.e. dV¥(¢) = [do’ox"(¢’) 5= (0/) V#(o), where 6 =

[ do éxt (o) 5 5( 5 s the de Rham d1fferent1al on LM and we use the notation d = 9.

Not all functlons on LM are related to multilocal functionals of smooth functions on
M, e.g. the winding number

w = /dcr ox(o), (6.1.1)

where x(0) = x + wo + oscillators, is a total derivative under the integral over the
closed circle. The coordinate x(0) itself is not a smooth function on the circle in case of a
winding string. So, not all expressions [ do d(...) are expected to vanish.

6.1.2 Current algebra as Lie and Courant algebroids

Algebroids over LM. Let us compute the algebra of arbitrary multilocal ‘charges’. A
section ¢ € I'(E) is given by

= /da o™ (o) Em(c) (6.1.2)
The Poisson bracket between these sections ¢ is

{p1, 42} = /daldaz Eym (o) ( o (UQ)(SXI\;S( )<p2] (1) (6.1.3)

30 02) sy () + o3 (ol ek )

with 5XM( = ( Mf(g),O). Also, we have a natural anchor map p : E — T(LM) defined
via the Poisson bracket

o €T(E) = p(¢) = { -, ¢} = /dmp“(a)(sxfw) € I (T(LM)). (61.4)

The Leibniz rule follows from the properties of the fundamental Poisson brackets. Also,
the Jacobi identity

{p1 {2, ¢3}} + c.p. =0 (6.1.5)

holds identically, i.e. w1thout any total derivative terms under the c-integrals. For this,
we have to use 5X1\(/51( )P e )G for arbitrary functions F, G on LM, which is the strong

constraint of double field theory on LM and follows here from our definition of 5XM Gk
Resultantly the full (multilocal) charge algebra is a not only a Lie algebra as expected,
but also a Lie algebroid (E, {-, -}, p) over the free loop space LM. It is something which
could be called standard Lie algebroid of the generalised tangent bundle (T & T*)(LM),
for which the Lie bracket is the semi-direct product of TM, with the Lie bracket and

T*M for an arbitrary manifold M,
[p1, 2] = [01,02] + Lo,G2 — LoyG1- (6.1.6)
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From (6.1.3), which is written in an O(d, d)-covariant way, we see that the Lie algebroid
bracket is not invariant under O(d, d)-transformations due to the presence of the last
term containing w.

There is a natural non-degenerate inner product on E — LM induced by the O(d, d)-
metric 7 on (T & T*)M:

(1.92) = [ do (@193 (o). 617)

This product is the canonical bilinear form on (T & T*) LM. Following the definition D,
(DF,¢) = p(¢)F, we find the derivation

DF / 4o Epp(0)——2—— 5XM / doaxt (o ) F[x] 6.1.8)

= /dO’l...d(Tn (81 T an)f (x<01)/ ,,_,x(o’n)) .

With the help of these objects we can define the standard Courant algebroid on (T ©
T*)LM, for which the Courant resp. Dorfman bracket take the form:

(00l = [ dndenbu(en) (—9(02) sy #41(00) + 3000 55 st (en)
(6.1.9)
)
(0102} = [ dordonBuon) (=0 (02) s 8 (00) + 011(0n) s o stnlen) )
(6.1.10)

In a local form in terms of the basis E;(c), the relevant brackets and objects are:

e Brackets:

Lie : {EM(O'l),EN(O'2>} [0’] = %ﬂMN(al — az)(é((f— 0'1)(5(0’ — (72))

+ %wMNa((S(U —01)é(c — ) (6.1.11)

6.1.12)

Courant: {Epm(c1),En(02)} 0] = %WMN(al —02)(6(0 — 01)6(0 — 7))
(
(6.1.13)

Dorfman :  {Ep(01),En(02)} [0] = 1Mn016(0 — 01)d(0 — 02)
e Non-degenerate O(d, d)-invariant inner product:
<EM(O'1),EN(0'2)> [(7] = 77MN5((7 - 0’1)5(0’— 0’2) (6114)

The anchor p is the projection onto T(LM) and we have as for any manifold that the
standard Courant algebroid over LM is an exact Courant algebroid, as the sequence

T

T*(LM) 2= E -2 T(LM) (6.1.15)
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is an exact one.

But in contrast to an arbitrary manifold, we see that the derivation D produces
total derivative terms under the o-integral, which vanishes for multilocal functionals
F[x], induced by well-defined smooth functions f : M x ... x M — R. But for open
strings, this will give a boundary contribution and even for closed strings topological
quantities like winding can arise as discussed in section 5.3 — e.g. f do dx # 0 for a
winding string along a compact direction parameterised by x. In particular, the last
term of (6.1.3) which spoiled the O(d, d)-invariance should not be neglected.

In contrast to previous literature, we will keep track of the total derivative terms at
times in the following. In section 7.2 it is shown a contribution from this total deriva-
tion term is indeed necessary to ensure associativity of the subalgebra of zero modes
(meaning center of mass coordinate x and momentum p, and winding w) even in lo-
cally geometric backgrounds. This agrees with the discussion in this section where we
expect a violation of the Jacobi identity of the Courant bracket (by a total derivation
term) but, by assumption, a Lie algebroid structure of the phase space.

Let us summarise: for any manifold M, we have that of the three properties — skew-
symmetry, Jacobi identity and O(d, d)-invariance — each of the three brackets — Lie,
Courant or Dorfman — satisfy two identically and the third one up to a total derivation
term (under D).

Algebroids over M. In this paragraph we want to tackle two questions

e Can we find bundle maps e,, such that

T T
T*M - T*(LM) > E -2 T(LM) -*5 T™M (6.1.16)
is a (non-exact) Courant algebroid over M with anchor e, o p?

e Does such a bundle map e, also extend to a homomorphism of Lie resp. Courant
algebroids? What happens to the total derivation terms?

In general, these questions seem to go beyond the scope of this article, both for reasons
of mathematical rigor — which seems to be required if we consider bundle maps which
keep track of more of the 'non-local” structure of the full current algebra — and also for
physical reasons — we work in a fully generic background so far, so no mode expansion
of the basis Ej(c) is available. A stringy expansion of the full current algebra could be
an interesting question for further study. A more rigorous study of the current algebra
and loop space structure of the phase space can be found in previous literature [171,

I

Nevertheless, we can find a simple example. Let us consider the bundle map

. 5 , ,
0. - = .
e,: v= /dal...danvz(x(al), s x(an))m = v(x) =9 (x,..,x)0;, (6.1.17)

which is the push-forward of the evaluation map of the loop space, ¢ : LM —
M, x(o) — x = x(0p) for some 0y. This bundle map is simply the projection from
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the loop space phase space to the phase space associated to a point of the string. It
induces an anchor € o p, as we can show that ¢ is an Lie algebra homomorphism. This
can be used to view the current algebra as an algebroid over M, not only over LM.

It extends easily to a complete (Lie resp. Courant) algebroid homomorphism E —
(T @& T*) M. Consider the generic bracket on E,

) 1 )
{91, ¢2},p = /d‘fldUzEl(Ul) (45[]1(‘72)5)(](02)% (1) + 545[]1(02)%%}1(02)

)

1
+m§ (@ wkr +b k) ¢{<(02)¢2L(02)) (6.1.18)

for some a,b € R, which incorporates all brackets discussed in the previous section. ¢)

defines a bracket on (T @& T*)M

& {pr, 42} = {2, el }' = —¢,0r¢3 + %4’{13[4’2U + % (@ wr, +b k) ¢0' ¢y,

(6.1.19)
and is a true Courant algebroid homomorphism, but the brackets (6.1.18) differ only by
total derivative term under the integral, so they might be argued to be equivalent for
sufficiently nice charges for closed strings — but their projections to points are truly in-
equivalent. This issue is quite logical because the map ¢ does not really correspond to a
point-particle limit of the string!, but to a restriction of the total phase space (the current
algebra) to a local phase space associated to one point on the string. Total derivative
terms correspond to a kind of flux on the string, which adds up to zero for closed strings
without winding.

The string current algebra. The current algebra derived from the canonical Poisson
structure of the string is given by (1.1.8). We write it in an O(d, d)-covariant way, defin-

ing Em(0) = (pu(c),0x(0)),

{Bu(01), Bx(0)} [0] = 2oaan(@1 — ) (50 — 00)6( — )
- %wMNa(é(a—al)é(a—az)) (6.1.22)

1 An obvious candidate for this would seems to be a bundle map associated to the zero mode projection
e: LM — M, x(0) =x9+ x(0) — /xo = dox(0) = xp. (6.1.20)

But the push-forward bundle homomorphism,

et ¢ /dUgbi(U)

J i
e (dmp (a)) , (6.1.21)

turns out have several issues. Written as such

o It is conceptually ill-defined, because we add vectors of tangent spaces at different points. We
would need to transport them back to xy before summing them up.

o It will not be an algebra homomorphism.
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without neglecting the second total derivative term and where we employ the nota-

tion: {-,-} = [do ({:,-}[¢]). The second term containing w = 0 -1 ) is a total

1 0
derivative under the o-integral and not invariant under O(d, d)-transformations. It is
the boundary term that was already discussed in section 5.3 and will be dicussed in
detail in the next section.

Without the w-term, one can easily show that (6.1.22) is a Courant bracket and in
fact the bracket of canonical Courant algebroid over LM [143,236].

6.2 The w-term

Before discuss the modification that the w-term brings to the standard notion of a
Courant algebroid we define some notation.

Projector identities and the choice of section. Let us define the projector
1
PN = 5 (YKLMN + QKLMN)

with YKL\ = nXbypyn and QX yy = 5%t wpy for O(d, d) generalised geometry. This
notation is chosen in a way that is directly generalises to exceptional generalised geom-
etry. The projector has the following properties:

o PKlyy = PN
o PKLy N0k ® 91 = 0 (section condition)
e Using this section condition, we have
0
PXE N PNP Rgop = PXEpg ( 5m ) ~ 0,

d
PR M PNPRrsdp = PRLRs ( éﬂ > ~ PXLpsd.

In comparison to the standard Courant algebroid structure, there are two bilinear ob-
jects:

(¢1,¢2)" = %YKLMNaL (47{\44)%\]) (6.2.1)

[91, 2] = %QKLMNBL (¢{VI<P2N )

In that form, it is not yet fully apparent that they correspond to total derivative terms
under the spatial world-volume integrals. But,

(1, ¢2) = 2’7MN/d <¢{M¢§V> = 2/d(¢1 * )
91,921 = 20 [ d (9110}) =2 [d(gro ).
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Lie vs. Courant brackets on the phase space. There are four natural brackets on
sections of the extended tangent bundle, which differ by these total derivative terms:

Dorfman: [, ¢o]K = —2¢[LlaL¢§<] + YKLy nopMap o
Courant: [¢1,¢2]¢ = —2¢Farey + Y mnofaLgy
Lie: (g1, o]} = —2¢[0r9) + 2P " vngpy Or
Dorfman-Q:  [¢1, $a]§ = —2¢[LlaL4>§] + 2PKE Mo o

In the following table the key properties of these brackets on the extended tangent
bundle are collected: besides duality invariance, skew symmetry and the Jacobiator

T (¢1,$2,¢3) = [P1(P2, p3]] — [[P1, P2], ¢3] — (P2, [, ¢3]], (6.2.2)

the gauge transformations generated the total derivative terms (6.2.1) via L,¥ = [¥, ¢]
(w.r.t. to the corresponding bracket) are considered.

[';']D [';‘]L [‘/‘]C [.,.]Q

T (¢1, 92, $3) 0 0 5 ([p1, ¢2lc, ¢3) +cp. 5 [[¢1, dala, ¢3] + cp.
Y, X1 0 = (¥, X1) + [¥, Xa]) (Y, X1) [Y, X1]
[T, Xz] 0 — (((‘I’, Xz)) + HT, Xz]]) ((‘II, Xz)) [[‘I’, Xz]]
skew symmetry X v v X
duality invariance v X v X

for X1 = (¢1,¢2) and Xp = [[¢1, ¢2].

So, to summarise the current algebra is a (non-standard) Lie algebroid over TM @
T*M. But, there is a bunch of associated brackets, connected to the Lie bracket by total
derivative terms, with interesting properties. In particular, the Dorfman bracket of the
standard Courant algebroid has

w-term and the section. The crucial point of the ‘w-geometry’ is that it, in contrast
to the standard approach to generalised geometry or double field theory, allows for a
reconstruction of the section from the choice of w and vice versa.

We choose the PXL);y as the fundamental object obeying the identities (9.3.1) and

start with the standard section dy = (9,,,0). Then, as PXLy;y = %nKL(inN + wumn), the

identities (9.3.1) imply
2B -1
w = < L o ) (6.2.3)

for some skewsymmetric matrix B. If we took an arbitrary section 9}, = My"oy, w
transforms as w’ = M - w - M7, for M € O(d,d). Up to a (constant) B-shift, the choice
of section determines the form of w and vice versa. This B-shift symmetry is also a
well-known property of a Courant algebroid.

A conceptual consequence is that one can reconstruct the Lie algebroid structure of
the current algebra from the standard Courant algebroid plus a choice of section.
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Para-Hermitian and para-Kédhler geometries. The current algebra is characterised
by the pair (7, w) and could be completed to a compatible triple (17,w, ) by IMy =
nMKwyy. If I is a real structure, I = 1, the geometry is called para-Hermitian, if dw = 0
para-Kihler [236-240].

In addition, a string model is defined by a generalised metric H in the Hamiltonian
formalism. Recently, Born geometry was introduced as para-Kéhler geometry of the
tripel (17, w, H), subject to the conditions [241]

nTH =Ny, o 'H=-H'w. (6.2.4)

A central result of [239,241] was that, following from this, there exists a frame in which
all the defining structures take their canonical form:

H=1, w:<i _01>, ;7:<]? g). (6.2.5)

The input that we obtain from the Hamiltonian formulation of the string is a different
though. In the generalised metric formulation, in which we worked so far, - meaning
canonical coordinates on the phase space and background information encoded in the
Hamiltonian via the generalised metric — we get #7 and w in their canonical form and
H (G, B) in a general background dependent form. So, unless we are in flat space, where
we can choose H = 1, the classical phase space geometry of the string is not described
by Born geometry.
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Chapter 7

Current algebra in the generalised
flux frame

The aim of this chapter is to present a convenient formulation of the world-sheet theory
which highlights the role of the generalised fluxes, making the non-geometric features
more apparent than the not generally globally defined Lagrangian data G and B. The
key result of this chapter is that a Hamiltonian description in terms of non-canonical co-
ordinates on the string phase space achieves this objective. All the physical information
about the background is encoded in a deformation of the Poisson structure

IT = 1107  11(bdy) 4 py(flex), (7.0.1)

The canonical Poisson structure consists of an O(d, d)-invariant part 1107 and a bound-
ary contribution IT1(°d), relevant for open strings and winding along compact direc-
tions. TT™) is characterised exactly by the generalised fluxes. Apart from IT(d¥),
this perspective already appeared back in [142, 143] or in [236] for geometrical H-flux
backgrounds. On the other hand, non-geometric fluxes were already introduced as
generalised WZ-terms in first order Lagrangians [167,242], but only for a certain choice
of generalised vielbein. Other perspectives on the connection of o-models, current al-
gebras and generalised geometry include [162,171,172,243-245]. In particular, O(d, d)-
invariant Hamiltonian setups and their non-geometric interpretation have been studied
already in [246,247].
The material in this chapter has been presented already in [221].

7.1 Hamiltonian formulation of classical string theory

In the last chapter we only had a very generic look on aspects of current algebras, valid
for arbitrary backgrounds — we did not introduce any dynamics. This section aims to
show how the Hamiltonian world-sheet theory in any generalised flux background can
be defined by a free string Hamiltonian. All the background information is encoded
in a deformation of the Poisson structure. This deformation of the current algebra will
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be accounted for by the generalised (geometric and non-geometric) NSNS fluxes, in
perfect analogy to the point particle in an electromagnetic field. This generalises the
result of [236], reviewed in section 5.3. Many aspects of this were discussed already
in [167,242] from a Lagrangian point of view and for a certain parameterisation of
generalised vielbeins reviewed in section 3.

Hamilton formalism for string c-models. Let us consider a generic string c-model
coupled to metric and B-field of a d-dimensional target space

1
2

Choosing conformal gauge, we find the Hamiltonian to be

H= % / doHa () EM(0)EN (o) (7.12)

where Hyn (0) is the generalised metric (2.2.16), which depends on ¢ via the coordi-
nate dependence of G and B. Ey(0) = (pu(c),0x*(c)), where p,(c) is the canonical
momentum, fulfils the canonical current Poisson brackets (6.1.3).

Generalised fluxes in Hamiltonian formalism. Assume we have a generalised flux
frame describing our background, e.g. a generalised vielbein E4"(x) with

EAM(x)EgN (x)Hmn (G(x), B(x)) = 448 = ( 7;5 ')’(?zb > (7.1.3)

where 7™ is some convenient flat metric in the signature of the target space. We could
be tempted to phrase the Hamiltonian world-sheet theory also in terms of a new basis
of the current algebra: E4 = E AMEj. The Hamiltonian is again of the form of a "free’
Hamiltonian:

H= % / do y*BE 4 (0)Ep(0) (7.1.4)

Thus, all the information is expected to be encoded in the current algebra. The redefi-
nition E4 = EAME, of (6.1.22) results in the twisted current algebra

{B4(01), Bx(2)} [0] = 374521 — 2) (6(c1 — )80 — 0))

+ %a (w0ap(@)3(01 — 0)6(02 — 7)) (7.15)
— FC 43(0)Ec(0)é(01 — 0)é(on — ),

with Fapc = (94 E 1) E¢;- In contrast to the -term, the total derivative term containing
w 4p is not invariant under this change of basis as

wap(0) = Ea' (0) B (0)wiy # ( g _O]I ) (7.1.6)
AB
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in general. e-transformations leave the wyj-term invariant compared to (6.1.22), whereas
for example a B- resp. a B-shift leads to

wB) — ( 2]{3 _o]l > resp. wP) = < ]? __212 > (7.1.7)

Neglecting the w-term leads to a Dorfman bracket, as discussed before,

{Ea(01),Eg(02)} p = 145016(01 — 02) — F< 4p5(02)Ec(01)d(01 — 02) (7.1.8)

or decomposed into the four components H, f, Q and R:

{eoa(0) e0p(0") }p = = (Fan(c )606( ) + Hape(0)ei(0)) 6( — o)

{eo,a(a),ell’(a')}D = (f o)+ Q. (¢ )eo,c(a)> S(c—d')+ba(o — o)
{ei’(a),eﬁ’(ff’)}D = (Qc“b 0) + R (0)eq, (7)) d(c — o) (7.1.9)
with EA((T) = (605, )

Equations of motion. The Hamilton equations of motion are
1 ab ma  nb 1 {a b}k
dxe+ (QC + Hopny "y ) e ey + £ e, A xe, = 0 (7.1.10)
1 1
de® + 5 (£ 4+ Ry aymp) € A e? + EQ{akC'n,}ke” Axe? =0 (7.1.11)

with one-forms e® = ¢,°do™. In terms of a Lagrangian formulation, these correspond to
an equation of motion and a world-sheet Bianchi identity. The Hamiltonian formalism
does not distinguish between these two "types” of equations of motion, showing that it
is a convenient framework to study dualities.

The equations of motion of the string in an arbitrary locally geometric background
can be encoded very conveniently into the O(d, d)-covariant form

1
dEA + EFA scEBAEC =0, with EA:= (e xe,) resp. E4 =+"BxEp (7.1.12)

In this form, the equations of motion are nothing else than the pullback of a structure

equation for frame fields E4 treated as one forms together with the constraint xE4 =
AB

7" Ep.

Virasoro constraints. To complete the description of a string theory in a generalised
flux background, we give the Virasoro constraints and their properties. There is, of
course, nothing new to expect — they are a consequence of world-sheet reparameter-
isation invariance and hold identically. Similarly to the Hamiltonian, the constraints
and their properties take the same form as the ones for the string in flat space. This
relies solely on the fact that the F4pc are totally skew-symmetric. The conservation of

93



the energy-momentum tensor additionally requires the equation of motion as usual. So
we can phrase the whole dynamics of a string solely in terms of the generalised fluxes
without referring to the generalised vielbeins.

With the definition T,p = \/%7 éifﬁ and choosing a generalised flux frame E,4 as
before, these constraints take the form (in flat gauge on the world-sheet)

To()((T) = TH(U') = +%’YABEA(0')EB(0') =0,
Toi(0) = Tho(0) = %WABEA(@EB (o) =0. (7.1.13)

Moreover, their respective zero modes H and P correspond to world-sheet derivatives
dr = {-,H} and 0, = {-, P}. Even if we consider the current algebra with all boundary
contributions (6.1.11), we get the standard Virasoro algebra

{Tes(01), Tex(02)} 0] = £2(Trx(01) + T (02)) %(31 —02)(6(0 —01)d(0 — 02)),
{Tj::t (0’1), T:F:F (0'2)} [(7] 0. (7.1.14)

Conservation of the energy momentum tensor holds on-shell (7.1.12) and for totally
skew-symmetric F 43¢

0. T__(0)£0_ T, (0) = +Fapc(0)y*PEA(0)EB(0)Ep(0) = 0. (7.1.15)

Let us note that in the following we continue discuss the unconstrained current algebra.
In this way, the results in the next sections can be applied to generic c-models, not only
string ones. For a discussion of Dirac brackets in the current algebra in context of the
generalised metric formulation, see [246,247].

Deformation of current algebra structure and generalised fluxes. The approach taken
above shows a generalisation of the previously known statement, demonstrated in
chapter 5 for point particles in Maxwell background or strings in H-flux backgrounds,
that the coupling to these background fields can be encoded in a deformation of the
symplectic structure of the phase space — in contrast to introducing interaction terms
in the Lagrangian or the Hamiltonian. So, locally the world-sheet theory in any gener-
alised flux background is characterised by

{Ea(01),Ep(02)} = 74p016(01 — 02) — F 45(0)Ec(01)d(01 — 02) (7.1.16)

in terms of the generalised fluxes F 43¢, neglecting total derivative terms, together with
a 'free’ Hamiltonian H = } [ doyPE,(0)Eg(0) (and similarly the full set of Virasoro
constraints).

From this point of view, we could imagine to generalise to a current algebra twisted
by the Weitzenbdck connection Q€45 (3.3.3)

{EA(01),Es(02)} = 1748016(01 — 02) — QG (0)Ec(01)8(01 — 02). (7.1.17)
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This however seems to be a substantial change in the theory, as the Virasoro algebra
(7.1.14) and the conservation of the energy momentum tensor (7.1.15) relies on the total
skewsymmetry of F 4pc.

This formulation focuses on the physical content of a background, namely the glob-
ally well-defined fluxes opposed to the potentially not globally well-defined objects in
the generalised metric formulation. In the case of the point particle in an electromag-
netic background or the string in H-flux background, this formulation also seemed to
be gauge invariant under A- resp. B-field gauge transformations. Indeed, all the ob-
jects in the twisted current algebra (7.1.16) transform as a tensor under O(d,d) gauge
transformations B — E Ex. With O(d, d) gauge transformation, we mean as defined
in section 3 precisely those E 4/, under which F 4pc transforms as a tensor. S,0 all results
are expected to take a gauge covariant form, as is usual in the generalised flux formu-
lation of double field theory [148]. The Bianchi identity, which will be discussed in the
next paragraph, will serve as an example for that.

If we wanted to define the Hamiltonian theory only by means of (7.1.16) and a "free’
Hamiltonian H, we need to specify the Poisson brackets between the E4 and functions
of the phase space as well:

{Ea(0), f(x(e))} = —0af(x(e))3(0 — &) (7.118)
with 9y = ExMoy and 9y = (9,1, 0) as before.
Bianchi identities and magnetically charged backgrounds. In analogy to the exam-

ples in section 5, let us show what kind of consistency condition the Jacobi identity of
the deformed Poisson brackets implies:

0= {E[A(Ul),{EB(Uz),Eq (03)}} o] + <. p. (7.1.19)

3
— (uFsco) ~ 3P waFe ) B (0)3(0 — 0)3(o — e)o(o - o)

We recognise the Bianchi identity of generalised fluxes (3.3.5) in the last line [145]

3
aFpcp) — ZFEMBFCD]E =0. (7.1.20)

This calculation holds exactly, meaning without neglecting total derivative terms, if we
start with the full form of (7.1.5) including the total derivative term there.

Instead, we could start with (7.1.16) instead of (7.1.5), hence neglecting the total
derivative term as previously done in the H-flux case, see section 5.3 or [236]. One rea-
son for doing so is that the equations of motion for an open Dirichlet string for example,
considering all the boundary terms coming from (6.1.22), take the inconvenient form

(71:1
(71:0'

JEA (o) + %FABC(O'>EB(0') NES(0) = %WB + wB)y5cES (01)8(0 — 07)|
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As a consequence, we expect an additional total derivative term in the calculation
(7.1.19) — similar to the differences between Lie algebroids and Courant algebroid struc-
tures discussed in section 3. This is indeed the case, the Jacobi identity implies

/ do 9F ¢ = 0. (7.1.21)

In the geometric frame and for an open Dirichlet string, we reproduce H”bC|D—brane =
0 as a sufficient condition for associativity of the phase space. This reproduces the
boundary contribution to open strings in an H-flux background in the Jacobi identity
section as expected in section 5.3 resp. reference [236].

In full analogy to the point particle in magnetic monopole backgrounds, we expect
violations of this Bianchi identity and thus of the Jacobi identity of our current algebra
for magnetically charged backgrounds. Such backgrounds like NS5-branes and its T-
duals have been studied in [148,245,249] in the generalised flux formulation.

In [148] also the following Bianchi identities/potential source terms have been dis-
cussed:

1 1
J = 0F, — EFAFA + EFABCFABC,

Tap = 0“Fcap + 20 4Fp — FFcap

with Fy = QPp4 + 204d, where d is the generalised dilaton. We do not expect an ap-
pearance of these terms in the classical world-sheet theory, as they do explicitly contain
the dilaton and the Weitzenbdck connection. Thus, we will not consider them in the
following. From the side of gauged supergravity, both F 4pc as well as F4 are known to
correspond to electric gauging parameters [139, 140].

Magnetic backgrounds source the Bianchi identity like

3
d(aFpcp) — ZFE[ABFCD]E = JaBcD- (7.1.22)

In the “global” axioms, the violation of the Bianchi identity like this corresponds to a
violation of the Jacobi identities of either Lie, Courant or Dorfman brackets like

{01, {P2, P33} — ({1, P2}, 93} — {P2, {P1, P3}} = T (91,92, $3) (7.1.23)

where J : T(E) AT(E) AT(E) — T(E) with J(¢1,¢2,¢3) = Tapcppi ¢Z¢SEP in a
local basis.

In principle, this implies that inside the magnetic sources the background cannot
be described anymore by a generalised vielbeins that gives the generalised flux F 45
(3.3.4). This means that in this case we cannot untwist the current algebra and that it
is not possible to find a Lagrangian description of the world-sheet theory. Phrased in
other words, there are no Darboux coordinates to this problem, as the canonical Poisson
bracket cannot be used to represent the then non-associative phase space. Working in
the Hamiltonian formalism, we still have to specify a generalised vielbein in which all
the objects are phrased, although this vielbein will not account for the full amount of

Fagc.
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7.2 Non-geometric interpretation

7.2.1 Weak and strong constraint from the current algebra

We saw that the action of T-duality is not well-defined without assuming some isom-
etry. The obstruction was that the dual backgrounds would become functions of new
dual coordinates ¥, (0). These, being antiderivatives of the canonical momentum den-
sities p,(0), are not uniquely defined.

A natural approach to this problem is to define X); = (%, x#) to be the funda-
mental fields of the phase space. Remarkably it seems, from the point of view of the
Hamiltonian formalism, we would not need to "double” phase space but instead allow
a dependence of the background on the momenta in this very peculiar non-local way,
namely via %, = [ do’p,(0).

Poisson brackets on doubled space and the strong constraint. The question is what
the Poisson structure on the doubled space is, and in particular if it is a Poisson struc-
ture, i.e. if the proposed brackets fulfils the Jacobi identity. First, we look for a skewsym-
metric Poisson bracket {Xy(c), Xn(¢’)} by integrating the canonical current algebra
(6.1.22). The solution is

{XM((T>,XN(O'/)} = —7’]MN®(0' — 0”) (—|— c a)MN) (7.2.1)

with ©(¢0) = 1/2 sign(c), s.t. 9,0(c) = §(¢) and an integration constant c. As a
bracket of functionals,

N 5T1 (S‘PZ

5XM (1) 5XN(03)” (72.2)

{¥1,¥2} = /d01d02®(01 — o)™

it will always vanish if we assume the strong constraint (or section condition) of double
field theory. The bracket (7.2.1), without the w-term, has been discussed already in [246,

] from point of view of first order c-models and the generalised metric formulation.
The occurence of the constant w-term reminds of the zero mode non-commutativity
observed in [250].

It is easy to show that the above bracket satisfies the Jacobi identity on the space of
functionals (with or without the w-term). But, let us note that the bracket (7.2.1) is not
equivalent to the canonical current algebra, when we are not neglecting [ do d(...) #0
terms. For example, trying to derive (6.1.22) from (7.2.1) leads to ambiguities because
9,9, {Xm(0), Xn(0")} and 9,05 {Xm(0), Xn(0')} differ exactly by such a topologi-
cal/total derivative term. Accepting this, we will use the fundamental brackets

{Xum(e), Xn(0) } = —nmun@(c — '), {Xm(c), En(0’) } = nund(o —0o’)
(7.2.3)
supplemented by the canonical current algebra (6.1.22) for our calculations of the brack-
ets of functionals F[X, E], which do not contain o-derivatives of X or E. In section 3 it
was shown that the Jacobi identity for sections of the ‘canonical Lie algebroid” holds
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exactly when using the canonical current algebra (and also assuming the strong con-
straint). Allowing for violations of the strong constraint leads to a fundamental vi-
olation of the Jacobi identity. As an example, let us compute the Jacobi identity be-
tween a functional ¥[X] and two sections of the canonical Lie algebroid ¢;[X,E|] =
[ dopM[X](0)Em(c), where ¥ and the ¢M (o) are assumed to be functional of X(0)
only, not of its o-derivatives. Using (7.2.3) we arrive at

6
{Y A ¢2}} tep. = /da'lda'z [ (17H<+wu<)q>{( )5X‘T(PUZ) 54;;[(( )) (7.2.4)

+ Ei(01)Ej(02) <{‘I’ {¢{(Ul)/¢z(f72) }} + C-P-)
(o1 X he1)
+Ef(07) ( f}l { (e )}—M‘;“fgi){¢f1(crl>,4>g(az>}—¢{l(az>{w,%}
9K (72) [ (@)
+ S(nxtwik) 47[]1(0'2){‘1’";;211«712)}‘%(W}K—wm)%{‘1’,4’5](02)})} .

We recognise the Jacobi identity of the (here unspecified) X-X Poisson bracket in the
second line of (7.2.4), which we assume to vanish. Apart from that, we see other strong
constraint violating terms that generically could contribute to a violation of the Jacobi
identity. It might seem that taking different choices of the topological term in the canon-
ical current algebra or a different choice X-E-Poisson bracket than (7.2.3) could make
these contributions disappear. In section 7.2 we will show that this is not the case
and fundamental violation (in particular the first term) leads exactly to typical non-
vanishing Jacobiators of the zero modes in generalised flux backgrounds.

The generalised flux frame and the Virasoro algebra. Let us briefly mention differ-
ences to the approach taken in before section, if we allow the generalised vielbeins itself
violate the weak constraint (which is in fact not the case in the typical examples of non-
geometric backgrounds — see e.g. the R-flux backgrounds). Going to a generalised flux
frame E»!(X), allowing for a generic dependence on the doubled space, we get the
Poisson current algebra

{Ea(0), Ep(c’)} = {EA ))EI(O'),EB](X(O'/))E](O'/)} (7.2.5)
= 114B00(0 — ') — F  45(0)Ec(0)d(0 — 0') — G P (0,0 )Ec(0)Ep(c’)®( — o).

The last term is bilocal and vanishes if the generalised vielbein satisfies the weak con-
straint. It is given in terms of the Weitzenbock connection (3.3.3)

GusP (0, 0') = KL (aKEA’(a)) (aLEBf (a/)) E€(0)E;P (") = 70k o (0) Q2 52 (o).

If F and G are given in terms of generalised vielbeins, then (7.2.5) is a Poisson bracket
because (7.2.1) is. The equation of motion of the string in a DFT background would be
also modified by the non-local and strong constraint violating G-terms.
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More crucially, this term would be responsible for a modification of the Virasoro al-
gebra. Following the derivation of the Virasoro algebra in the generalised flux frame as
before, this can be easily seen as the G-term is not totally antisymmetric. The connec-
tion of the weak constraint and the algebra of worldsheet diffeomorphisms was already
noted from the generalised metric point of view in [246]. Nevertheless, this only occurs
if the generalised vielbein or the generalised metric itself depends on coordinates and
their duals at the same time.

As before, we calculate the Bianchi identity of the objects F and G by imposing the
Jacobi identity on (7.2.5)

3
d(aFpcp] — ZFE (aBFcpjp = strong constraint violating terms. (7.2.6)

Thus, one way to account for a violation of the Bianchi identities of generalised fluxes
(7.1.11), e.g. in order to describe magnetically charged backgrounds, is to consider
violations of the weak constraint, but only if we trade off (manifest) locality of the
equations of motion for it and a modification of the Virasoro algebra for it.

7.2.2 A non-commutative and non-associative interpretation

The new observation of [221] was that the non-commutative and non-associative in-
terpretation of non-geometric backgrounds is an off-shell (purely kinematic) property
of the current algebra. One can reproduce standard results for constant a B-field in
case of the open string, and constant H-, f-, Q- or R-flux for the closed string. The key
characteristics are

e Leaving magnetic or locally non-geometric backgrounds aside, there should be
"Darboux coordinates” (x#(c), p,(c)) fulfilling the canonical Poisson brackets.
The question is where the well-known non-geometric nature of the backgrounds
is 'hidden’, meaning their non-commutative and non-associative behaviour.

Before in this chapter, we saw that beside Darboux coordinates x* (o), Pu (0), the
generalised flux frame of a given background gives rise to a second preferred set
of coordinates for the current algebra E4(c). We define 'non-geometric coordi-
nates’ y* and 'non-geometric momenta’ 7r, by dy? = E?(¢) and 7,(0) = E,(0). In
the spirit of section 5, we dub them ’kinematic’. Their Poisson brackets agree with
the known ones usually associated to non-geometric backgrounds.

With this we can generalise the non-geometric interpretation to more complicated
generalised flux backgrounds. Also, we do not need to know the mode expan-
sions of the fields y?(c) (or impose the equations of motion) to study the non-
geometric behaviour of the background.

o In the spirit of generalised geometry and double field theory, we demonstrate in
the language of the current algebra, how T-dualities can be reproduced by choos-
ing different solutions to the strong constraint.
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e The significance of the non O(d, d)-invariant boundary term in (6.1.22) or (7.1.5)
lies

- reproducing non-commutativity for the endpoints of open strings.

— ensuring associativity for closed strings, unless we calculate the brackets of
objects violating the strong constraint. In that case, the zero modes of the
current algebra (and its integrated form) show that this approach reproduces
the known form of non-vanishing Jacobiators in the constant Q- and R-flux
backgrounds.

Open string non-commutativity. In this section we review the classic result of [14,

] and are interested in the world-sheet dynamics of an open string in a constant B-
field background. This can be expressed in terms of the open string variables resp. the
non-geometric frame with flat metric and

1 Hp 1 ov
B = <W> Foo <H> , F=B-dA=B-F, (7.2.7)

where G is the flat Minkowski metric and F is the constant field strength of a Maxwell
field. The current algebra in the generalised flux basis (the non-geometric frame) in
which we have the "free’ Hamiltonian is

{eU/IJ (Ul>130,v<02)} =0
{eou(01), el (02)} = —8/3:6(01 — 02) 7.28)

{el(a),ei()} = —p* [ dod(e(e —n)o(o — ).

Now, we associate new 'non-geometric coordinates’ to this new basis: meaning ef =
9y, (o). Simply integrating both sides of the last line of (7.2.8) gives the result:

B, oy =0 =1
{y'(n),y"(02)} =< +p", o1 =02=0 (7.2.9)
0 else.

This is exactly the result of [251], derived without any reference to a mode expansion.
Let us note that the total derivative w-term in the last line of (7.2.8) was crucial for this
result.

Closed string non-commutativity and non-associativity. Letus demonstrate the logic
explicitly for the well-known standard example of the T-duality chain of the 3-torus
with constant H-flux.

First, let us consider the Q-flux background Q3'? = F, all other components being
zero, which is described by the generalised vielbein

Eg = ( l]; ]? ) B2 = h’. (7.2.10)
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The corresponding current algebra including boundary terms is

{eoa(o1), EOb( 2)}
{eOa Ul }
{ﬁﬂ ()}

Let us consider the zero modes of the ’kinematic coordinates” associated to this gener-
alised flux frame

Pa = /dU’ pa(o /daeo,l Uo = /da’ /g do p,(0)
w' = /daay /dael Yt = /da’/U do oy (o)

These modes have a priori nothing to do with the original target space interpretation.
This seems particular confusing in case of the winding number. But cases like this exist
in the literature, there it is sometimes called "twisted boundary conditions’, see e.g. in
the context of f-deformations of AdSs xS° [212]. In the present case, we have

—800,8(01 — 02) — Q4" eq,c(01)5 (01 — 02) (7.211)

—Qcabei (71) ((71 — 0'2) — /dUa (ﬁab<0')(5(0'— 0'1)5(0'— 0’2)) .

dy’ (o) = ej(o) = 6,0x" (o) + B8t p, (o) (7.2.12)
and

w = wl and wt/? =wl/? 4 h/d(fx3p2/1. (7.2.13)

The winding along the 1/ direction coincides with the actual one along the x> direction
as also y> coincides with x> up to a constant. Now, we can integrate the current algebra
(7.2.11). We use a schematic mode expansion of the kinematic coordinates

f@ﬁ=W+(w—-y>U+%M® (72.14)

with y4,.(0) = yi.(0c + 1) denoting oscillator terms, of which we will not keep track
explicitly as we are interested in the zero modes. Alternatively, we could approach the
this calculation by inserting the most general modes expansions or x(¢) and p(c), that
are compatible with the boundary condition, and calculating the contributions of all the
modes directly by using the field redefinition (7.2.12). This calculation also shows that
all the oscillators of the y-expansion would still commute with the zero modes, such
that they do not give a contribution to the Jacobi identity of the zero modes.
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Integrating (7.2.11), the non-vanishing Poisson brackets of the zero modes are

{J/lzyz} ~ —hw* + osc., {wl,wz} = —hw?

{g&yl} ~ —hpa + osc, {75,°} ~hp1 + osc.

{ P3, wl} = —hpa, {ps, w*} =hp (7.2.15)
{v" o} =85 + osc, {gg,wb} = ¥ + osc.

{yl,wz} = {yz, wl} =—h (y3 + %wg’ + osc.) ,

reproducing the known non-commutative interpretation of the pure Q-flux background.

The underlined terms only stem from the boundary term and ~ denotes some neglected
constant factors, including integration constants. Also, let us emphasise again that our
assumptions do not imply anything about a mode expansion apart from (7.2.14) resp.
the boundary conditions. So, we can discuss the non-geometric structure without solv-
ing the theory first.

Non-associativity. There are non-trivial Jacobi identities of the zero mode Poisson
brackets:

{373’ {wl'wz}} topr {}73, {ylryZ}} +opo~h=Q5" (7.2.16)

{0l 2 pad )+ {pa {2} } + {2, (ot V) ~0,

neglecting oscillator terms. The zero mode part of the second line vanishes due to the
boundary term contribution (the underlined term in (7.2.15)). The first line is a non-
associativity coming from a potential violation of the strong constraint. In fact, it is
exactly the expected contribution from the discussion in section 7.2.1. Specifying the
general expression (7.2.4) of the violation of the Jacobi identity due to strong constraint
violations to X;(c) and E4(0) gives

{Xi(01), {Ea(02), Ep(03)} } +c.p. = % (7mN + wmn) 4™ (01)01Eg N (01)8(05 — 01)8(02

As a cross check, we obtain the same form of Q-flux non-associativity in the first line of
(7.2.4) by inserting the generalised vielbein to the Q-flux background and integrating
accordingly as before. All the other terms in (7.2.4) vanish in this simple example.

The other T-duality chain backgrounds. The non-associativity will not be relevant if
we only ‘probe’ the phase space with functions f(y?; E4) resp. f(x% Ej). As ¥3 is not
an argument of these functions, the Q-flux background given by the current algebra
(7.2.11) is associative and thus locally geometric. But, there are other different choices of
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solutions of the strong constraints' which correspond to the T-dual backgrounds of the
T-duality chain (see section 3):

v 3. locally geometric Q-flux background,
g,y 9% .. or f(yh, 2, v 0) locally geometric f-flux backgrounds,
(i1, 2, v°; ... locally geometric H-flux background.

In addition, there are of course also the continuous O(2, 2)-transformations on the y1, .
The solutions of the strong constraint containing /3 give non-associative phase spaces,
corresponding to the locally non-geometric backgrounds:

fyh,v2, 755 ...) locally non-geometric R-flux background,
(1,92, 735 -.) ot £(y*, 2, 73; -..) locally non-geometric Q-flux backgrounds,
(i, 72, 73; ---) locally non-geometric f-flux background.

These are all locally non-geometric as the generalised vielbein depends via g on x® = 13,
which is the origin of the non-associativity.

Overall, we reproduce the well-known zero mode brackets and non-vanishing Jaco-
biators [31, 149-156] of the considered (non-geometric) backgrounds without imposing

a mode expansion or the equations of motion.

1We phrase them in the phase space variables of the Q-flux background. To get the standard picture,
e.g. of the H-flux we make the identifications y' <> #; and y? <+ 7.
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Chapter 8

Generalised T-duality

Generalisations of T-duality and their understanding in the classical Hamiltonian the-
ory have been one of the main motivations for the introduction of the generalised flux
frame, as presented in the previous chapter.

The material in this chapter has been presented already in [168,221].

8.1 T-duality as canonical transformation

The discovery and examination of (generalised) T-dualities followed the path of con-
structions on the Lagrangian level. A classical proof of a duality is finding that such a
construction corresponds to a canonical transformation. Demanding that the equations
of motions take the same form is not enough. Otherwise, for example, the principal
chiral model and the WZW model would be the same. Both, equations of motion as
well as Bianchi identities, can be arranged to be

dj+%j/\j:0, dxj=0 (8.1.1)

The difference lies in the meaning of j, which in the language of the Hamiltonian for-
malism corresponds to different Poisson brackets of the component j, see e.g. [231] for
details. So, only if the equations of motion are the same and the transformation leaves
the (canonical) Poisson structure invariant, and is followingly a canonical one, we can
say that the two models are dual to each other.

In this section we want to pinpoint peculiarities of T-duality from the point of view
of the Hamiltonian formalism in the generalised flux frame. We reverse the logic and
construct canonical transformations that can be interpreted as generalised, classical T-
dualities between different c-model Lagrangians.

8.1.1 On canonical transformations and dualities

In the classical Hamiltonian theory, there is no notion of duality, only the more general
notion of canonical transformations. Let us outline some conceptual differences.
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o A generalised flux F4pc and a generalised metric H do not yet define a string o-
model Lagrangian. We need to specify a corresponding generalised vielbein E
or in other words Darboux coordinates (x, p) of our deformed current algebra.

This choice of generalised vielbein might not be unique. Different generalised
vielbeins for a given generalised flux background correspond to dual c-models
Lagrangians.

e The framework, that we choose to study dualities, are models with constant gener-
alised fluxes F4pc. In slight contrast to earlier in this section, we define a generic
string model in the generalised flux frame by a Hamiltonian defined by a constant
generalised metric H (G, By).!

The duality group is realised linearly. Le. a group element M ,/” leads to a dual
model defined by

Hap (G, By) = Ma“MpPHep(Go,Bo), Fupe = Ma? MpEMc Fper
(8.12)

Given that we find generalised vielbeins, E4™(x) resp. E/,'(x) to the original
generalised fluxes F4pc resp. the dual ones F;\, e this defines two o-model La-
grangians with equivalent Hamiltonian dynamics.

e The M/ are O(d, d)-matrices, in order to keep the current algebra (7.1.5) form-
invariant.> We take them to be constant such that the dual generalised metric and
fluxes stay constant.

e Canonical transformations are normally characterised by generating functions.
Our approach instead motivates directly that

MY (x) = Ef" (x)MaPEg/ (x) (8.1.3)

corresponds a canonical transformation, i.e. leaves the canonical Poisson brackets
of the E.- (6.1.22) invariant. In the next section we will motivate the existence of
generating functions which would generate exactly the linearly realised factorised
dualities and construct closely related charges on the phase space that generate
the component connected to the identity of O(d, d).

e From the Hamiltonian point of view, a (constant) basis change of the E4 does not
seem to make any difference on the first sight. The point is that we keep the role of
the (o, €7) resp. (pi, 9x') fixed. So e.g. the f- and H-flux always describe the ey-¢g
Poisson bracket and so on. Rotating the generalised fluxes around and finding

!1f we do not relax the condition H = 1 on the generalised flux frame, the component connected to the
identity of O(d, d) will generically lead out of this condition: MHMT # 1.
2We ignore the non O(d, d)-invariant w-term in (6.1.22) for our considerations in this section.

106



new generalised vielbeins which may depend on the same coordinates x is, what
we define to be a duality here.?

We could have taken the other perspective of rotating our choices of Darboux
coordinates, i.e. what of the Ey; correspond to p, or dx". In the language of
double field theory these would be different solutions to the strong constraint.
Both perspectives are of course equivalent.

e These duality transformations resp. canonical transformations should not be real-
isable by purely local field redefinitions in the c-model Lagrangian, otherwise we
would call them symmetries.

For the remainder of this section we will discuss standard (abelian) T-duality and Poisson-
Lie T-duality from this point of view. Also, we propose a generalisation, which we call
Roytenberg duality, for the case of frames with generic constant generalised fluxes.

The general construction. Let us summarise the above considerations in the follow-
ing scheme:

‘Darboux H (G(x), B(x)) H (G(¢),B(¢))
frame’ E can. Poisson brackets ----- » can. Poisson brackets
I
(x,p) (¢, )
[Ea £
generalised flux H (Go, Bo) H (~C~§0, Bo)
frame E 4 Fapc const. O(d,d) Fapc

The generalised fluxes F and F are constant. As ® is a map between to phase spaces
with canonical Poisson structure, ® is a canonical transformation. The challenge lies
in finding different parameterisations of the constant generalised fluxes in terms of
vielbeins E4™(x) or EM(¢). This transformation is phrased in terms of the current
algebra. It will be difficult, and probably involving non-locality, to write down the
concrete transformation (x, p) — (¢, 7). A construction like this was used in [20] for
the proof of Poisson-Lie T-duality.

Abelian T-duality. The framework for the study of abelian T-duality is a background

with commuting isometries. Let us choose coordinates, such that the isometries are

manifest and ignore the spectator coordinates that do not correspond to isometries.
Such a model is defined by the Hamiltonian

H= ;/da HMN (Go, Bo)Ent(0)En(c) (8.1.4)

31t is here where the pure R-flux background fails to exist purely geometrically, as we do not find such
generalised vielbein only depending on the x
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with constant Gy, By and — neglecting the total derivative term from (6.1.22) —
{Em(c1),En(02)} = 1mn016(01 — 02). (8.1.5)

Abelian T-duality acts via O(d, d)-matrices M as M MYEN, leaving the current algebra
invariant, but generating new Hamiltonians. Thus, the space of dual models is given

by the coset %. This can be seen by going to the model with H = 1, where

O(d) x O(d)-matrices leave the Hamiltonian as well as the canonical current algebra
invariant.

Poisson-Lie T-duality. The case of Poisson-Lie T-duality [15,98,252], and included in
there also non-abelian T-duality [66,74,253], is the one with

H=R=0, f4=/f, 0=F". (8.1.6)

The Bianchi identities of generalised fluxes (3.3.6) reduce to Jacobi identities of the f-
and f-structure constants and a mixed Jacobi identity. The algebraic setting is that
the generalised fluxes FC 45 correspond to structure constants of a Lie bialgebra 2. A
Lie bialgebra is a 2d-dimensional Lie algebra with a non-degenerate symmetric bilinear
form (, ) on 0 given by the O(d, d)-metric 77 and two (maximally) isotropic* subalgebras
g and g*, of which f resp. f are the structure constants. Together with the Hamiltonian
corresponding to an arbitrary constant generalised metric H (G, By) this model is also
known under the name £-model in the literature.

It is well-known how the corresponding generalised vielbein looks like: It is of the
type E = E(F)E() as discussed in section 3. The d-dimensional vielbein ¢ is given by the
components of the Maurer-Cartan forms to the Lie group G associated to the structure
constants f¢,,, e/ = (g '9;¢)" where g are G-valued fields. B is the homogeneous

Poisson bivector IT on G defined by the dual structure constants j‘cab, fulfilling

M) =0,  3I1%(g) = £." + flo 1. (8.1.7)

This bivector IT is uniquely determined by such a Lie bialgebra structure. The corre-
sponding c-model has the form

S [do[—1 “19.¢9)%(g ' g)" 8.1.8
/ 0<GJ$BO_H(g))ab(g +8)"(8779-8) (8.1.8)

Poisson-Lie T-duality acts linearly on the deformed current algebra associated to (8.1.6).
This was discovered already in [20] and discussed in present form already in [18,19,21].
The total factorised duality simply corresponds to f <+ Q, respectively g <+ g*. The
full duality group, which maintains the structure of the generalised fluxes (8.1.6) of

“meaning (g, g) = 0.
Snamed after the operator €45 = # 4¢P fulfilling £2 = 1
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the £-model is discussed in detail in [168]. It is the group of different Manin triple
decompositions of the Lie bialgebra 2.

At the Lagrangian level, the duality can be realised by considering a ‘doubled” ¢-
model with target being the Drinfel’d double D, and then integrating out d.o.f.s cor-
responding to different (isotropic) subalgebras g* of the Lie bialgebra o [15,102, 103].
Other approaches to Poisson-Lie T-duality via double field theory and generalised ge-
ometry include [240, 254-256].

8.1.2 Roytenberg duality - beyond the Poisson-Lie setup.

Let us consider the generic case: arbitrary constant generalised fluxes and a Hamilto-
nian corresponding to an arbitrary constant generalised metric #(Go, By). Let us call
this case Roytenberg model, as a configuration with a generic generic fluxes with non-
vanishing H, f, Q and R was first considered in [160]. It is not clear, in contrast to the
Poisson-Lie o-model, how to find a generalised vielbein for a generic choice of constant
generalised fluxes. In section (3) we introduced two choices of generalised vielbeins
which generically turn on all of the four generalised fluxes. We consider choices of gen-
eralised vielbein which build upon these two and the one of the Poisson-Lie c-model:
(B g
0

(B) £ (
go Eit E©

o £, = EPEPES

_ BB E®)
o« B2 =EJEVEPEC

as before (and want to have constant generalised fluxes). We take b and By to be con-
stant, e the vielbein of a Lie group G (corresponding to Lie algebra structure constants
f¢,;) and TI(g) to be again a homogeneous Poisson bivector on G, associated to dual

structure constants 7cab. This choice of B = Bo + I1(g) in E; ensures that the resulting
Q- and R-flux are constant as wished. The choice of f = Bo + I1(g) arose as well, if
we go to the complete generalised flux frame of the Poisson-Lie c-model, i.e. H =1,
see [168]. A generalised version of Poisson-Lie T-duality, called affine Poisson-Lie T-
duality, taking into account exactly such constant By’s and mapping between different
dual choices of By and I1(g) for B = 0 was considered in [257]. In the language of the
Poisson-Lie T-duality group studied in [168], these were 'non-abelian B-shifts’. Let us
give the corresponding fluxes and c-model Lagrangians for E;,

— de d
Hgpe = b[gdbkefg] - bd[afdbc} - b[gdbkeﬁg[ fE]g]f + bﬂdbbebchdEf
o c z d c cde
o = f ab bd[afb} ‘ + be[aﬁg[ef ]b]d + baabpR g
Qcab — 7Cﬂb i g[ﬂfb]Cd + bcdelbd (819)

abc a e < b
R = ﬁ([)adﬁ% e ,Bg[afd ‘

Si ~ / dzU( I (g)—b> (§7'0+8)" (g7 '0-9)",
ab

oy~ Po— 11
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and for E,,

Hgpe = b[gdbhefg]de —bauf dbc]

£ap = fu — bagefy) “ o B Hapg
Qﬁb:7fb—5?7Wﬂ+ﬁ?hwﬁﬁd+ﬁ?ﬁ?Hme (8.1.10)
R = BEpLe £, — BF, — B bsf ) + BBy By

-1

-1
52~ / d'o ((11H(g)b> 50) (g7'0+8)"(g '0-g)"

Go+By ab
So, by construction the identifications
b« By and f < f (8.1.11)
correspond to the map between the fluxes
H< R and f<+ Q. (8.1.12)

This would be what we call the (factorised) Roytenberg duality in the terminology of
(8.1.2). At the Lagrangian level, the two o-models S; and S, are (classically) dual to
each other with the identifications

1), p1) _ 1 1) _ (1) p@ _ )
G + B — T 5 A/ ,B - b 4 ,B - b
e ’

f(l) — 7(2) and f(Z) — 7(1),

where the superscript (i) denotes the quantities in S; and we raised and lowered the
indices appropriately.

Using the two generalised vielbeins E; and E; to describe these backgrounds, the
Roytenberg duality simply seems to be an extension of the Poisson-Lie T-duality group.
But these vielbeins are probably not the most general description of constant gener-
alised fluxes, so the above example might give just a vague idea, of what a Roytenberg

duality is in general and what kind of c-model Lagrangians are connected by it.

The Roytenberg duality group is the full % rotating the generalised fluxes

and is an interesting object of further study. A Lagrangian derivation of this duality
might or might not exist. But still the Hamiltonian theory is well-defined as long as the
constant generalised fluxes fulfil the Bianchi identities (3.3.6).

Let us close this section with the following remark. There seems to be no difference
between abelian and generalised T-dualities from the Hamiltonian point of view. We
could have viewed the standard T-duality chain of section 3 in same fashion® — again
the true problem continues to be whether we can find appropriate vielbeins to the new
fluxes.

®The only difference is that it includes one non-isometric spectator coordinate.
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8.1.3 Realisation in the Poisson algebra

In this section we want to construct the charges that generate infinitesimal O(d, d)-
transformation in different generalised flux frames. These will show the need for isome-
tries and are closely related to generating functions of the factorised dualities, not only
for abelian T-duality but also the generalised version discussed above.

Infinitesimal o(d, d)-transformations via charges. Let us define the non-local charges’

QMmN = ;/dU/ do’ Ep (0’ )En(0) (8.1.14)
which generate o(d, d)-transformations on the Ex(0):

{Q[mrEK(U )} = 1kEp () (8.1.15)

From this and only with help of the Jacobi identity for the E;(c)-current algebra, it is
easy to show that these charges fulfil the O(d, d) Lorentz algebra

{QU”,QKL} = n1xQ). + permutations. (8.1.16)

A general infinitesimal O(d, d)-transformation
MU :IH—mU, m € O(d,d), (8117)

on the phase space is generated by m!/ (7). We have not yet made any assumptions
on the background, we worked with the canonical Poisson brackets, resp. in the the
generalised metric frame.

The action of these charges on functions of the original world-sheet phase space
(functions of x#(c) and p,(c)) is non-local in general. In particular, the action of the
B-transformations acts non-locally on functions on the original manifold

(D f(X(@)} = — %, f(x(0)),  with F,(0) = /Uda'py. (8.1.18)

So far, %() is a non-local variable on the phase space. With the definitions 9y = (9, 9")
and XM(c) = (x#(0),%,(0)), we have for functions in terms of this non-local variable
X

{Qun, f(X(0)) } = =Xpm(0)dn f(X(0)) (8.1.19)

"We use [ as a formal expression denoting the antiderivative. More precisely we the following proce-
dure

(Qun, F(0)} = 1im ( [a :/ d(TH{EM(UN)EN(O'/),F(U)}) (8.1.13)

4 og—0o

where it is only important that oy # 0. We will come across similar ambiguities later as well, where we will
define doubled coordinates XM = (x#, %)) as fundamental fields in the phase space, with EM = 9XM(0).
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in an O(d, d)-covariant way. If we instead considered (multi-)local function(al)s on the
current phase space, spanned by the Ej(0), everything stays (multi-)local

{9 f(Ex(0))} = ~Epa(0) = £(@). (51.20)

OEN]
These charges are (in general) not conserved — they do not commute with the Hamil-
tonian. Instead, they generate infinitesimal O(d, d)-transformations of the generalised
metric as wished, if the generalised metric is constant (again neglecting spectator coor-
dinates). So, the charges Qyn generate abelian T-dualities.

‘Non-abelian’ o(d, d)-transformations. Qv is a tensor under constant O(d, d)-trans-
formations, but not under local ones (due to the integral). Instead, we claim that we
have natural charges Q 4p w.r.t. to some generalised vielbein E4’(c) by the relation

{Q[ABleC(U )} = 1lc(aEp) (0). (8.1.21)

Such a 9 45 exists®. An implicit realisation for infinitesimal fluxes would be

1 o ]
A%y =5 / do [ do’ B (0')Exy(0) + 0

g
with 6Qup = /da (5EC(J)) McP (o) da’(M’l)DE(U’) Qpa(0’)Eg ('),
00
where M(0) = exp (— ffo do’Q (o’ )) and Q4p = F¢45Ec. Finding an integrated form
of this expression for a generic background seems highly non-trivial. Nevertheless,
assuming that the Poisson brackets of the E,4 (o) fulfil the Jacobi identity, the Lorentz
algebra follows directly from (8.1.21).

What this means is, that for every choice of generalised vielbein E4(c) modulo
global O(d, d) transformation, there is a representation of O(d, d) acting on the phase
space.

These are simply the linearly realised (infinitesimal) O(d, d) transformations in the
generalised flux frame E4 () of the previous section. The action of constant but in-
finitesimal O(d, d)-matrix MAB = 1 + m5, the corresponding O(d, d) transformation is
generated by m“8Q 4p as in the abelian case and similarly the B-shifts act non-locally (in
momentum) on any function f(x). Again these charges are not conserved but generate
O(d, d)-transformations on a constant generalised metric defining the Hamiltonian.?

Generating function of factorised dualities. Factorised dualities are canonical trans-
formations generated by generating functions of type F[gq, Q] [20,75]. For this type of

8The defining relation (8.1.21) is an ODE in ¢
9We assumed that the algebra of the E4 () fulfils the Jacobi identity. There might be problems if the
background is magnetically charged or, as we will see later, violates the strong constraint.

112



generating function we have
— =p and — = —P. (8.1.22)
The generating function for abelian T-duality is [75]
Flx, 7] = —% / do (£9x — x9%), (8.1.23)
leading as wished to the identifications

p=0% and p = ox. (8.1.24)

Using the notation of the previous paragraphs, this generating function can be written
as
Faylx %] = —n'ay (8.1.25)

We include the subscript 1, as we cannot treat the indices of ;; as tensor indices.

The generating function for generalised T-dualities discussed in the previous sub-
section are in general very difficult to construct explicitly, see e.g. the construction of
the generating function of Poisson-Lie T-duality in [20]. With help of the charges Q 45,
for which we do not know the explicit form but know their algebraic properties on the
phase space (8.1.21), we can easily propose a generating function for

Fauslx ) = —1"PQas, (8.1.26)

which generates factorised dualities in any generalised flux frame E 4.

The generating function and even the associated canonical transformations seem to
exist for any background and for any generalised flux frame, independent of whether
the background possesses (generalised) isometries or not. The problem of the canonical
transformations in non-isometric backgrounds (such that generalised metric or gener-
alised fluxes are functions of x therein) again is, that the dual fields become functions
of ¥ non-local functions of the canonical momenta.

8.2 A non-abelian T-duality group

8.2.1 Definition

Motivated by the discussion in the last section, a candidate for a non-abelian T-duality
group'’ is

NATD group(d) = {Manin triple decompositions of 9} . (8.2.1)

19The investigation of this group, although it defined on basis of, what we called here, the Poisson-Lie
o-model, will turn out to contain isometric models like the principal chiral models and their non-abelian
T-duals in many cases. As it will also turn out to be a direct generalisation of the abelian T-duality group
O(d, d), it was decided in favour of the name 'non-abelian T-duality group’ against 'Poisson-Lie T-duality
group’ here.
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The elements of the NATD group as defined above is the set vector space automor-
phisms ¢ of 9, which

1. preserve the natural pairing ( | ), so ¢ €O(d, d).

2. preserve the algebraic closure of g and g*, i.e
[9(a), 9(g)] C ¢(g) and [9(g"), ¢(a")] C ¢(g7)- (822)

In the case, where ? is abelian, (8.2.1) naturally becomes the O(d, d) group of abelian
T-duality.

Let us emphasise that this group (8.2.1) is the modular space of Poisson-Lie o-
models corresponding to a bialgebra o (and some given Gy, Bp). This does not imply
that this group contains any (non-abelian) T-duality transformation, that we can think
of. As a side note, we will find that condition 2 has to be partially relaxed in order to in-
corporate non-abelian T-dualities of principal chiral models with respect to subgroups.
Nevertheless we will be content in the study of Poisson-Lie c-models and thus focus
on the above NATD group for most of this paper.

Action on the Poisson-Lie c-model. O(d,d) basis transformations on the doubled
o-model (2.2.58) result in different dual c-models, because we project onto the same
Dirac structure (which defines the model), but integrate out different d.o.f.s correspond-
ing to ¢(g*). This similarity action is given by

e (0,¢/,9%) = (0, ¢(9), ¢(g*)), where again ¢ is not a Lie algebra, but only a vector
space automorphism. Generically there will be a change in algebraic structure.

e standard O(d, d)-action on the generalised metric (2.2.16) by the inverse ¢
H(Gy+By) = ¢~ - H(Go+ Bo) . (8.2.3)

So, in addition to transforming the background Gy + By as in abelian T-duality, we also
need to account for the change in algebraic structure. The transformed ¢-model looks
like

=2 [d* (¢t 19 g")? 8.2.4
/ +8)" (o B/+H’(8>) (8 0-8") (8.24)

ab

where ¢’ takes values in G’ <D, which is the Lie group to ¢(g), and IT' is the homo-

geneous Poisson bivector field on G’ corresponding to the transformed dual structure

— ab
..

8.2.2 Standard subgroups

In the subsequent literature, the group (8.2.1) was studied systematically only for lower
dimensional bialgebras and without physical interpretation of the transformations, fol-
lowing the Bianchi classification of three dimensional Lie algebras [2558-262]. Now,
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we want to understand some concrete structure of the NATD group apart from the
original ‘complete” factorised non-abelian T-duality transformations (called Poisson-
Lie T-dualities so far) and give an explanation on the o-model level or, if possible, a
Buscher-like procedure. As the study of a generic ¢ € O(d,d) is a little unhandy, we
will make use of the standard decomposition of O(d, d) into factories dualities and the
three continuous subgroups: GL-transformations, B- and p-shifts. We look for the con-
ditions such that these lie in the NATD group (8.2.1) and also for the meaning of these
transformations on the level of the (undoubled) Poisson-Lie c-model.

The study of the standard O(d,d) subgroups should help to get physical under-
standing of this NATD group. The definition (8.2.1) will severely restrict the allowed
factorised dualities, B-shifts and p-shifts. But it is by no means to expected that these
subgroups generate all elements of (8.2.1), and resultantly our investigation may only
give a subgroup of (8.2.1).

Lie (bi)algebra automorphisms. For example, all the standard O(d,d) subgroup
transformations will turn out to be generically not Lie algebra automorphisms. But, Lie
algebra automorphisms of d that also preserve the O(d, d)-metric will also be part of
the duality group, acting only on the background data Gy and By. We will not consider
these further.

(Non-abelian T-duality) GL-transformations. The simplest continuous subgroup
of O(d, d), general linear transformations GL(d) of O(d, d)

AT 0 .
PcL = 0 Al ) with A € GL(d) (8.2.5)

is clearly contained fully in the non-abelian T-duality group. It describes simultaneous
basis changes of g and g* preserving the O(d, d)-metric and also the algebraic closure
conditions.

Factorised non-abelian T-dualities. Factorised dualities of O(d,d) are the Z,-trans-
formations corresponding to the maps

Pra: tarr by =1ty by =ty
PP =t, P Fi=H (8.2.6)

fora =1,.,manda =m~+1,...,d, foranm < d.1 Following the definition (8.2.1) the
@r.4. are only NATD transformations, if the {ta, '} = {to, ty, F*, 2} fulfil the following
conditions:

iy“ﬁ =f o =flp= fygé =0 (8.2.7)

This is generic as we can arrange any choice of the generators {t,} with help of GL-transformations.
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This is equivalent to the decomposition of ?

o= (hom) @, (b & m*) ®28)
with  [p,h] Ch,  [p* "] C b,
[m,m] C m, [m*, m*] C m*,
[h, m*] C b m*, [h*,m] C h* D m,

where h resp. h* is generated by {t,} resp. {f*} and m resp. m* by {t,} resp. {f*}. Thus
the factorised dualities act as

(hom) @ (h*Om*) < (h*Om) S (hem") (8.2.9)

on the bialgebra structure. The dual Poisson-Lie c-model

” 1 .
L o« jf <(E’0)—1+H/> b]/b (8.2.10)

consists of the Maurer-Cartan forms j’ to the Lie group of the algebra h* & m, the ho-
mogeneous Poisson structure IT" (corresponding to the new bialgebra (8.2.9)) and the
transformed background Ej, given by the standard O(d, d) action of ¢¢, (8.2.6) on the
original Ey.

The conditions (8.2.7) seem to be very restrictive - even for the semi-abelian bialge-
bra g @, (1(1)) with an abelian subalgebra h C g these are not fulfilled in general, due
to [ty, tP] = fP g7 & b* @ min general. In the following paragraph we study exactly

this scenario - the non-abelian T-duality of the principal chiral model w.r.t. to a sub-
group. This will indeed demonstrate that it cannot be put into the Poisson-Lie c-model
form (2.2.60).

Subgroup non-abelian T-duality. Consider the principal chiral model on a group G,
which has a subgroup H with Lie algebra h. We decompose the generators of G corre-
spondingly, {t,} = {ts, t»}, and the model by choosing g = hm with h € H and some
m € G, so that

¢ ldg = Ad;! (h—ldh +dm m_1> . 8.2.11)
The action becomes
5 o /Tr ((n'dn+dmm) A (1 1dh+ dmom 1))
_ / {Tr ((A +dm m*l) Ax (A +dm m*l)) — %, (dA® + [AA]Y) } . (8212)
Integrating out the h-valued field A yields

S /dZO'{ <a+f,x + (94m m71>g7{mx) !

K“ﬁ - X'Yflya/i

+ Tr ((a+m m~1) (0_m m’1)> } (8.2.13)

(a_fﬁ — Kp(0_m m’l)T)
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The equations of motion can be expressed in the following form

- 1 - -
dfa+5Qa"Jy AJe =0 (8.2.14)
with the Poisson structure I, = —%, 7,5 and the current!?
- 1 . -
Jo== (un) (aixﬁ + (3m m_1)> P+ 5,5 (9 m 1 )2FE (8.2.15)
«p n

and the new generators of the transformation (8.2.6), where the {t,} generate a subal-
gebra:

[tfx/tl/g] — 0= Fcixﬁt/ + Ha/%cf/c/ [f"",f’ﬁ] f“rlxﬁf/’r — Q aByry + Rtxﬁc
[ti t) = £ gt + f* g = Fluply + Hapy F7, [, 7P = f2 17 = Q) PFT 4 ReFe,
[t;/ t;%] f’le,B Y +f71xﬁt/7 = Fl&ét,l—i_ H&E’wa’ [f@, tlﬁ] =0= Qcﬁﬁtlc + Rﬁﬁctc
[t PP] = f* gty + f* 5, B = FPag P2+ QuPTE, [t 78] =0 = B, F° + Q. Ft.
[t FP] = 7 opth + fLypt” = FPoulV + QuPT, (1, T8 = fB 8 + fB. 7 = FE, 7 4+ QuPTH,
(8.2.16)

where we organised the resulting structure constants in the conventions of generalised
fluxes.’® So, formally (8.2.13) looks like a Poisson-Lie o-model, but the current

(aixa + (9.m m—l)‘fx,m) P+ (0emm N, € h* @ m (8.2.17)

is not the Maurer-Cartan form of a group, because h* @ m is not closed under the Lie
bracket generically. Aslong as f* By (the only non vanishing component of H in (8.2.16))

does not vanish, it does not seem possible to arrange the Bianchi identities of (8.2.17)
into a zero curvature form, which would required in order for the subgroup non-abelian
T-dual model to be of the Poisson-Lie c-model form - this agrees with (8.2.1).

A modified definition of a NATD group. Motivated by the above considerations, let
us give a refined version for the definition of the NATD group

mod. NATD group (d) = {Manin pair decompositions of d} (8.2.18)
~{(¢: 0=2)c0(dd): [p(g"), ¢(a")] C ¢(g")},

2Superficially, it looks as if this would have increased the degrees of freedom, but the variation of
(8.2.13) with respect to (dm m~1)* vanishes by the equations of motion for %,.

13Because we start with a semi-abelian bialgebra and the f¢ , fulfil the Jacobi identity, the coefficients H,
F, Q and R fulfil the standard Bianchi identities of non-geometric fluxes [131]. We will comment further
on this topic in section 3.
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which goes beyond the notion of Poisson-Lie c-models, but includes the previous case.'

From the perspective of the construction from a doubled o-model (2.2.58), the above
scenario is plausible, because for integrating out the degrees of freedom consistency
requires only, that g* is a subalgebra (resp. G a subgroup), but not g. The refined condi-
tions in comparison to (8.2.7) for factorised dualities were already stated in [100] with

slight differences!®:

(h®m) By (h* D m*) (8.2.20)
with [h,h] ChH [m"m*]Cm* and [h,m*]ChHhdm*,

Of course, the setting of bialgebras resp. Drinfel’d doubles, Poisson-Lie c-models and
Poisson-Lie T-duality is very narrow. A consistent treatment of the modified definition
(8.2.18) would require a different setting, i.e. one, which is not based on a bialgebra
0, but on any even dimensional Lie algebra, which admits an O(d, d)-invariant metric
and has one maximally isotropic subalgebra. This would include very different set-
tings, of course bialgebras but e.g. also the setup discussed in [263], with a symmetric
space decomposition 0 = m(?) @ m(), where m?) is an isotropic subspace and -algebra
w.rt. to the O(d,d) metric and m!) is complementary isotropic subspace, but fulfils
m®, m®M] = m(® and thus does not close.

Nevertheless, we will continue to work with the more restrictive Manin triple defi-
nition (8.2.1), as it gives already some interesting insights in the subgroups in the com-
ponent connected to identity of the duality group (8.2.1), which we will study in the
following.

Non-abelian T-duality B-shifts. Let us come to the B-shift and B-shift subgroups of
the NATD group, that have been considered in the literature first in [165]. In context
of abelian T-duality B-shifts correspond to gauge transformations of the Kalb-Ramond
field B, leaving the H-flux, H = dB, invariant. The expectation is that this behaviour
generalises to the H-flux of the Poisson-Lie o-model (2.2.60) and the B-shifts of the
NATD group (8.2.1) (from now on NATD B-shifts).

In this paragraph we are going to discuss how the NATD B-shift looks and how it
acts on the Poisson-Lie o-model. B-shifts in O(d, d) are of the form

i 1 Tap
P = ( 0 1 > (8.2.21)

14 A Manin pair (9, g*) is a pair consisting of a 2d-dimensional Lie algebra d admitting an O(d, d)-metric
and a Lagrangian subalgebra of 9, here denoted by g*.

15Tn [100] the authors required that for subgroup Poisson-Lie T-duality the dual flatness condition
should decompose fully

- 1— be- - - 1— gy- -
dju + 5 f, Toje = dju + Efamj/s Ajy =0. (8:2.19)

But, the factorised Poisson-Lie T-duality map ¢, acting on the currents j = ¢~ 'dg and ji, =

+ <ﬁ) 74, is more complicated than j* <> j, and Ey ¢ Ey Lin the abelian case — it consists also
0 ab

of exchanging IT — II’. Our analysis shows, that condition (8.2.19) is not required for consistency of
Poisson-Lie T-duality
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with a skewsymmetric d x d-matrix 0. The transformed algebra relations are

[t F)] = FSut! + HopeE* (8.2.22)
. — ki — d !
with  Foop = f +0afy and  Hue = 0aopief g — 0kiaf s =0, (82.23)

by imposing algebraic closure on ¢g(g). The only relevant Jacobi identities, we need to
check for these new algebra relations (8.2.22) are:

— [mn— dk  — dk
Fup Pl = Froof o — Cmadfi " F + 7. Ha
dm — mlk
+ Oem (fkabfk —f[dk[afb } ) + (c. p. of (abc))  (8.2.24)
— mn m 7 Mmk — mn — — k= mn]
Fof —F! afy = ffafi - f(dk[afb] + 0ljafy

which vanish due to Jacobi identities of the original bialgebra and the condition (8.2.23),
H = 0. This condition is the crucial requirement of a NATD B-shift in comparison to the
abelian case, where it is trivially fulfilled. Let us distinguish three cases to understand
it better:

1. g* is abelian: fc =0

Then 0 = Hae = —0k(f*;,), means that op(g7'dg)" A (¢7'dg)? is a closed 2-
form on G. In this case the NATD B-shift simply adds of a 2-cocycle term to the
Lagrangian:

S /d2 19.9)" [Go + Bo+ 0], (g7 10-5)", (8.2.25)

which is a gauge transformation of the H-flux. Later we will argue that this is a
generic feature also in the generic case.

2. gis abelian: f°,, =0

ot A B is a solution of the classical Yang-Baxter equation on g*. In this case a o~
model interpretation is possible in the dual picture - there B-shifts will be B-shifts
of an isometric model. We will show in the next paragraph on NATD pg-shifts,
that these are indeed easier to understand in this specific case and that we can
employ a generalised Buscher procedure there.

3. generic case:

Generically o,, will be neither a 2-cocycle on g, nor a solution to the classical
Yang-Baxter equation on g*. (8.2.23) says that the failures for both cancel each
other out. We can also view (8.2.23) as 2-cocycle condition of ¢,;, w.r.t. the new
structure constants in (8.2.23)

Hape = —0yaFpq = 0. (8.2.26)
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. . . —ab .
If we restrict to start with f¢ , being a 1-coboundary algebra to f Ca with ¢, =
— f(bﬂch)d for some T = T,,F* A’ and make the ansatz o, = T/, — Tap, condition

(8.2.23) becomes
— cd

fo [ToeTha — TacToa] + c.p. of (abe) =0 (8.2.27)
which is satisfied if T/ and 7 fulfil the same Yang-Baxter like equation. In this case
we can understand a NATD B-shift as

e exchanging the 1-coboundary bialgebra structures f¢,, <+ F°, that fit to g*,
which is unaffected by the B-shift. This will also change IT — IT with IT
being of the standard form (2.2.52) corresponding to the dual structure con-

— b .
stants f Ca but now on a new group with structure constants F¢,,.

e standard action of ¢ on Ey = Go + By.

A generic Buscher-like procedure or some other action on the (non-doubled) Lagrangian
level, which reproduces the NATD B-shift action, has not been found yet, but it is not
necessarily expected to exist, as there is also none for the factorised dualities. The jus-
tification for these transformation thus lies in the common origin in the same doubled
o-model (2.2.58).

Non-abelian T-duality B-shifts. From the perspective of the definition of the NATD
group (8.2.1), B-shifts are exactly conjugate to the previously encountered NATD B-
shifts. On the other hand, the formulation of the Poisson-Lie c-model is not duality
symmetric, so NATD gB-shifts and their action on Poisson-Lie c-model deserve some
attention on their own. B-shifts in O(d, d) are of the form

1 0
Pp = ( b 1 ) (8.2.28)
with a skewsymmetric d x d-matrix r*’. The transformed algebra relations are
7, 7%] = F."°F° + R (8.2.29)
with F." = iab + Mgl and RO = pleldplble gl rk[”fkbcl =0, (8230)

Also, the solutions to the closure condition are basically the same as those in the B-shift
case. In the dual picture (understand a NATD p-transformation as the sequence NATD
factorised duality - NATD B-shift - NATD factorised duality) the interpretation is exactly
the same as NATD B-shifts.

1. gis abelian: f¢,, =0

r = r®t, A t, is a symplectic 2-form on g*. In this case the NATD B-shift is indeed
easiest understood in the dual picture, where it is simply a NATD B-shift with the
intuitive c-model interpretation as discussed in the previous paragraph.
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2. g* is abelian: fcub =0

Then r = r®t, A t;, is a solution of the classical Yang-Baxter equation on g ® g. The
resulting c-model will be discuss below.

3. generic case:
If both g and g* are non-trivial, then we use (8.2.30). Let us restrict to 1-coboundary

. .. 7 ab .
bialgebras with f Cu = —fl?, st for some s = st, A t,. With the ansatz r* =
"% — 5% condition (8.2.30) becomes

fo [smesmi _ Sacsbd] + c.p. of (abe) =0, (8.2.31)

which is satisfied if s’ and s fulfil the same Yang-Baxter like equation. NATD f-

shifts switch between different choices of dual Lie algebra for a given f¢ ,, in a
way that 7 corresponds to a 2-cocycle on the new dual algebra
PeE T — o, (8.2.32)

This incorporates the cases, where we can 'B-untwist’ to standard G-isometric o-
models.

Exactly dual to the generic NATD B-shift case, these kinds of NATD p-transformations
can be thought of as connecting Poisson-Lie c-models for the same quasi-isometry
algebra g but different dual structure g* connected by (8.2.31) fulfilling condition
(8.2.30). This condition appeared in [257] as a condition for a correspondence
between equivalent Poisson bivectors on a group.

In general, the NATD g-shifted Poisson-Lie c-model is given by

1 1
5= [ (g o) 1 gt (8233

5 (§79+8) <GOiBO_r+H,(g)>ab(g 8) (8.2.33)
c-model interpretation via generalised Buscher procedure. Generically, exactly as for
the NATD B-shifts or factorised dualities, a derivation of NATD g-shifts only on the
(non-doubled) Lagrangian level is not available. But in the semi-abelian case, the G-
isometric model (2.2.35), it is possible and mediated by the non-abelian generalisation
of the ‘generalised Buscher procedure’ (see section 2). It was introduced already in [91]
to show for certain examples on AdSs, that homogeneous Yang-Baxter deformations
are non-abelian T-duality transformations, and explained further in [91]. We explain
this generalised Buscher procedure in generality here

1. Start with a Lie group G and consider the following o-model for group ¢

__1 “14.\" 1 \b
s=—5 ) (sdg) A (Gox +Bo)y (s7'dg) (8.2.34)
with constant metric Gy and Bg.
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2. Given a 2-cocycle w on g we define a central extension ¢ of g by a central element
Z with the new bracket [, | by

ta,ty] = fCpte = taty) = [ta to] + WapZ (8.2.35)
and the field strength F’ of an e-valued gauge field A’ = A%t, + CZ by
F=dA —[AMA") (8.2.36)
F'" = F* = dA® — [A}A]" and F'? =dC — w,, A" A AL
3. Again on a symplectic leaf of the 2-cocycle w, which actually defines a subalge-
bra'®, this defines a Poisson structure I1(g)

“1RA TP, (8.2.37)

w=wypP NP = Haﬁ

Gauging (g7'dg)" — A“ but fixing the field strength F’ to be zero, instead of F,
via adding the Lagrangian multiplier term

Liagmur. ¢ —=YsFF =X, NA"+Y (8.2.38)

and integrating out C and the Lagrangian multipliers Y; = (X,,Y) leaves, simi-
larly to earlier calculations, the c-model

S~ /dza (g—la+g)” <g—1a,g>b <1l+n> . (8.2.39)
ab

Go+Boy

As the Poisson bivector IT here should be invertible on a symplectic leaf TG and thus
non-vanishing everywhere on g, it can be only of the forms

MR (g) =r or T (g =exp(xty)) = r™ — 2, x4 . (8.2.40)

as discussed in section 2. In the sense of our definition of the action on (8.2.34) of the
NATD group in section 8.2.1 only the latter has the striven for form, which agrees with
the one of a NATD pB-shifts by —r. In fact both versions make sense, as

1
(g7'0.9)" ( > b (g7'0-g)f = (01887 ")" (M) (0-gg")
‘ T (8241

The constant I'lg corresponds to the B-shift (and a GL-transformation by A(g) of the in-
ner automorphism corresponding to the adjoint action on g acting on Ey) corresponding
to the right isometries Gr of the principal chiral model. This is well known in contexts
of Yang-Baxter deformations, where Ey is ad-invariant. We will come back to this later.

Our conventions on Lie algebra cohomology and the connection of 2-cocycles to
central extensions are very briefly reviewed in appendix C.

Ej'+11;

16A closed Chevalley-Eilenburg 2-cocycle defines a so-called quasi-Frobenius subalgebra, which is ex-
actly the space, where the 2-cocycle is non-degenerate [169].
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8.2.3 Yang-Baxter deformations as S-shifts.

The role of abelian and non-abelian resp. Poisson-Lie T-duality in the study of inte-
grable deformations of string o-models has been widely discussed. I. e. the A-deforma-
tions [216-219] were constructed as interpolations between a WZW-model and the (fac-
torised) non-abelian T-dual of principal chiral model, as discussed in section 4.2. Yang-
Baxter deformations were introduced based on Poisson-Lie T-duality and are generated
by solutions of the modified classical Yang-Baxter equation [232]. A connection to 8-
shifts seems plausible.
We see that the Yang-Baxter deformed Lagrangian

__1 2 -1 a 1 ‘ -1 b
S= 2/d0 (87 0+8) Kac<]l_17Rg> b<g 9-8)",

is of the form of our above definition of a NATD B-shift starting from a principal chiral
model. For this, we can express R, conveniently in the language used in this section

(Rg)" k¥ =" —TI?(g), (8.2.42)

where I'l(g) is the homogeneous Poisson structure corresponding to the R-bracket of R.
In order for the Yang-Baxter deformation to be a NATD B-shift, *® has to fulfil (8.2.30),

which for J?Cub = 0 in case of the principal chiral model is
r[almrlblnf\flmn =0, (8.2.43)

which is exactly the (homogeneous) classical Yang-Baxter equation for a bivector r on
g. This proofs the conjecture, that homogeneous Yang-Baxter deformations are exactly
the same as NATD B-shifts of principal chiral models.

Let us also discuss the Yang-Baxter deformed model at the level of generalised
fluxes.

chb =0
R = —p22k% file, (8.2.44)

The Q-flux clearly vanishes because the Yang-Baxter deformation is a formal p-shift.
The R-flux of the deformed model vanishes as expected for ¢ = 0. For ¢ = i, the 5-
deformation, we see that (4.2.1) is a realisation of a geometric R-flux background and, of
course, the #-deformation is not a NATD B-shift.

Let us compare these results with the ones in [214], where the authors studied ex-
amples of deformed coset c-models. The key results there was, that the deformed
backgrounds should be interpreted as T-folds, because going around closed cycles we
pick up a monodromy in , which is described by a non-vanishing Q-flux. So our re-
sult (8.2.44) of vanishing Q-flux might seem overly simplistic, but in contrast to Yang-
Baxter deformed principal chiral models we have g = (Rgo P)acxd’ for Yang-Baxter
deformed coset o-models, where P is the projector on the coset algebra. This projec-
tor makes the algebraic situation much more diverse, which apparently also leads to a
non-vanishing Q-flux.
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Bi-Yang-Baxter deformations. A very natural generalisation of the Yang-Baxter de-
formation (4.2.1), which turns out to be still integrable [264,265], is

_ _1 2 -1 a 1 ‘ -1 b
5=-3 /d o(g9+8) Kac(ﬂ_gR_nRg> b(g 9-8)". (8.2.45)

Originally it was introduced for R being a solution mcYBe(i), but is also integrable for R
solution of classical Yang-Baxter deformation. Formally, it corresponds then to separate
B-shifts on the isometries Gg x G, for the principal chiral model with separate scales ¢
and 7. This is becomes clear as

1\ 1\
-1 aKuc< ) -1 b _ ) -1 aKuc< > o -1 b.
(87048 hac\ gy, ) (879-8)" = Orgg Ve g ) 887

For our purpose we generalise to the case, where the R-bracket fulfils the Jacobi identity,
and which is not generically integrable.
Let us rewrite

B = (ER+1Rg)" k¥ = (& +1)r™ — 11" (g). (8.2.46)

The generalised fluxes for this model take the form

chb = _‘:f[acdrb]d
R — —((:—F ﬁ)zr[ﬂ‘mrwnf‘dmn‘ (8.2.47)

For ¢ = —1 they become especially simple

HL(Z(b))C = WKﬂmenf[mcdrn}d = Tlfabc

fcﬂb = fcab
— ab
Qcab _ Wf[acdrb]d _ 77fc
R%¢ = 0. (8.2.48)

Then, (8.2.45) describes an R-flux free model which is (in case R is not a solution to the
classical Yang-Baxter equation) not related to the principal chiral model via a NATD
B-shift, because the Q-flux is changed.

8.3 Drinfel’d doubles and generalised double field theory

The formulation of double field theory doubles coordinates in order to make T-duality
manifest — the physical space is then reached after applying a constraint, the section
condition (see [67, 68, , -147, ). There have been approaches to incorporate
non-abelian T-duality resp. Poisson Lie T-duality in double field theory [144,255, 256,

,266].
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If we would like to make the NATD group (8.2.1) a manifest symmetry of a theory
on a doubled space, a natural candidate for this doubled space is the Drinfel’d double
D and a (strong) section condition then is mediated by the projection onto the (local)
Dirac structures @ = % L 9. There are multiple possible candidates for mathematical
structures describing this “splitting” of a Drinfel’d double, some of which could be used
for constructions proposed in [238,239,267,268].

We will briefly introduce some natural candidates for such a splitting structure and
argue that a para-complex structure is the most natural of these and allows us to view
double field theory on Drinfel’d doubles in the framework of double field theory on
para-Hermitian manifolds [238,239,268].

Canonical para-complex structure. Given a bialgebra ? and a basis of a Manin triple
decomposition {t,, ¥}, a canonical object describing the splitting is the linear operator

J(ta) = ta,  J(F") = —F". (83.1)

This is an almost para-complex structure because J> = 1 and it has d-dimensional +1-
eigenbundles. | is chosen in a way, that these eigenbundles are also maximally isotropic
subspaces w.r.t. to (| ). ] is integrable as its Nijenhuis-tensor

Ni(X,Y) = =J2([X,Y]) + J([J(X), Y] + [X, J(V)]) = U(X), J(Y)] (8.3.2)

vanishes for X, Y € 2. More precisely

Nj(ts,t,) =0 <= g9/ Cg
Ny (FP)=0 < [g5¢]Cg (8.3.3)
N](ta, Eb) =0= N]([a, tb)-

This opens a new perspective on J: Given a 2d-dimensional Lie algebra with an Ad-
invariant O(d, d)-metric, then the choice of a complementary pair of maximally isotropic
subspaces w.r.t. to the O(d,d)-metric defines an almost (para-)complex structure J.
These subspaces are closed subalgebras, iff the almost (para-)complex structure is inte-
grable. Thus a Manin triple decomposition (9, g, g*) can equivalently be described by
the pair (9, J) with an integrable para-complex structure J.

The invariance group of the integrability of | is exactly the NATD group (8.2.1).

Non-degenerate 2-form. Given a metric (| ) and a (para)-complex structure J it is
possible to complete a compatible triple (7, ], wj) with a non-degenerate two-form wj
via

wi(X,Y) = JXY). (83.4)

Considering the O(d, d)-metric and the para-complex structure | (8.3.1) above we get
wy =t AN (8.3.5)
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With help of the Maurer-Cartan structure equation we compute
dw = 1 a th A F U
w——§<fhcta/\t/\t+fa FALAL), (8.3.6)

so the 2-form wy is symplectic, resp. D is a para-Kéhler manifold, iff 0 is abelian. For the
generic case in which we are interested in here, the apparatus for para-Kédhler manifolds
as mentioned in [238,268] and, thus, the straightforward interpretation of the doubled
space as some "phase space’ is not applicable.

Other almost (para)-complex structures. Two other (families of) candidates for a split-
ting structure have been recently discussed in detail in [269] in a slightly different set-
ting. The consideration in [269] are more general than the one we need. They consider
a Lie group, which is a semidirect product of two Lie groups of equal dimension d,
Q = H x K, so the corresponding Lie algebra is q = h @ ¢, where b is a subalgebra and
¢ is an ideal. Following this definition, they have to consider general representations
7 : h — End(¢) describing the action [, ¢] C ¢ The study of Drinfel’d doubles fixes the
choice of representation such that it is compatible with the Ad-invariant O(d, d)-metric.

In the framework of Drinfel’d doubles, in which we are interested, they are only ap-
plicable for the semi-abelian Drinfel’d double D = T*G with d = g &, (u(1))?, where
we can define two almost (para)-complex structures,!” given a (vector space) isomor-
phism 0 : g — g* = (u(1))*

e almost para-complex structure I : 0 — 9, (m,n) — (0=1(n),0(m))
e almost complex structure J : 0 — 2, (m,n) — (—071(n),0(m))

Theorem 3.2. of [269], adjusted to our case, states that these structures are integrable,
iff the isomorphism 6 is an 1-cocycle of (g, ad(g) }g* ), meaning that

[m,0(n)] —[n,0(m)] —6([m,n]) =0, Vm,neg. (8.3.7)
There are two simple possibilities to fulfil this condition:

e gis abelian = 0 is abelian. In this case any isomorphism 6 will do and we could
for example choose the canonical harmonic isomorphism w.r.t. to the O(d,d)-
metric: ff;, : g — g%, t, = £, such that the integrable (para)-complex structures
become

(m,n) — (£by(n), 4, (m)). (8.3.8)

e g is a quasi-Frobenius algebra. We can define a non-degenerate 2-form w =
0., A on G, where 0 : t, + 0,,F’. The 1-cocycle condition means, that w
is symplectic (dw = 0) resp. that (671)%t, A t, is a solution of the classical Yang-
Baxter equation.

17Tn principle we could define the same structures for a generic Drinfel’d double, but only in the case of
the semi-abelian double we can solve the integrability condition in a straightforward way and apply the
results of [269].
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The canonical para-complex structure | (8.3.1) can be obtained via | = I o]. The
integrability of | does not depend on the integrability of I or J but only on the algebraic
decomposition of .

These (para)-complex structures I and ] have not been applied yet to the geometric
study of ordinary DFT (abelian bialgebra) or integrable deformations (quasi-Frobenius
semi-abelian bialgebra case), where they might be useful. Many more details can be
found in [269].
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Chapter 9

An outlook to M-theory: M2-branes
in the SL(5)-theory

Generalised (O(d, d)-) geometry emerged from the string current algebra. An inter-
esting question is whether there is also a connection between the membrane current
algebra and exceptional generalised geometry — interesting, because para-Hermitian
versions of exceptional generalised geometry have only been discussed recently [270].

As discussed in chapter 3, the treatment of U-duality depend very much on the
dimension of the (non necessarily compactified) target. Here, we work in 4 = 4 in the
SL(5)-theory.

9.1 M2 current algebra

9.1.1 SL(5) generalised Lie derivative

The aim is to see how the generalised Lie derivative

91,9215 = 2010108 — Y angp 0L (9.1.1)

is encoded in the current algebra of an M2 brane. We start by arranging the current
algebra in the 10-representation of SL(5)

Az, -1
V2t 2

From the canonical Poisson brackets of the p(¢) and x(¢), one can derive, with the help
of the identity e*fd,x* (0)9pd(0 — 0’) = €*Pd,x*(0")dps (0 — o), the current algebra

Zy = <pK, dx* A dx“’) . 9.1.2)

(Zx(0),Z0(c") } = dx*(c) A <;(d —d)8(0 — o’ Yoyt + 5 (d + (o a')wﬂ,ﬁ> .

9.1.3)
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As in the string case, we can consider the "‘Dorfman current algebra’
{ZK ZL ,)}D = GHKLdX‘u((T) /\d(S(O’—O'/), (9.1.4)
an SL(5)-invariant contribution of (9.1.3), leading to the generalised Lie derivative:
(p1, ¢2}p = —2 / PhOLON Zxexe + / X0, pkdxt A dx® 9.1.5)
! ! ]_ ’ ’
008y dx’ Adx"0y = Seyydxt A dxt 9y

1 ! !
— _ghmmnn Znn/amm’ — €;4MNZNaM

= {pud2}p (0) = cpffaMcpN YMN g omy 9.1.6)
for local functionals ¢ = — [ ¢K( o) and by use of the sectlon condition oM ¢(X) =
0 and the canonical Poisson brackets in Rl—lndlces {ZK } = 5L<5 (c—0d).
The second term in (9.1.3), including
1 0 _e;m/\/\/
= = / ’ 1.7
Wy KL 2 < 6;4)\“ 0 (9 )

breaks the SL(5)-invariance of (9.1.3), but makes it a Lie bracket. It corresponds to a
boundary/topological contribution, i.e. treated as a distribution

WKL / dx Adg, (9.1.8)

giving wrapping contributions ~ [ dx* A dx#. Also the difference between Courant
and Dorfman bracket is of this form of a total differential under a spatial world volume
integral. This result is completely analogous to the string resp. O(d, d) case [221]. There,
the winding contribution was equivalent to a topological term in the action, necessary
for its O(d, d)-invariance.

In principle, this is the approach in [271], but there the authors did not phrase the
current algebra in an SL(5)-covariant way. Also, their approach to unveil the Courant
algebroid nature was to substitute a "Lie bracket part” of their result by the generalised
Lie derivative. Here, the SL(5)-invariance and Courant bracket nature of the current
algebra up to the w-/boundary terms is obvious.

9.1.2 Twist by generalised vielbein and the embedding tensor

In analogy to the string case [221], we aim to diagonalise the Hamiltonian and all the
constraints when going to the generalised flux frame

Za(0) = EAX(0)Zk(0). (9.1.9)
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in order to characterise the model via a twist of the current algebra. For the canonical
(Lie) Poisson bracket (9.1.3), we have

1 1
(Z4(0),2a(0")} = () 1 (3 = )00 = ecan + 5(d + )60 (o))
— FC g (0)Zc(0)d(0 — o) (9.1.10)
with j¢ = E,“dx". The e-symbol is SL(5)-invariant, whereas
we,p(0,07) = EAN(0) Eg" (0 ) EM () w1 (9.1.11)

is not SL(5)-invariant, but is again necessary for (9.1.10) to be a Lie bracket. The twist
is characterised by the skewsymmetric component of the SL(5) generalised fluxes:

[E4, EB]p = FC 4gEc (9.1.12)

or
F gp = 2ENOpuEp)™ — YP ypEnFOpEgN (9.1.13)

From this definition, it is quite obvious to see, why they should appear in the current
algebra that reproduces the generalised Lie derivative. The 'full” SL(5) generalised
fluxes appear as the twist for the corresponding Dorfman bracket

{Z4(0),Z5(0")}, = j(0) NdS(0 — 0’ )ecap — FC ap(0)Zc ()5 (0 — o) (9.1.14)

Some kind of Courant algebroid conditions will put conditions on the F¢ 4p, corre-
sponding to a (dynamical) Bianchi identity of these fluxes.

9.2 charges and SL(5)-covariance

A difference so far is, that the membrane currents (9.1.2) are not manifestly SL(5)-
covariant. This can be dealt with by the introduction of additional objects, the mem-
brane charges, as for example in [272].

9.2.1 Dorfman bracket

One can write the current algebra in a manifestly SL(5)-invariant way with the use of a
charge q;,. E.g. the '‘Dorfman’ current bracket can be written as

{Zx(0),Z1(") ), = emxrQud X™™ (o) A dS(0 — ) (9.2.1)

or with help of a 1-form valued (SL(5)-invariant) ‘metric’, that can be used to lower the
indices,

12 = nmdXM = CenrrqudX™, st dygM? =0, (9.2.2)

N| =
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with Nkk' 11 mm! = ekk’ll’[mqm’]/ as
{Zx(0),Z1(0")}, = 20 AN dS(0 — ). (9.2.3)

Acting on local functionals ¢ = — [ ¢XZ this gives

{91,92}0 = =2 [ 9}010(0) Zi(0) + [ enaaudfongs (o) dX" A dXN (o). 024

The generalised Lie derivative is reproduced if we identify
dX"" A dX™ QO = ng[’“W A X" Qi = €™ KZxd (9.2.5)

with the consistency condition qy,,d,,,; = 0, was used in the first step.

In the string case, we had that the currents E; = (p;, axi) are related to the dou-
bled coordinates like E; = 7 ]E)X] . This allowed to derive the (Dorfman, Courant, Lie)
Poisson brackets of the X;(¢). In a similar fashion the “extended coordinate fields’ XM
are related to the membrane currents Z; by lowering the index with #yn and taking
the spatial world-sheet differential, leading to the following objects and their M-theory
decompositions

1 ' 1 s
2 = 2 (x, )

1 .
1-forms: XM = ﬂMNXN = *€IMqu/Xllp”medXN, ZM = dXM

0-forms (coordinates): XM =

2
1 /
2-forms (currents): Zy =dXy =guN A dxN = §€Mquk’kak AdXE (9.2.6)
1 1 /1 /
= ——Zpuw = —= | =d&,y AdxV, dx? AdxH | .
V2t 2 (2 !

The last identification of Z; with dXX A dX! is equivalent to (9.2.5):

/ / 1 / / / / 1 / ! !
enrr ke Zkk/ = Zlenrr kle emll/kk/qm/dX’”m A Xml = 41 2! 3! 51[11115;5{’] qm/dem A dX”
=3 qud X" A dxI (: 2 e"”'KZK)

and then as above in (9.2.5).

9.2.2 Dirac bracket approach

We assume to start with an extended phase space associated to extended coordinate
fields YX () and canonical momenta Py (¢) with

{YK(U),PL(U’)}:555(0—0’), {YK((T),YL( )} = {Px(0), PL(e")} = 0. 927)
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We treat the identification (9.2.5) as constraints
Oy = Px + xmdYE AdYM 2~ 0 (9.2.8)

on the extended phase space, such that we could consider the extended coordinate
fields as ‘fundamental’ fields, similar to the string case. Here, we define g as

Hik'11'mm! = €kk'1I'mDm’
with HKLM = HLKM and nkim + vk + ymkr = 0.

With that the algebra of constraints is

—_

CKL((T,U/) = {CI)K(U'),<I)L(0'I)} = -3 I]KLMdXM(O') A E(d—d/)é(U—OJ)

1
+ 2y dXM (@) A S (d+d)o(e — ), (9:29)

if we do not ignore the boundary contributions ~ (d + d")é(c — ¢’). The hope would
be that the current algebra and the brackets of the extended coordinates follow as Dirac
brackets of the above constrained system, e.g.

_— (CHkE (e, o). (9.2.10)

{YK(O'), YL(O'/)}
It seems illusive to calculate this. But it seems difficult to reproduce the current algebra
as well via

{ZK(U)/ZL(U/)} = {PK(U)IPL(UI)}D.B. :

Besides this, there are two reasons to be sceptical about the Dirac bracket approach for
the extended membrane phase space:

o It should be possible to phrase the result of the Dirac bracket approach in a mani-
festly SL(5) invariant manner (meaning all expressions are only phrased in terms
of the e-symbol and the membrane charge q). This is because the only two in-
gredients are the naive Poisson brackets on the extended phase space and the
constraints, both of which are SL(5) invariant. The current algebra (9.1.3) on the
other hand is not SL(5) invariant, due to the w-term, see below.

e Asusual, there is a mismatch (in contrast to the O(d, d) case) between the number
of extended coordinates (10) and the number of fields in the M2 phase space (8).
This could be resolved, if there are any secondary constraints or non-vanishing
Poisson brackets with the diffeomorphism constraints.
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Alternative approach to an X-X bracket. An alternative way to obtain the X-X brack-
ets and check self-consistency of the approach via differentiating and integrating the
canonical Poisson brackets could be the following. We start with the original (not inde-
pendent) Z-X phase space and impose vanishing Poisson brackets on the constraints

Oy = Zy(0) + grrmdXE A dXM, (9.2.11)

Ignoring the topological terms and using the membrane current algebra (9.1.4), we
would for example arrive at the condition
a1 dX M (0)d' X5 (o) Add' { XN (@), XT (o) } = mumd XM A do(e — )
(9.2.12)
on the X-X Poisson bracket in order for {®(c), ®1(c’)} = 0 to hold. This expression

is different, but a bit similar to the expression (9.2.10) and it seems similarly illusive to
compute anything from here.

9.3 Towards a para-Hermitian exceptional geometry

In total analogy to the string case in chapter 6, we study the role that the w-term plays
in exceptional generalised geometry.

w-term and the section. We define the projector

1
Py = 5 (YKLMN + QKLMN)

WithQKLMN = GPKL(,UPMN

As the PXL, resp. OKL N always appears contracted with a derivative d;, the
so far undetermined component wsyn does not appear if we work on a section. This
projector has the following properties:

o PKLyn = PHyy
o PKLy Ok ® 91 = 0 (section condition)
e Using this section condition, one derives
PXE PP Rsdr @ 9p = 0
PPN Rs0(; @ Opy & PXlpsd(p @ 0y (9.3.1)
eg PXEnnPNTrs (ag) (arg5)) ~ P¥rs (910 ) (9095) 9.32)

30y (1) (0):

=0

As also in the usual exceptional generalised geometry [176], the identities are a
weaker than in the string case.
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Again, one can define two total derivative objects

(1, 2)" = %YKLMNBL <(P{VI¢§\]) (9.3.3)

[$1, 9] = %QKLMNaL (4){\4 ¢ )

In the (world-volume) SL(5)-theory, they are given explicitly as

(91, ¢2) = 2€;4MN/01X“/\C1 (47{\44’5\’) Iz/d(¢1 )
41, 2] = 2w [ dxAd (9119)) =2 [ d(@rog2),

where we defined the bullet products 8,0 : T'(E) AT(E) — T*M, for the e- and the
w-symbol respectively. The appearing brackets have the same properties as the ones
discussed in chapter 7. The true canonical current algebra (9.1.3) is a non-standard Lie
algebroid on the extended tangent bundle TM & A%M.

Taking the opposite route and choose the PXL y;y as the fundamental object obeying
the identities (9.3.1), one sees that a choice of w is equivalent to a choice of (M-theory)
section up to a gauge-transformation of the three-form gauge fields. This is, again, in
full analogy to the string case in chapter 6.

Non SL(5)-invariance of w-term. In the string case, a w-term as in (9.1.3) broke the
O(d, d)-invariance of the current algebra. We would expect the same for the SL(5)-
invariance of (9.1.3).

Motivated by (9.2.9), a candidate formed only of the e-symbol and the membrane
charge q;, for such an w is

@i = 2y dXM. (9.3.4)
Let us compare this to (9.1.3) for qs = 1and q, =0
(I)KK’,AN =0, (DKK’,/\S = _a])LS,KK, = eKK’AA’dx/vr GJKS,/\S = —2d%. (9.3.5)

Apart from the @5 y5-component, this is the w-term in (9.1.3). In @x, A %(d +d")é(oc —
0’) this @ys5 y5-component would corresponds to terms like (treated as a distribution)

~ [ g nax = [ . 93.6)

In a way, this makes sense as @ is SL(5)-invariant and the other components of @,
which were also present in the w-term in the M2 current algebra (9.1.3), for example
corresponded to wrapping contributions ~ [ M = [ dxt A dat.

135



9.4 String currents

In the end, M-theory and string theory are deeply connected. This connection shows
also in the current algebra. One can straightforwardly relate the membrane currents to
the currents of the type II string theories.

9.41 Double reduction of membrane current algebra

In order to reduce from M-theory section (9.1.3) to the IIA section in the current algebra,
we perform the usual double dimensional reduction:

ot o?) =02, (!, 0?) = ¥ (ch) = x(0). (9.4.1)
The M2 current (9.1.2) becomes
Lyt = (dxﬂ Adxt, dxt Adxt, py, m) - (o , dxt Ade?, py, o) (9.4.2)

such that with Z,,,,,y — Zy (') A do?

!
Zo = (Y20, 25, 2yt , 2a5) = (dxﬁ, Py, 0, ?). (9.4.3)
—— —— o
Zpm Z

At the same time, the M2 current algebra (9.1.3) reduces to

(2x(0),2(0")} = m%(d _d)s(o—o') + %wKL(d +dVS(o—0')  (9.44)
{ZK((T),ZL(UJ)}D = 17KLC15(0' — 0'/), (945)

with yx;, = esxr and wgy, = wy k1. The only non-vanishing components are:
]7}”4/1/5 = UZSLVI = wVV,VE' = —(UE5LV/ = e,ll],l’l/ (946)

or in the conventions of (9.4.3)
. QIC C 0 . 0 13
KL = ( 07 0 s E - ]l3 0 s

Restricted to the IC, £, ... indices, these are the canonical O(3,3) metric and the com-
ponents of the canonical symplectic form w as expected from the string discussion.
T-duality transformations are defined by My~ €GL(5) with

My E My i = nun (9.4.7)

With that, the SL(5) type IIb section can be approached as well.
Let us do a schematic discussion of the Ila and IIb section decompositions of the
currents zy (o) without the double reduction
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e type Ila section:

(F1) :
Zym!' — (ZM, , Zﬁ4 ’ ZES ’ Z45> = <]’(4 ) , ](—Dz) , PE/ ](DO)) (948)

The DO- and D2 currents vanish in the double dimensional reduction.

o type IIb section:

(D1)  (F1
Zyym! = (z&/  Zus s Zys Z45> = (p&/ ]P(i ), ]é ), z) (9.4.9)
Puy is the canonical momentum to the type IIb section coordinate fields M to

which j(ﬁFl) (o) = e},wfdxv—v/(cr) is the (dualised) typical string current. These two
are the T-dual variables to type Ila momentum and F1 current via

T-duali
S R

— HYV
Pup = €ppvP (11a)

.(F1) T-duality (ITa)

i = euda =dy, =T
The D1-current is ]';(lDl) = € dy"—‘/, for a D1 coordinate field y, and is related to

the type Ila D2-current via T-duality.

S-duality obviously acts as an SL(2) on the k = 4, 5 indices, and rotates the F1 and
D1 currents into each other and leaves the z45 = z €45 invariant.

9.4.2 Charges and SL(5)-covariance

The type Ila section above motivates

(2x(0),20(0")} = Q" (emxrn (d — d)5(0 — o) + ~wmxe(d+d)o(o — )
2 2
(9.4.10)
{ZK(O'),ZL(O'/)}D = qmemKLd(S(a— (7,), (9411)

as the SL(5) string current algebra using the string charge q", fulfilling 9”9,y = 0. But
it seems to hold again for both the Ila and IIb section. The SL(5)-invariant M — IIa
reduction condition would be something like:

q"o% = qu X" (9.4.12)

Let us proceed in the same way as for the membrane current algebra, and try to repro-
duce the generalised Lie derivative form the Dorfman current algebra (9.4.11)

{p1, ¢} = —z/qbﬁaK(sz]zL(a) - qupKL/¢{<aM¢§dXM. (9.4.13)
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We need to make a similar identification as in the M2 brane case. Let us define nx; =
1qPe,k in an SL(5)-invariant way. Then

zx = nxdX* (9.4.14)

respectively
gpmm'ni'y  — %epmm,"”/qkek”/nn/dX”l = }13! 21 glPdx™] = 3qlPdx™™|  (9.4.15)
3 qPdX"™19 0 = qPdX"™™ Q. (9.4.16)

The last step made use of q"9,,,y = 0. With that (9.4.13) becomes

{¢1, ¢} = —Z/qbﬁaxqbé]n(a) +YMNKL/¢{<8M¢2LZN (9.4.17)

as wished.

As the 7k, here is defined only in terms of the e-symbol and the charge q", it seems
possible to describe T-duality in an SL(5)-invariant way as well. As in the previous
section, O(3,3) T-duality transformations seem to be generated by My¥ €GL(5) with

My S My i = nun (9.4.18)
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Part IV

Summary and Outlook
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Summary

The central result of this thesis was introduced in section 7. The world-sheet theory in
a generic NSNS background, including non-geometric ones, can be defined as follows.
In terms of some phase space variables E4(c), there is a Hamiltonian in a background
independent form H ~ [ do 6BE4(c)Eg(c) and similarly for the Virasoro constraints.
Instead, the information about the background is encoded in the Poisson structure.
This is most conveniently formulated in terms of the current algebra (the algebra of the

E4(0))
{Ea(01), En(02)} = 11 (01, 02) + 113" (01, 0) + T3 (01, 02). (9.4.19)
17 is the O(d, d)-invariant part of the canonical current algebra (6.1.22), whereas
1109 (01, 02) = —Fapc(01)ES(01)d(02 — 01)

is characterised solely by the generalised flux F4pc, building on known results in the
literature [167, , ]. This formulation seems to be the world-sheet version of the
generalised flux formulation of generalised geometry resp. double field theory [138,

I

In case of an electric and locally geometric background, meaning the Bianchi iden-
tity (3.3.5) is fulfilled, there is a connection to Darboux coordinates (x*, py) on the
phase space resp. a Lagrangian formulation. This connection is given by a choice of
generalised vielbein E4"(c), s.t. E4(0) = ExM(x(0))(pu(0),0x"(so)) and Fppc =
(04 Es™)Ecim-

In the cases of a magnetically charged NSNS background (like an NS5-brane) or a
locally non-geometric background the Hamiltonian world-sheet theory as define above
is still defined. But there are some obstructions in either case. In former, the Bianchi
identity of generalised fluxes is sourced. Resultantly, the associated current algebra
violates the Jacobi identity and thus there cannot be Darboux coordinates on the phase
space associated to the sourcing world-volume. In the non-geometric case, see section
7.2 for more details, there will be a violation of the Jacobi identity if we consider certain
functions of the ‘"doubled’ string phase space. E.g. for the Jacobi identity of a functional
¥ and two sections ¢; = [ do¢M(c)Epm(c), we obtained

1 ¥ 09k (o1)
{Y, {p1,¢2}} +cp. = /dUldO'zi(’?NK + wNK)cpﬁj(m)(st(az) 5Xi]4((712) + others.

In case the generalised vielbein itself depends an original coordinate and its dual at the
same time, an additional term in (9.4.19) appears that potentially leads to a non-local
contribution to the equations of motion and a modification of the Virasoro algebra.

One difference to previous discussions in the literature is the consideration of the
total derivative term,

15 (01, 02) = /daa (wap(0)é(o — 01)d(0 — 7)) .

141



This occurs in this form as a non O(d,d)-invariant boundary contribution from the
canonical current algebra (6.1.22). Terms like this in the current algebra itself or its Ja-
cobi identity make the difference between a Lie or a Courant algebroid structure of the
phase space (T @ T*)LM. This was discussed in detail in section 3. For open strings,
they lead to the known constraint of H‘D_brane = 0 [236] and the non-commutativity
at the ends of the open string [251]. For closed strings, a winding contribution from
this term is necessary such that the standard Q-flux background is an associative back-
ground.

A first application of this formulation is the observation that (generalised) T-dualities
act linearly on the variables in the generalised flux frame. A typical non-trivial example
of a constant generalised flux background is the Poisson-Lie o-model. So far in the lit-
erature, the Z,- or factorised Poisson-Lie duality has been studied. But, the full duality
group, dubbed non-abelian T-duality (NATD) group, is bigger in general:

NATD group(d) = {Manin triple decompositions of 9}

for a Poisson-Lie c-model corresponding to the Lie bialgebra 2. A method was pro-
posed that allowed to get some insights into this group, which is a subgroup of O(d, d),
consisting of more than only factorised dualities. Conditions of the typical O(d, d)-
transformations, i.e. factorised dualities, GL-transformations, B-shifts and B-shifts such
that they lie in this non-abelian T-duality group, were derived. In some simple cases, an
explicit interpretation of these transformation on the (non-doubled) Lagrangian level
was found. A result of the analysis this non-abelian T-duality group is that homoge-
neous Yang-Baxter deformations are nothing else than non-abelian T-duality B-trans-
formations following our definition.

This analysis revealed some interesting structures, but also that the above definition
does not give the whole (classical) duality structure of a Poisson-Lie c-model. Relaxing
the closure conditions of the definition of the Manin triple leads to the proposal of a
generalisation of Poisson-Lie T-duality to Roytenberg duality, applicable to models with
constant generalised fluxes. The duality group is again the full O(d, d) group. This was
shown using a certain parameterisation of the constant generalised flux based on the
ones of Poisson-Lie c-models in chapter 8.

A second application is a direct derivation of the well-known non-commutative and
non-associative behaviour of some generalised flux backgrounds from the deformed
current algebra in section 7.2. This interpretation does not rely on a mode expansion
or even on imposing the equations of motion, it is purely kinematic. Also, it extends
straightforwardly to any generalised flux background.

The generalisation to the Hamiltonian treatment of membrane c-models was success-
ful as well, shown for the SL(5) theory. One can follow the same steps as in the string
case: phrasing the Hamiltonian, the constraints and the current algebra in terms of
exceptional generalised geometry, understanding the additional appearance of non du-
ality invariant topological contribution. As in the string case, both closed and open
membranes could be treated like this. A caveat in comparison to the string case is that
the membrane charges have to be introduced in order for the formulation to be man-
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ifestly duality covariant. A similar treatment for the higher E;) groups should be
possible as well.

Potential applications and open problems

Part of the original motivation was the study of integrable deformation, as these can
be conveniently represented as deformations of the current algebra — see section 5. The
discussion in this thesis connecting the possible deformations of the current algebra for
string o-models to generalised fluxes hints at a connection of generalised geometry to
the Hamilton formulation of integrable c-models. From a purely technical side, there
is also an argument to maybe expect a connection to integrability. The currents e,,
used here to write down the equations of motion (7.1.10), are the ones which are used
to calculate the Lax pair in all the examples — principal chiral model, #-deformation,
A-deformation, Yang-Baxter deformation.

Potentially, one could generalise this to the Green-Schwarz superstring, whereas an
RNS formulation was already given in [246] in context of the generalised metric formu-
lation. In particular, introducing RR-fluxes into the deformation of the current algebra
could be interesting to obtain a direct understand the world-sheet dynamics in an RR-
flux backgrounds — as generically the RR-flux terms in the non-linear c-model are not
known explicitly. For the Green-Schwarz superstring, a completely kinematic descrip-
tion includes x-symmetry, which on the other hand is also closely connected to the
supergravity equations [58] and thus dynamics of the background. The fact that this
formalism relies on a flat internal space might be useful to define spacetime fermions in
a background independent way and a formulation of the Green-Schwarz superstring,
that is not only valid in very symmetric spacetimes. In principle, the generalised flux
formulation of the current algebra in the Green-Schwarz approach was given already
in [142], but without the topological term and without a non-geometric interpretation
of the supersymmetric version of the generalised fluxes F 4pc occurring there.

Recently a generalisation of Poisson-Lie T-duality to higher gauge theories was pro-
posed [273], it would be interesting to investigate whether such dualities are realised
in a membrane current algebra in a similarly simple fashion as (generalised) T-dualities
here.

As demonstrated in [247] it is not advantageous to parameterise the background by
the generalised fluxes in order to calculate the 1-loop B-function and check the quantum
conformality like this. But this formulation might be potentially a good framework to
quantise the string canonically. In particular for constant generalised fluxes the equa-
tions of motion (7.1.12) take the form of a (constrained) Maurer-Cartan structure equa-
tions of a 2d-dimensional (non-compact) Lie group. If it would be possible to construct
a mode expansion, it seems possible to quantise the bosonic theory directly as also the
Virasoro constraint take a simple form in the generalised flux frame.

An open technical problem is the relation of the canonical (deformed) current alge-
bra (9.4.19) including topological/total derivative terms and the ‘double field theory’
algebra {XM (), XN(0")} = —yMNO(0 — ¢”), as they are not equivalent. It would be
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very useful to understand this better as the source of the non-associativity associated
to strong constrain violations in section 7.2 seems to lie in this relation. Also, it was
mentioned before that apart from the fact that we assumed our generalised fluxes to be
globally well-defined tensors we only discussed local properties of our globally non-
geometric backgrounds. Previous work discussing current algebras, loop algebras and
their global properties is [171,172]. Connecting these approaches and the generalised
flux formulation of non-geometric background seems to be an important step for future
work.
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Appendix A

Important identities

A.1 J-distribution

The standard é-distribution f(0) = [do’f(0')é(c — ¢’) behaves in a maybe unex-
pected way, when applied to functions on compact spaces. In particular (91 + 02)d (o2 —
01) # 0, but instead

/daldaz ¢$(01,02)(01 + 02)0(0n — 7)) = /da d(¢p(o,0)). (A.1.1)

As discussed in the main text, this term is not vanishing in general. Strings can have

non-trivial winding around a non-trivial cycles in target space. In that case, the co-

ordinate fields x(c) are not smooth, such that in particular [ do dx(c). Open string

world-sheets have boundaries which would contribute to the above expression as well.
In many calculations it is helpful to write

5oy — ) = /daé(a —01)d(0— ), (A.1.2)

to see for example that (91 + 02)6(c» — 1) = [ dodd(oc — 01)6(0 — o). In a similar
fashion, the following distributional identities can be derived:

/daf(a)(31 tot 3 (00— 1) (0 — o))
- /da ((BF () + (1 — 1) f(0)3) (6( — 1) - - (0 — )
1

Ee(al) e H02) (01 — 32) (6(0 — 01)6(0 — 02)) (A.1.3)

= 201~ ) (50— 01)5(0 — 02))1 — ((3€) ¢~ (0)5(c — 01)5(r — )

(f((Tz)al —|—f(0’1)82)(5(0’ — (71)5((7 — 0’2)
= (0f(0))d(c — 1)d(0 — 02) + 9(f(0)d(0 — 01)d(0 — 02))

for arbitrary (matrix-valued) functions e and f which hold without any additional
boundary terms.
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A.2 e-symbols

The invariant of the SL(5)-group is the e-symbol:

mq.

.ms
€ 7 eml...ﬂ’Z5'

There is no object, that allows to raise or lower the indices. The 10-indices are related
to the fundamental ones by:

1 )

K __ kk

? V2 ¢

With that the important Y-tensor in the theory is
1 !/ !
YMNg = eMNeyyp = Eermm e (A.2.1)
Contractions of the e-symbol are related to the generalised Kronecker symbol:

lek]l] ke~ — I ]‘lm]lnfk
eit-iihnovey i = kG (A22)

=kl (n—k)s

jn
L (A23)

In the M-theory section %GKKIM/ resp. %(—:KK/ 2 can be used to raise and lower the xx’-
indices and translate between SL(5) indices and ’generalised tangent’ bundle indices,
ie. o = (x, xx) TESP- f = (x,*'). With these conventions, the SL(5) "-symbol” [274]
is nothing else than a component of the e-tensor with 'raised” indices in the M2 section
decomposition

0 sy 0 le M\ 1
WH,KL = < 5[1(51(’] VOK = < %GVAKK/ 2 }6( ) = Eeykk/”/ = €VKL (A24)
1Ox
170 0 1
M5KL = 5 < 0 AN > = S €5k = E5KL (A.2.5)
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Appendix B

T-duality and fermions

B.1 OSp(dy, dy|2dy) as superduality group

Consider a background with dj, bosonic and dy fermionic isometries and d = dj, +dy.
Let us write the coordinates as

M = (2°,7%) = (x,6",Z%),  withu=1,.,dyanda =1,....d;. (B.1.1)

These dy fermionic isometries should, of course, be understood as being generated by
d¢ anticommuting supercharges { Q*, QPF. This has been explored in [204].

Introducing s(a), s(a) = 0 for a bosonic and s(a) = 1 for a fermionic index, the
matrix representation of a factorised T-duality along the isometry coordinate Z* is

_ Ild - E, —E,
¢r, = < _(_1>s(a)Ea 1, — E, > : (B.1.2)
We can further consider GL(dj|ds) coordinate transformations Z* — Z° = A%, Z" with

m.n
% n

AST_ mn ST_ m’ 1‘9T
S\ % n “\ -t ol )

The group element of such a GL(d,|df)-transformation with the action (2.2.15) on the
background components E, containing fermions now, is given similarly to GL(d) action
in bosonic T-duality by

a supermatrix A = < ) € GL(dy|dy). Supertransposition is defined as

(AST) -1
¢cL = < A ) for A € GL(db’df). (B.1.3)
It is easy to show that both (B.1.2) and (B.1.3) are elements of a group with elements

(P = ( Ié g > with A,B/C/D c R(db‘df)x(db‘df)
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fulfilling a pseudoorthogonality relation ¢J¢°T = J with

]]'dlv

A B ST - AST CST and ] B ]ldf
C D —\ BT DT T L,
_]ldf

This is a representation of the orthosymplectic group OSp(d;, dj|2d ) and nicely gener-
alises the O(dy, dj,)-group of bosonic T-duality. This group was introduced in [142]. Up
to some subtleties, B- and B-shifts can be defined similarly, see [204] for more details.

B.2 Spinor Representation of O(d,d)

Additionally to the background field of the bosonic sector E = G + B, for which O(d, d)-
transformations act naturally on the generalised metric, we need to know how the RR-
fields F in type Il supergravities transform under T-duality. These transform in a spinor
representation [275,276]. Let us briefly sketch the construction of the spinor represen-
tation. We start with an auxiliary fermionic Fock space:

o Let T, = (T})ap be O(d, d) Dirac-matrices, meaning 2d 29 x 29-matrices fulfilling
. 0 1,
{T,, Ty} =21, withyy = < 1, 0 )

e Due to the structure of 7, the operators

1 1
¥ = —T Y, =—T
F) =50 Fe= pten

behave like fermionic creation and annihilation operators:

fory=1,...4d

{¥y, (TJr)V} = ‘551 {¥, ¥} = {(‘Iﬁ)y/ (TJr)V} =0. (B.2.1)
e We define our spinor representation S(¢) of a ¢ € O(d, d) as usual
S(¢) " Tu-S(¢) =Tug",. (B.2.2)

We use the (isomorphic) correspondence of differential forms and fermionic Fock oper-
ators:

generic differential form <+ fermionic Fock operator acting on the vacuum
dy A & (¥
by ‘I’H
d d . .
=Y Qg dx A o Adxt o Q= Z fingigegin (F )L (ET )
n=1 n=1
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1, is the contraction with d,. Spinor representatives S(¢) of all the subgroups of T-
duality, B-shifts, -shifts, GL-transformations and factorised T-dualities (for the O(d, d)-
representations ¢ as in section ) are

S<(PB> = exp (;ryV‘YyTv> ’
S(gs) = exp (—bu (¥ (¥)")
S(gcr) = det(A) exp ((¥1)"In(A),"¥, )
S(er,) = (Y1) + ¥y (B.2.3)

for skewsymmetric matrices b, r, and A €GL(d). We define

1
[oa41 = 271—[74:1(1_‘]4 + Tpa) Ty = Tpa) ~ Hi:l((\lﬁ)u +¥) () —¥p)
d
= Ty (¥, (¥ — (F1)¥)) = T (N = Np) = (~1)er N = (—)™

in order to discuss Weyl representations, satisfying {I';;.1, I} = 0. The N eigenvalue
determines the chirality: the projections to the different eigenspaces defines the distinct
Majorana-Weyl representations. Only S(¢r,) in (B.2.3) changes (—1)F. This is another
way of seeing that (factorised) T-duality transformations change the type of the type II
supergravity, whereas the component connected to the identity preserves it.

These quite simple manifestations of generic O(d, d)-transformations should not
hide the fact that this is not the whole story: Consider for example the coupling of
the Green-Schwarz string on AdSs x S° to the Ramond-Ramond 5-form Fs (see [54])

ERRS ~ ap(x)\aaxV@r/\rﬂlyzy3y4y5FV®PV1”2;[3#4]45. (B.2.4)

The spinors @ are not affected by the generalised T-duality transformations directly
(similarly to the non-isometry bosonic coordinates), but the transformed metric G,
‘creates’ new ten-dimensional Dirac matrices (by means of the spacetime Clifford alge-
bra) and thus the above term Lrrs will still change significantly in general. We also
have to take into account that the Hodge duality conditions on the differential forms F,
in type Il supergravities theory change in a background with a different metric.
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Appendix C

Lie algebra cohomology

For convenience of the reader we state the basic notions and the results used in this
thesis of Chevalley-Eilenburg Lie algebra cohomology here (see e.g. [277,278]).

C.1 Definition

A M-valued k-cochain u is a k-linear skewsymmetricmap u : gA.. A g — M, being an
element of A¥g* ® M. In general we take M to be a vector space of a representation p of
g and as such a g-module.

We can define a coboundary su € A¥1g* ® M of such a k-cochain via a coboundary
operator 6, defined as

5: Afgr oM — A g*@ M, u s éu

k .
Su(xo, X1, .., X)) = Z(—l)’p(xi). (u(x0, ey Riy vy Xn)) (C.1.1)

i=0
+ Z(—l)i+ju([xi, x]-],xo, ...,321-, veey J?j, ceey xk).
i<j

As 6% = 0, we can define the k-th cohomology vector space of g w.r.t. the representation p

as usual as

k-cocycles
k _ y
H' (g, M) = k-coboundaries’ (€12)

C.2 C(lassic results

C.2.1 Compact Lie algebras and lower cohomology groups

Let g be a compact semi-simple (finite-dimensional) Lie algebra, then the Chevalley-
Eilenburg cohomologies H'(g, M) and H?(g, M) are trivial [279]. From this two state-
ments follow:

e There are no non-abelian compact quasi-Frobenius algebras.
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e There are no non-trivial solutions of the classical Yang-Baxter equation (D.1.3) on
compact Lie algebras, except on their abelian subalgebras.

On the other hand in the non-compact case we can hope to find non-trivial elements of
H' and H2. For a nice discussion of the corresponding (M-valued) group cohomology
see appendix of [156].

C.2.2 H?(g, M) and central extensions

Given a Lie algebra g we consider the exact sequence

03 h s eg0, (C2.1)

so Ker(s) = Im(i) is an ideal of the extended algebra ¢ and g can be reproduced by

g~ Inf(l.). If § is abelian, ¢ is called central extension.

H?(g, M) has the nice interpretation as central extensions of g by the g-module M,
then considered to be an abelian algebra. Let us demonstrate the isomorphism explic-
itly for the trivial representation! M = TF, which is the case of interest in section 8.2.2.

e Given a 2-cocycle w on g, let us define a bracket [, |" on the extended algebra
which viewed as a [F-vector space is ¢ = g ® FZ, where Z is the generator of h

[my +11Z,my +12Z] = [mq, ma) + w(my, my)Z, Vm,n € g, r,r2 € F.
(C22)

The 2-cocycle condition on w is equivalent to [, |’ fulfilling the Jacobi identity.
Also, if we take s in (C.2.1) to be the canonical projection of [, |’ back on g, this
naturally reproduces the original Lie bracket [, ] on g. So s is a Lie algebra homo-
morphism.

. . i S . .
e Given a central extension [F < ¢ — g, consider the diagram:

gxg
wl \
F— e % g
where | is a section of s : ¢ — g,i.e. sol = idy. We use [ to define the map

e:gxg—e, €e(my,m) =I1([m,mm])—[l(my),1(my)] for my,my € g, (C2.3)

for which holds e(mj, [ma, m3]) + c.p = 0 due to Jacobi identities in ¢ and g. Thus
€ and w = i1 o€ are ¢- resp. F-valued 2-cocyles on g. This proves that for any
central extension we can find a 2-cocycle.

IThe extension to higher dimensional modules M, in case they are vector spaces themselves, corre-
sponds basically to independent central extensions of the form for each generator of M as discussed below.
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Appendix D

Yang-Baxter equations and
bialgebras

D.1 Classical Yang-Baxter equation and Poisson-Lie groups

Given a Lie group G, we can define a Poisson bracket compatible with group multipli-
cation [99] on C®(G) as
{f,¢} = 11" X, [f)Xsg], (D.1.1)

where X, € x(G) are the left (right) invariant vector fields associated with the ¢, € g.
Evaluated at the identity (IT%(¢) = r*’) skew-symmetry and Jacobi-identity of { , } are
equivalent to

r=rL, ot € gog (D.1.2)
being skew-symmetric (r** = —r") and fulfilling the classical Yang-Baxter equation
(cYBe)

[r12,113] + [r12,723) + [r13,723) = [, 7]s =0, (D.1.3)

where the indices are tensor space indices.
Such a Poisson structure on G induces a Lie algebra structure on g*, the dual vector
space of the Lie algebra g, generated by d dual generators #*:

e, (D.1.4)

[, = [dx°],, dx"] | == d{x", X"}, = (811 ) dx°|, = 7,

The Jacobi identity for a Lie algebra with structure constants fcab is fulfilled due to r

17 opab . . ..
fulfilling the cYBe, if f, Ca is given in terms of 7% and the original structure constants by

- ab d b bd
fc :rafdc_r fadc'

which can be shown by expanding the Poisson bivector

T = pob el gl xe (D.1.5)
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for coordinates X” associated to Lie algebra generators t,. Viewed from the Lie group
of the dual Lie algebra g*, 1% is a closed two-form.

With such a pair of structure constants f€_,, ﬂab on g resp. g*, we can define a Lie
bialgebra via (2.2.40), where the Jacobi identity (2.2.41) is fulfilled, if r is a solution of
the classical Yang-Baxter equation.

D.2 Complex double
Consider the complexification of a (real) simple Lie algebra g
g¢ = g®rC (D.2.1)

with the corresponding involution T(m ® u) = m® 1, Vm € g, u € C fixing g C g¢C©.
Suppose we have a solution of the non-split mcYBe R, so that g with the corresponding
R-bracket [, |, denoted by gg, is a Lie algebra and thus R~ = R—i: gg — g€ is
injective and Lie algebra homomorphism due to (2.2.48). The sequence!

Rt T
gr — gC — g (D.2.2)

with 7 being the projection on the imaginary part w.r.t. Tand Z ‘Im (R-) being bijective

describes the “splitting” of g€ into a Drinfel’d double
g€ = g @ gr = Ker(Z) &, Im(R") (D.2.3)
w.r.t. to the bilinear form
(m+inim' +in') .= (m,n") + v (n,m"), form,m',n,n" €g, (D.2.4)

where v is the (non-degenerate) Killing form of g and R has to be skewsymmetric for
(| ) to be non-degenerate and gr to be Lagrangian.

Example. Take the Lie algebra g¢ = sl[(2, C) with standard generators {h,e, f} ful-
filling the commutation relations

el =e [ fl=—f [ef]=2h
and with Killing form «(h,h) = 17(e, f) = 1. Then
g¢ = s1(2,C) = spang, {il,i(e + f),e — f} ® spang {h,e,ie} (D.2.5)

is the decomposition into the compact real form su(2) and the borel algebra b of positive
roots and is of the form (D.2.3) for the (canonical) Drinfel’d-Jimbo R-operator

R: h—0, errie, f— —if. (D.2.6)

I This is not an exact sequence.

154



The above structure w.r.t. to the Cartan-Weyl basis can be generalised in a straightfor-
ward manner. For reviews see [97, 100].

Group decomposition. In contrast to the Poisson-Lie case the decomposition can
be defined also at the level of the corresponding Lie group G©:

G¢ = GG = GgG, (D.2.7)

where G resp. Gy is the Lie group to g resp. gr, meaning that we can write each ¢ € G¢
as § = hijhy for h; € G and hy € Gg and vice versa. For the canonical Drinfel’d-
Jimbo R-operator on a compact Lie algebra as above this is equivalent to the Iwasawa
decomposition. In the case where the real form is non-compact we can find such a
decomposition for each non-connected component.

D.3 Real double

Consider a (real) simple Lie algebra g, admitting a solution R of the split mcYBe and
the direct (Lie algebra) sum of g with itself:

0=gbdgyg (D.3.1)
with projectors p1, : 9 — g on the first/second copy and the diagonal subalgebra
g° == {(m,m)|m € g} Co. (D.3.2)

R* = (R 4 1) are Lie algebra homomorphisms between gr and g similarly to the com-
plex double case. Consider the maps

L:1gr =0, m— (RY(m),R™ (m))
1
vid=g@g g (mn) e S(m—n)

which are injective respectively surjective Lie algebra homomorphisms, such that the
sequence

gR >0 > g (D.3.3)
describes a splitting of 9, as V|, is bijective. The decomposition
0 = ¢° ®y gr = Ker(v) @ Im(:) (D.3.4)
is a Drinfel’d double w.r.t. to the bilinear form on g & g
{((m,n)|(m',n")) :=y(m,n") —y(n,m"), form,m',nn €g. (D.3.5)

Again the non-degeneracy of ( | ) and also Lagrangian property of gr depends on the
skew-symmetry of R.
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As in the complex case, there is also a decomposition (for each connection compo-
nent) G® G ~ G°G = GG’.

Example. Consider the “analytic continuation” R — —iR of the Drinfel’d-Jimbo
R-operator of the non-split mcYBe

R:h—0, e—e f— —f. (D.3.6)

for the above generators of sl(2,C). Of course it is now not an endomorphism on the
compact real form su(2) anymore, but on the split real form s((2,R). The R-bracket
then is

[h, e]R =e, [h,f]R = 0, [e,f]R = 0, (D.3.7)

so, similar to the complex double case gr ~ b = spang (1, e, ie). We can decompose the
as

2 =5l(2,R) ®sl(2,R) = (sI(2,R))’ &, gr
=spang (h® h,e®e, f B f) By spang (h B (—h),e 0,08 f). (D.3.8)

This again directly generalises to general split real forms and their doubles.

D.4 Lie bialgebras without Yang-Baxter equations?

In the physics literature, mostly bialgebras corresponding to solutions of Yang-Baxter
equations were considered. These are bialgebras, where the defining 1-cocycle is an 1-
coboundary of a 0-cocycle r = rt, A ty, s0 (2.2.43) is satisfied automatically, and where
the (modified) classical Yang-Baxter equation (2.2.47) for the operator R?, = r*x,, with
the Killing form x on g holds, which is a sufficient condition for (2.2.46) to fulfil (2.2.44).

So, these span only a subspace of 1-coboundary bialgebras - in general R does not
have to be a solution of the (modified) classical Yang-Baxter equation. Also there are
non-coboundary 1-cocycles fulfilling (2.2.44). Let us demonstrate now that these more
general bialgebra structures are not at all exotic.

D.4.1 bialgebras on the torus.

The trivial examples are possible bialgebras to an abelian Lie algebra. There are no
non-trivial Chevalley-Eilenburg coboundaries on an abelian algebra, so any structure
constants f, b correspond to a 1-cocycle on an abelian algebra, fulfil the Jacobi identity
and resultantly define a possible bialgebra, the semi-abelian bialgebra (u(1))? &, g*.

D.4.2 Dbialgebras for s/(2,R)

Consider the Lie algebra s[(2,R) with generators (I, e, f) and the commutation rela-
tions

[he] =e, [hf]=—f and e f] =2h. (D.4.1)

There are well-known r-matrices on s((2, R):
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e the jordanian r-matrix r = h A e, solving the classical Yang-Baxter equation.

o the Drinfel’d-Jimbo r-matrix r = c e A f being a solution to the modified classical
Yang-Baxter equation.

As such they correspond to bialgebra structures. But simply solving conditions (2.2.43)
and (2.2.44) shows, that also a generic skewsymmetric r-matrix r = r*°t, A t, generates
coboundary bialgebras. It seems to be a three parameter space of bialgebras, but we
use the fact that the r-matrix

1/, 1
r:e/\f+2<A h/\e+Azh/\f> (D4.2)

is equivalent to the jordanian r-matrix r = I A a via conjugation of the s[(2)-generators

r_ -1 : _ _§ 0
t' = StS with §=1| 4 4 |. (D.4.3)
V24 V2

Up to a total scale which can be absorbed into the definition of the dual generators the
most general r-matrix leading to an 1-coboundary satisfying (2.2.44) is

r=AeAN f+BhAe, (D.4.4)

which is simply the sum of the jordanian and the Drinfel’d-Jimbo r-matrix. There seem
to be no non-coboundary bialgebra structures on sl(2, R).

D.4.3 bialgebras for AdS;

AdS; has the isometry algebra s[(2,R) @ sl(2,R). There is a big amount of solutions
already from Yang-Baxter type solution (e.g. abelian [204], jordanian [201], Drinfel’d-
Jimbo,...). but other 1-coboundary and 1-cocycle Lie algebras exist. Let us give a non-
Yang-Baxter 1-coboundary, which is closely related to the Drinfel’d-Jimbo solution of
the mcYBe:

r==A <€1 A f1+ %hl N hz) + B (62 A fo— %hl N hz) . (D.4.5)

Let us note, that there are only unimodular dual Lie algebras for AdSs, which are 1-
coboundaries of solutions to the classical Yang-Baxter equation.
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