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Abstract

I study how ten-dimensional Type Il Supergravity theories can be reformulated using an
extension of conventional differential geometry known as “Generalised geometry”. I review the
dynamics and symmetries of these theories, define the key elements of generalised geometry,
including the notion of torsion-free generalised connections, and show how this geometry can be
used to give a unified description of the supergravity fields, exhibiting an enlarged local symmetry
group. This part will be end showing that the equations of motion for the NSNS sector of Type
IT Supergravity theories in the framework of Generalised geometry can be reformulated in a
similar way of Einstein’s equations of motion for gravity in ordinary geometry. In the second
part I investigate the notion of “Leibniz generalised parallelisations”, the analogue of a local group
manifold structure in generalised geometry, aiming to characterise completely such geometries,
which play a central role in the study of consistent truncations of supergravity. One of the original
results we obtained is the solution of the misterious case of consistent truncation on S” showing
that in Generalised geometry all spheres S¢ are Leibniz generalised parallelisable. I work out also
some explicit examples of manifold that are Leibniz generalised parallelisable (S? x S, H3, dSs,
AdSs3) and in particular connecting this results with the consistent truncations of supergravity.
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Introduction

String theory is 21st century physics which fell accidentally into the 20th century.
- Edward Witten -

In a physical description of nature, around the seventies, physicists attempted to describe
the fundamental interactions of nature using a Quantum Field Theory approach, getting the
notable Standard Model. As far as we know, in nature there are four fundamental forces, which
are the gravitational, electromagnetic, strong nuclear and the weak nuclear. The quantum field
description was a successful approach, but only for the last three interactions, i.e. for the electro-
magnetic, nuclear strong and nuclear weak. In particular what makes this approach successful is
the possibility to renormalise the theory, i.e. the possibility to remove, within a clever procedure,
all the infinite quantities that appear in the computations of the n-point correlation functions
which, according to the LSZ formula, are related to the observable quantities of the system,
among which the cross section [52].

Therefore Physicists tried to find another way to solve the problem. String Theory, which
at the beginning was born in order to give an explanation of the strong nuclear interaction,
now is recognized to be a theory that explain all the four fundamental interactions in a unified
way, which represent the “Einstein’s dream”. Problems about ultraviolet divergences now do not
appear anymore because of three new ingredients inside String Theory: Supersymmetry, Eztra
dimensions and the replacement of point particles with extended objects’.

Supersymmetry is an appealing idea that consists in trying to enlarge the symmetries of
spacetime, which are represented by the Poincaré group. This idea consists in introducing a new
set of “fermionic” generators with anticommuting relations between each other, and commuting
relations between them and the “bosonic” generators of the Poincaré group. When a fermionic
generator is applied to a bosonic state, the result is a fermionic state.

Therefore Supersymmetry can also be seen as a symmetry that maps a boson into a fermion
and vice versa. In particular to each particle existing in nature is associated a superpartner with
opposite statistics, e.g. photon/ photino, graviton/gravitino, electron/selectron, lepton/slepton,
quarks/squarks, W/Wino, gluon/gluino, Higgs /Higgsino, and so on. Now, with the introduction
of these new superpartners, naively what happens is that for each bosonic ultraviolet divergent
loop diagram, there is a corresponding fermionic diagram, with the same properties, but with
opposite sign, and so the sum is zero. This is what is called “miraculous cancellation” [41].

Extra dimensions, the other important ingredient inside String Theory, at the beginning
consists in replacing the point particle with a string embedded in a spacetime with arbitrary
dimension. The remarkable result of this procedure regards decay processes of one particle into
two particles. Replacing point particles by closed strings, the above process is described by
a closed string that turns into two closed strings, i.e. by a “pants diagram”, and in this way
short-distance singularities are avoided. Now the world sheet is a smooth manifold and this has
a remarkable consequence: loop amplitudes have no ultraviolet divergences [64].

! Actually extra dimensions are not important for removing UV divergences, just only supersymmetry and
extended object are needed. However extra dimensions are indispensable to assure Weyl anomalies cancellation,
which occurs only for the “critical dimension” d = 26 for bosonic string theory and d = 10 for superstring theories.



Figure 1: Miraculous cancellation between loop diagrams of supersymmetric partners. In the picture ¢ represents
a scalar, ¢ a fermion and g is the Yukawa coupling constant. (Courtesy of [55]).

Figure 2: Feynmann diagram of a string interaction vertex.

String Theory at the beginning was born as a bosonic theory in 26 dimensions (d = 26
represents the critical dimension in order to cancel Weyl anomalies). Only after the introduction
of the Supersymmetry we had got what is called “Superstring Theory” which finally lives in 10
dimensions. Superstring Theory is not unique, but it exists in five different versions: Type I,
Type ITA, Type IIB, SO(32) Heterotic, Eg x Fg Heterotic. These five different theories are
regarded as different limits of a single theory, tentatively called M-theory, which lives in 11
dimensions.

Supergravity is a low energy limit of Superstring Theory. Therefore there are five different
types of Supergravity theories (plus another one from a different low energy limit of M-theory,
which is the 11-dimensional SUGRA). Low energy limit means that the energy must be very
less than 1/v/a/, where o is the fundamental scale in String Theory. However our real world is
four-dimensional and superpartners - if they exist - are much heavier then the known observed
particles. In order to obtain a more realist theory, we have to break Supersymmetry to provide
larger masses for the superpartners. On the other side, in order to remove extra dimensions, firstly
we have to perform a compactification. This consist in replacing the 10 dimensional Minkowski
spacetime with the product of a 4 dimensional Minkowski spacetime and a 6 dimensional compact
manifold with characteristic length L.

After a compactification, we have to do a dimensional reduction, which consists in squeezing
to zero the characteristic length L — 0. If we start with a massless particle in the higher
dimensional theory, after compactification we obtain an infinite tower of massive particles in the
lower dimensional theory [25]. One keeps only the lightest states (usually massless). This is
generally not consistent in that these modes will source the heavier modes. However, physically
we do not care because at low energies (i.e. below the mass of the first modes we ignore)
we will not excite these degrees of freedom, and therefore they will not affect the low-energy
(dimensionally reduced) theory.

Otherwise one can take a consistent truncation of the full set of modes which consists in
identify a finite subset of modes where the omitted modes are not sourced by the kept modes.
This means that the two sets of modes, the kept and the neglected, are completely decoupled
between each other - the consistent modes do not have to be the lightest one and the space
does not even have to be compact. The reader may wonder why we are interested in consistent
truncations. The answer is because any solution of the low dimensional theory involving modes
from consistent truncation, when uplift to the high dimensional theory, gives an exact solution.
This is a requirement of consistency that we want about our theory. Consistent truncations will



be explained in details in chapter 1.

A very important question regards which compact manifolds give consistent truncations. Do
all compact manifolds provide consistent truncations? The answer unfortunately is no. There
is a known result [58|, [59] which tells us that consistent truncations appear in manifolds that
are local group manifolds, which means the manifold M can be written as the quotient of a Lie
group G and a discrete group I', i.e. M = G/T'. For instance consistent truncations are provided
by the spheres S', 53 and by the n-dimensional torus 7", which correspond respectively to the
groups U(1), SU(2) and [U(1)]™.

The aim of this thesis is to study the “Generalised geometry”, which in one sketch it consists
in replacing the tangent bundle of a manifold with the direct sum of the tangent bundle and the
cotangent bundle. Actually this represents just one way to define generalised geometry, because
it is not unique. Generalised geometry will be defined in chapter 2 and will be applied to Type
IT Supergravity theories in chapter 3 and 4. In particular the chapter 4 concerns the study of
consistent truncations and has original components. The questions we would like to answer with
this approach are given by the following motivations

(I) Using the framework of generalised geometry we prove that the equations of motion for
the NSNS sector of Type II supergravity theories can be written in a very similar way of
Einstein’s equations for gravity in ordinary geometry using a metric approach [15]. There
is nothing physical new, at least in this moment, about this result. Needless to say, it
represents a beautiful formal result.

(IT) In the study of consistent truncations of supergravity there are some mysterious cases
that are not well understood within the framework of ordinary geometry. What we are
talking about are consistent truncations on S7 [20], on S* [47], [48] for eleven-dimensional
supergravity and on S [18] for Type IIB supergravity, which are not local group manifold.
The remarkable fact is that all spheres S¢ can give a consistent truncation because they
are “Leibniz generalised parallelisable”, which in generalised geometry replaced the concept
of local group manifold.

(III) Double Field Theory and Generalised Geometry are two approaches which can be shown
to be locally equivalent to each other. Double Field Theory [1], which was developed
principally by Waren Siegel [62], [63], Chris Hull and Barton Zwiebach [42],[71], consists
in defining a field theory in a double configuration space (z,Z). In this approach the
tangent bundle is 2d-dimensional because of the “double” coordinates. In the approach
of generalised geometry the target space remains as usual with the normal d coordinates,
but what is double now is the “tangent bundle” (that now is called “generalised tangent
bundle”) which consists in “T'M @ T*M”. At the end of the day both approaches have a
tangent bundle which is 2d-dimensional and a natural O(d, d)-structure.

(IV) Generalised geometry is also a proposal to incorporate “T-duality” [26], in a sense we are
going to explain. We mentioned before that generalised geometry has a natural O(d, d)-
structure. If we try to look now at Type IIA and Type IIB Superstring theories compactified
on an n-torus (thus the spacetime is Mjg_,, x T™) then we know there is a symmetry
between the two theories, called “T-duality”, which is represented by the action of the
O(n,n;Z) group. An heuristic suggestion, perhaps quite speculative, for investigating in
generalised geometry, is that T-duality group O(n,n;Z) is enclosed inside, as a subgroup,
to the structure group O(d, d; R) of the generalised tangent bundle. However, although it is
often said that Double Field Theory (and hence also generalised geometry) incorporates T-
duality or make T-duality manifest, this is not really true. T-duality is a discrete symmetry
O(n,n;Z) of a particular background geometry (tori 7"), while O(d, d) is the continuous
structure group symmetry which is present for all backgrounds. They are not the same.

In this thesis the logic is the following. In the chapter 1 will be presented the basic concepts
of String Theory. We will start writing down the string action and by variational principle we
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will be able to write the equations of motion for the string coordinates. Then we will expand
the solution and quantised normal modes. From an analysis of the spectrum, which we will not
treat but just show the result, will appear three types of massless fields: a graviton g,.(x), a
2-form antisymmetric tensor gauge field By, (x) and a “dilatonic” scalar ¢(x). We will show the
effective action and how the critical dimension d = 26 appears in bosonic string theory. We will
also give a connection with superstring theories.

Then we will talk about compactifications and dimensional reductions, explaining the so-
called Kaluza-Klein theory. Here, related to this topic, we will talk about consistent trunca-
tions. Then we will explain T-duality, which is a symmetry of the bosonic string embedded in a
spacetime compactified on a circle and a symmetry between Type ITA and Type IIB superstring
theories compactified on a circle. The chapter will end extending T-duality symmetry to toroidal
compactification, in particular analysing by which group it is represented.

In chapter 2 we will talk about generalised geometry, focusing more on mathematical aspects.
Generalised geometry represents an appealing idea coming from the mathematician Nigel Hitchin
and consists in an “extension” of ordinary geometry. In ordinary geometry, one takes a d-
dimensional manifold M with its associated tangent bundle T'M. In generalised geometry what
we do, roughly speaking, is replacing the tangent bundle TM by TM & T*M. Pictorially, in
generalised geometry instead of considering only vector we consider “vector + 1-form”, which are
called “generalised vector”.

Then we will define “patching rules”, which are relations between fibres on the overlap of the
open sets {U;} which cover the manifold. Patching rules are a fundamental ingredient in the
theory of fibre bundle. The way to define patching rules should reproduce diffeomorphisms and
gauge transformations of By,,.

We will see in the framework of generalised geometry that the B field plays a central role. It
establishes the isomorphism between the generalised tangent bundle £ and TM @ T*M by the
Splitting Lemma.

Then we will move to extend in generalised geometry the concept of diffeomorphism. Lie
derivative and Lie bracket will be generalised, respectively, by the so-called Dorfman derivative
and Courant bracket. This argument will lead us to introduce O(d, d)-structure in generalised
geometry.

In chapter 3 we will generalise the fundamental tools of General Relativity, which are metric,
connection, torsion, Riemann curvature tensor, Ricci tensor and scalar of curvature. This chapter
is quite technical. The logic we will follow to perform the generalisation will be close as much as
possible to the logic one use for defining the above objects in ordinary geometry.

At the end of the chapter 3 we will be able to write Type II Supergravity equations of motion
for the bosonic sector as generalised version of Einstein’s equations in vacuum.

In chapter 4, which has original components, we will investigate about consistent truncations
in the framework of the generalised geometry. We will introduce a conjecture which states that
manifolds that are Leibniz generalised parallelisable give consistent truncations.

Then we will show that all round spheres S are Leibniz generalised parallelisable, hence by
the conjecture above, they give consistent truncations. This fact gives us an answer about the
mysterious cases of consistent truncations on S*, S5 and S”7. The proper generalised geometry to
study the round spheres is not the Hitchin’s one which consists in replacing TM by TM & T* M,
rather it is the one which replaces T'M by T'M & /\d_2 T*M. The case d = 3 is special, because
the generalised geometry for spheres coincides with Hitchin’s generalised geometry.

Then we will study 3-dimensional manifolds, which are described by the same embedding
equation of the sphere, i.e. 7, X*X" = 1, but with different signature of 7,,,, such that they
can be approached with the same generalised geometry of the 3-sphere, which is the Hitchin’s
one. The manifolds which we choose are 3, S? x S', H3, dS3, AdS3;. We will show explicitly
that all these manifolds are Leibniz generalised parallelisable, and analyse the algebra generated
by the generalised vector frame (called simply frame). The reason why we are interested in the
algebra generated by the frame is due to the consistent truncations. If we perform a dimensional
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reduction over a manifold whose frame generates the algebra associated to the Lie group G, than
in the dimensional reduced theory the group G plays the role of gauge group.

Related to this argument, we will motivate the conjecture 17| using generalised geometry.
The conjecture states that for a dimensional reduction over a Lie group manifold M = G,
instead of taking the gauge group G provided by the frame, let us pick up G x G. The idea
is that generalised geometry, with its property to be “double”, gives us a frame which encodes
G x G algebra.






Preliminaries in String Theory and Supergravity

I do feel strongly that string theory is our best hope
for making progress at unifying gravity and quantum mechanics.
- Brian Greene -

String theory is an ambitious project. Even thought string theory is not yet fully formulated,
and we cannot yet give a detailed description of how the standard model of elementary particles
should emerge at low energies, or how the Universe originated, there are some general features
of the theory that have been well understood. The first general feature of string theory, and
perhaps the most important, is that general relativity is naturally incorporated in the theory. At
hight energies/short distances the theory gets modified, but at ordinary energies and distances it
is present in exactly the form as proposed by Einstein. This is a remarkable fact because gravity
is unified with the other forces of Nature inside a single quantum mechanical framework.

The premise of string theory is that, at the fundamental level, matter does not consist of
point-particles but rather of tiny loops of string. It assumes that all particles are different
harmonics of small vibrating strings, much in the way the different harmonics of a guitar string
correspond to different musical notes. From this slightly absurd beginning, the laws of physics
emerge. General relativity, electromagnetism and Yang-Mills gauge theories all appear in a
surprising fashion. However, they come with baggage. String theory gives rise to a host of other
ingredients, most strikingly extra spatial dimensions of the universe beyond the three that we
have observed.

Hence our journey inside string theory will start naturally recalling the physics of particle
moving in spacetime, and then generalising to extended objects, called p-branes.

1.1 Relativistic free point particle

The motion of a relativistic particle of mass m in a curved d dimensional spacetime can be
formulated as a variational problem. In order to reproduce the non-relativistic equations of
motion, the only possible choice for a relativistic action is to be proportional to the length of
world line

So = —m/ ds , (1.1)
7



where the mass m appears because of the dimensionless requirement of the action, and ds is
defined as follow

ds® = — g, (X)dX"dX" . (1.2)

Here g,,(X), with p,v =0, ...,d — 1, describes the background geometry, which is chosen to
have Minkowski signature (— 4 - - +).
The action (1.1) therefore takes the form

. . dx*
So = — g (X)XBXY dr h xn =22
0 m/\/ G (X) T where =

The action Sp has a couple of disadvantages. First if does not work for massless particles
with m = 0. Second Sy contains a square root, so that it is difficult to quantize in a path integral
framework. These problems can be circumvented by introducing an action equivalent to the
previous one at the classical level, which is formulated in terms of an auxiliary field e(7), called
einbein

(1.3)

_ 1 ) ) L
So = 2/ dr (6_1X2 - m2e> , where X? = g (X)XHX" . (1.4)

We prove now the equivalence between the two actions Sy and Sy. The equation of motion of
e(7), by variational principle, is

85, .
5—0:0 = m?e? + X2 =0, (1.5)
e
Then we can rewrite
X2 = g XPXY = _\/_QWXMXV\/_QWXMXV 7 (1.6)

and then the solution for e(7) and its inverse can be written as

1 ..
e=—\/—guXrXv L — (1.7)
m /—QNVXMXV

Substituting (1.7) back into (1.4) we get

- 1 — — 1 —
CA Y P T a5 O s R N A 5

= —m/ dT\/—g“yX”XV =5y . (1'8>

1.2 Generalisation to the p-brane action

Let us now generalise the action (1.1) to extended object, called p-brane. The 0O-brane is repre-
sented by the particle and it sweeps out a world line in spacetime, the 1-brane is the string and
it sweeps out a two-dimensional world sheet in spacetime. In general, the p-brane is an object
which is extended in p spatial dimensions and it sweeps out a (p + 1)-dimensional world volume
in a d-dimensional spacetime with, of course, p < d. The figure 1.1 represents this concept for
the string.

The generalisation of the action (1.1) to a p-brane naturally takes the form

Sp = —Tp/ dpy - (1.9)

8



Here T, is called the “p-brane tension” and replaces the role which mass plays in (1.1), while du,
is the (p + 1)-dimensional volume element and replaces the role which the line element ds plays
n (1.1). The explicit formula for dp, analogous to (1.2) is

dpy = +/—det (Gop) d**to | (1.10)

where G, is the induced metric on world volume, which is the pull-back of the metric g,

Gab = gW(X)é?aX“&bX” a,b = 0, D (1.11)

The indices a and b have a precise meaning. The (p + 1)-dimensional world volume can be
parametrised by p+ 1 parameters, which we call in a compact notation 0% = (¢, 0!, ..., 0P). The
parameter 0¥ is time-like, so it can be chosen equal to 7, and the parameters ¢, with i = 1, ..., p,
are p-space-like coordinates. For us 9, X" = 0X"/0c°.

Since dy, has units of (length)P*1, the dimension of the p-brane tension is

mass

T,] = (length) P! = ——
[ p] (eng ) (length)p )

(1.12)

hence T}, is an energy per unit of (spatial) p-volume.

A X

Figure 1.1: The string moving in a tree-dimensional spacetime. The classical trajectory of a string minimizes
the area of the world sheet. (Courtesy of [3]).

1.3 The string action

In this section we want to study the particular case of string (or one-brane) propagating in d-
dimensional flat Minkowski spacetime (g, = 7). The points on the world sheet, sweeped out
by the string, are parametrised by two coordinates, ¢° = 7 which is time-like, and ¢! = o, which
is space-like. If o is periodic, e.g. o € [0,27] with X (7,0) = X (7,27), we are describing a closed
string (right object in figure 1.2 ). If o covers a finite interval, but without periodicity condition,
we are describing an open string (left object in figure 1.2).

The action describing a string propagating in a flat background geometry can be obtained as
a special case of (1.9). This action, called the Nambu-Goto action, takes the form

Sng = —T/ dodT\/ (X X2 — X2X72 (1.13)
where
. OXH G
X == and X S (1.14)

and the scalar products are defined by the flat metric, i.e. A-B = n,,A*BY. Since the string
action has dimension of area, the classical string motion must extremizes the world sheet area,

9



2

X

Figure 1.2: Open and closed strings propagating on spacetime. (Courtesy of [3]).

just as classical particle motion makes the length of the world line extremal by moving along a
geodesic.

Even thought Nambu-Goto action has a nice physical interpretation as the area of the string
world sheet, its quantization in a path integral framework is quite tricky due to the presence
of the square root. Also Nambu-Goto action does not work for tensionless strings with 7" = 0.
An action that is equivalent to the Nambu-Goto action at the classical level' is the string sigma
model action, called also Polyakov action.

The logic followed here is similar to the one presented for the point particle. The string-sigma
model action is expressed in terms of an auxiliary world sheet metric hq,(7, o), which plays a role
analogous to the auxiliary field e(7) introduced for the point particle. The string sigma model
action is

Sy = —g / 2o/ —hh®9,X - 9, X , (1.15)

where h = det(hg) and h® is the inverse of hgp, i.e. hech® = §,°, as customary in relativity.
Again hyp, can be eliminated solving its equations of motion. Also, since the auxiliary field hg,
has no kinetic term in the action, its equation of motion implies the vanishing of the world-sheet
energy-momentum tensor Ty, i.e.

55, 2 1 48,
= T - — = -
Sy 0 — a = =T = ghad

Hence T,; = 0 is a constraint which must be imposted together the equations of motion for X*,
because it represents the equations of motion for the auxiliary field.

(1.16)

Now we show here the equivalence between the Nambu-Goto action and the Polyakov action.
The variation of the Polyakov action respect the auxiliary field hgp reads

65, = —:g/ d’o (—;\/—h hegh™0, X - O, X +V—h0.X - 8dX> shet (1.17)

where we used the fact

1
v/ —h = —5\/—11 hap0ha® (1.18)

The equations of motion for hgy, are

1
DX - 03X = 5hcdlwbaax OB X . (1.19)

! Actions equal at the classical level means they give rise to the same equations of motion.

10



Let us take the square root of minus the determinant of both sides of the above equation.
In doing that remind for the string the indices a, b, c,d run from 1 to 2. Hence computing the
determinant, the coefficient %habaax - JpX on the RHS appears two times. Then we have
1

v —det (9.X - 0g) = 5\/—hh“b8aX X . (1.20)

We recognise on the LHS exactly the integrand which appears in the Nambu-Goto action and
on the RHS the integrand of the Polyakov action, hence the equivalence is proved.

1.4 Symmetries of the Polyakov action

The Polyakov action for the bosonic string in Minkowski spacetime has three symmetries under
the following transformations

e Poincaré transformations. These are a global symmetries under which the world sheet
fields transform as

SXH =wh , XY + at and Sh** =0, (1.21)

where the constants w* ,,, with w,,, = —w,,,, describe infinitesimal Lorentz transformations
and a* describe spacetime translations.

e Reparametrisation, also known as diffeomorphisms. This is a local symmetry on the world
sheet. The string world sheet is parametrized by two coordinates 7 and o, but a change in
the parametrisation does not change the action. The fields X* transform as world sheet
scalars, while hgy, transforms as a type (0,2) tensor

XH(o) = X'M(o") = XH(0o)

o€ do?
han(0) = Wiy (0”) = 37 25 hoy(o)

(1.22)

o = o = f o), — {

These local symmetries are called also diffeomorphisms because they correspond to maps
of the world sheet into itself. Of course, mathematically f and its inverse f~! are class

C™.

o Weyl transformations. The action is invariant under the rescaling

hap — €?T by and SXH =0, (1.23)

since vV—h — e?/—h and h*® — e ?h® give cancelling factors. This local symmetry is
responsible to the fact that the energy-momentum tensor is traceless.

How can we actually think of Weyl invariance? It is not a coordinate change. It represents the
invariance of the theory under local change of scale which preserves the angles between all lines,
before and after the transformation. Hence a Weyl transformation is a conformal transformation.

~
\\

Figure 1.3: An example of Weyl transformation acting on the string world sheet. Angles between lines are
preserved (conformal transformation). (Courtesy of [68]).
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The two world sheets metric shown in the figure 1.3 are viewed by the Polyakov string as
equivalent. This is quite surprising, because theories with these property are extremely rare.
Weyl invariance is special to two dimensions, because only in this case the scaling factor coming
from v/—h cancel that coming from the inverse metric h%. Theories with Weyl symmetry
constrain deeply the kind of interactions that can be added to the action. For example, a
potential term like the following one is forbidden

/ d*oV/—hV(X) . (1.24)

Hence a world sheet cosmological constant term on the form

A/ d?ov/—~h | (1.25)
is forbidden.

1.4.1 Gauge fixing

Since the theory possess local symmetries, we can use them to choose a gauge. One possible
choice is the static gauge, which fixes the longitudinal directions X° = 7, X! = &, while leaving
transverse directions X%, i = 2, ...,d — 1 free functions of 7 and o.

Another choice of gauge regards the fixing of the auxiliary field components h,,. The auxiliary
field has three independent components

hoo  ho1
hap = , 1.26
’ (hl() h11> ab (1.26)

where h1g = hg1. Reparametrisation invariance gives us the possibility to choose two functions,
f% and f', in order to fix two of the components of hy,. Again by Weyl invariance we can fix
another component of hy, choosing the scaling factor e?. So in the case of the string there is
sufficient symmetry to gauge fix hyp completely. Since the signature of hyp is (—+), the auxiliary
field can be chosen to be diagonal

-1 0
hab = Nab = < 0 1) . (1.27)
ab

Actually such a flat world sheet metric is only possible if there is no topological obstruction,
which is the case when the world sheet has vanishing Euler characteristic> (e.g. cylinder and
torus). When a flat world sheet metric is an allowed gauge choice, the string action takes the
simple form

S = _Z/ 20 9,X - 0°X = g/ Po(X? - X", (1.28)

which tells us the coordinates X* can be think as a set of d massless scalar fields which live in
the two-dimensional world sheet. In this gauge, which is called conformal gauge, the Polyakov
action in flat spacetime reduces to a free theory.

The fact we can use Weyl invariance to make any two-dimensional metric flat is an important
result. Let us see how this can be done concretely. Consider two metrics related by Weyl
transformation, namely hflb = ¢2?h,,. One can check that the Ricci scalars of the two metrics
are related by

V—h'R' = /~h(R - 2V?¢) . (1.29)

2The Euler charateristic is a topological invariant represented by a number that describe the shape of a
topological space, regardless of the way it is bent. For example the Euler characteristic of a closed orientable
surface can be calculated from its genus g (intuitively, the number of “handles”) as x = 2 — 2g. For a complete
definition see [46].
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We can pick up a ¢ such that the new metric has vanishing Ricci scalars, R’ = 0, simply by solving
this differential equation for ¢. However, in two dimensions (but not in higher dimensions) a
vanishing Ricci scalar implies a flat metric. In fact, only in two dimensions, symmetry properties
of the Riemann curvature tensor and Bianchi identity means it must take the form (see [46])

R
Raped = B (hachbd — hadhee) - (1.30)

Therefore if Ricci scalars vanishes, also Riemann curvature tensors vanishes, which means
the manifold is flat.

1.5 Equations of motion and boundary conditions

The equation of motion of X*# coming from variation of the action (1.28) is the wave equation

do?  or?

Since the metric on the world sheet has been gauge fixed, the vanishing of the energy-momentum
tensor, i.e. Ty, = 0, originating from the equations of motion of the world sheet metric, must
now be imposed as an additional constraint condition. In the gauge hg, = 7ap, one find the
components of this tensor, which are

2 2
00" X" = 0 or ( o _9 ) Xt=0. (1.31)

Tor =Tio = X X' and Too =111 = %(Xz + X/2) . (132)
Since Tpp = T11 we have the vanishing of the trace of the energy-momentum tensor Tr(T) =
n®T,, = Ti1 — Too = 0. This is a consequence of Weyl invariance.
In order to give a fully defined variational problem, boundary conditions need to be specified.
A string can be either closed or open. For convenience, we will choose the coordinate o to have
the range 0 < o < 2. The equations of motion of X* are given by the stationary points of the
action, which are determined by demanding invariance of the action under the variation

XH = XF 4 0XH" (1.33)

In addition to the equation of motion (1.31), appears the boundary term

T / do [XuéX“]T:Tf —X,LdX“|T:TZ} T / dr [X/0X  pmon — XL0X | ,—g] ,  (1.34)

which must be vanish. The first term always appear when using principle of least action. The
equations of motion are derived requiring that 6X* = 0 at 7 = 7; and 7 = 7y. However the
second term is novel. There are many ways to make it vanishes, which consist in

e (losed string. The boundary condition consist in the periodicity of X*

XH(r,0) = XM (1,0 4+ 2m) . (1.35)

e Open string with Neumann boundary conditions. The component of the momentum normal
to the boundary of the world sheet vanishes, i.e.

X, =0 at oc=0,2rm. (1.36)

If this choice is made for all u, Poincaré invariance is not broken. Physically, they mean
that no momentum is flowing through the ends of the string.

13



e Open string with Dirichlet boundary conditions. The positions of the two string ends are
fixed so that 0. X* = 0, and

X’u|U:0 = XéL and Xu|0:2ﬂ— = Xg;r y (137)

where X' and X} are constants and = 1,...,d—p—1 and Neumann boundary conditions
are imposed for the other p+ 1 coordinates. Dirichlet boundary conditions break Poincaré
invariance.

Concretely, Dirichlet boundary conditions mean
X'*=0 for a=0,..,p

X = for IT=p+1,..,d—1 (1.38)
(1.39)

with ¢! constant. Therefore the end-points of the string must lie in a (p + 1)-dimensional
hypersurface in spacetime such that the SO(1,d — 1) Lorents group is broken to

SO(1,d —1) — SO(1,p) x SO(d—p — 1) . (1.40)

This hypersurface is called a D-brane, or better Dp-brane, where D standes Dirichlet and p is
the number of spatial dimensions of the brane. The modern interpretation of String Theory is
that spacetime is filled of D-branes and strings end on them with Dirichlet boundary conditions.

q\ Dirichlet

- -
4 Neumann

Figure 1.4: Dirichlet boundary condition. The string end-points can move on the Dp-brane with Neumann
boundary conditions. (Courtesy of [68]).

The Dp-brane always has Neumann boundary conditions in the X° direction. A natural
question which may arise is what about to have Dirichlet conditions for X°. This requirement
looks quite wired since the object is now localised at a fixed point in time. But there is a
physical interpretation of such an object: it is an instanton. This D-instanton is usually think
as a D(—1)-brane and it is related to tunneling effects in the quantum theory.

Let us solve the equations of motion for the string (1.31). It is convenient to introduce world
sheet light-cone coordinates, defined as

ot=1+0. (1.41)

In these coordinates the equations of motion becomes

0L0_XP =0 . (1.42)

In light-cone coordinates the energy-momentum tensor becomes
T++ - 8+X“3+XH T+7 - 0 (143)
T_.=0 T__ =0_X"0_X, . (1.44)
The most general solution is
XH(1,0) =XV (oh) + Xh(oT), (1.45)
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where X} and X }’fi are arbitrary functions which describe left-moving and right-moving waves
respectively. There are two other conditions we must add. One is the reality of X*, the other is
the vanishing of energy-momentum tensor, which is

(0_XRr)* = (04 X1)*=0. (1.46)

For the closed string, which satisfies periodicity boundary conditions X*(7,0) = X*(7,0 +
27), the most general solution can be expanded in Fourier modes

1 1 ! 1 .
Xh(r—o0)= ix“ + 50/]9“(7’ —0)+ z\/gz Eaﬁle_m(“”) ,
n#0
[ L, Lo o L i —in(r+o)
XL(T+U):§:L' —i—§ap (tr+0)+1i gzﬁane , (1.47)
#0

where x* is a center-of-mass position and p* is the total string momentum, describing the free
motion of the string center of mass. This can be checked by studying the Néther currents arising
from spacetime translation symmetry X# — X*# + a/. The parameter o/, called Regge-slope
parameter, is the fundamental string constant and is related to the string tension 7" and the
string length scale [ by

1
T=5— and 2=da . (1.48)

The exponential terms in (1.47) represent the string excitation modes. The requirement that
X 1’% and X Z are real implies that z*# and p* are real, while positive and negative modes are
conjugate to each other

o = (a)* and & = (ah)" . (1.49)

- —-n

The terms linear in o cancel from the sum X ]’% + X, therefore closed-string boundary conditions
are satisfied.

In order to quantise the theory, one can introduce the canonical momentum conjugate to X*#,
given by

PH(1,0) = 9Ly (1.50)

0X,

The classical Poisson brackets, at equal time, are

{XH*(1,0),X"(1,0")} = {PH(r,0), P’ (1,0")} =0, (1.51)
{PH(1,0), X" (1,0")} =" (0 — o) . (1.52)

Inserting on (1.51) the mode expansion for X* and X* gives the Poisson brackets satisfied
by the modes

{af,, an} = {ah,, an} = imn" dpmino (1.53)

{ot G} =0 . (1.54)
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1.6 The quantum string

The world sheet theory developed up to now can be quantised. The canonical quantisation
consists in replacing Poisson brackets by commutators

1
and in promoting the modes o/, and &}, as operator. The commutation relations of a4, and &4

are those of harmonic oscillator creation and annihilation operator. In fact if we define

o
at = —2 with n>0, (1.56)

N

and with the same definition for the modes a4, then we have the familiar commutation relations

SI&

I
an,

)

[aly, a;f] = Omnn"” [d%,&fj] = Omn " lah,,ap] = ... =0. (1.57)
Therefore each scalar field X*#, for fixed p, gives rise to two towers of creation and annihilation,
decoupled to each other. There are two towers because we have right-moving modes a4, and
left-moving modes &7,.
After defined commutation relations, one can starts building the Fock space of our theory.
One can introduce vacuum state of the string |0), defined as

att0) =@t [0) =0, (1.58)

which represent the ground state for the harmonic oscillators. Actually this is not the ground
state for the whole system, because we have to keep in consideration also the operator x* and p*,
which they give informations about the motion of the center-of-mass. The true ground state is
|0) ® U(z), where ¥(z) is a spatial wavefunction, which carries, if we work in momentum space,
a quantum number given by p*, which is eigenvalue of the momentum operator p*. Therefore
we can write the vacuum state as |0;p), which still obeys (1.58), but now also

p*10;p) = p"|0;p) . (1.59)

A generic state living in the Fock space can be generated acting with any number of creation
operators a't and @t

(ag Ty (1) em - (@) (@572 - 0:p) (1.60)

Each state in the Fock space represent a different excited state of the string. Since the excited
states of the string have interpretation of different species of particles, and since there are infinite
number of way to excite the string (n € N), the conclusion is that in our particle spectra there
are an infinite number of different species of particles. This is different from the point of view of
the Standard Model, where the number of species of particles is finite.

It should be emphasized that this is first quantisation, and all of these states (including the
ground state) are one-particle states. Second quantisation requires string field theory [61].

Already at this stage emerge some crick of the theory. For example the states build from the
time component operators a’, and d?n have negative norm

m

alt |0) with norm (0]a2,al |0y = -1, (1.61)

where the ground state is normalised as (0|0) = 1. The reason is due to the minus sign in the
commutation relations which is coming from gy = —1.

Therefore now we have to go deeper inside the quantisation of the string, removing non-
physical states. There are two ways available, both compatible with the canonical formalism
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shown above. These two choices reflect the fact the string action enjoys a gauge symmetries (i.e.
reparametrisation and Weyl invariance) and whenever we wish to quantise a gauge theory we are
presented with a number of different ways in which we can proceed.

e Covariant quantisation. It consists first in quantising the system (as we did before) and
then subsequently imposing the constraints that arise from gauge fixing, intended as op-
erator equations acting on the physical states of the system and modding out by residual
symmetry. For instance, in QED, this is provided by the Gupta-Bleuler method of quanti-
sation which comes from fixing the Lorentz gauge. In string theory, covariant quatisation
consists of treating all fields X* as operators and imposing the constraint of vanishing
energy-momentum tensor Ty, = 0 on the states and modding out by residual conformal
Symmetry.

e Lightcone quatisation. This alternative method consists first in solving all of the constraints
of the system in order to determine the space of physically distinct classical solutions.
Second, one can quantise these physical solutions. Again, in QED this is the way one
proceed in Coulomb gauge.

At the end of the day the two methods must agree. Each of them presents different challenges
and offers a different viewpoint.

This work is not intended to show in details this part, which can be found in a classical String
Theory’s book [30], [3], [53]-

1.6.1 The string spectrum

In this section we present the outcomes from the analysis of the spectrum of a single, free string.
Before do that, let us define what is the mass of a string. From the relativistic mass-shell
condition, mass is defined as

M? = —p,p* | (1.62)

where p,, is the total momentum of the string, which is given by

P = T/OTr do X*(0) . (1.63)

Writing X* in modes expansion, one have for the closed string the mass formula

(e 9]

M? == (ap an+a - an) . (1.64)

n=1

The tachyon.
Let us start with the ground state |0;p). If one applies the mass operator (1.64) to the ground
state, the result is [3]
9 1 D-2

M~ = U6 (1.65)
There is an evident problem: this particle has a negative mass-squared. Such particles are called
tachyons. These objects, in the context of special relativity, are interpreted as particles moving
faster then the speed of light. But in the language of quantum field theory there is a better
interpretation. Suppose to have a field in spacetime - let us call it ®(z) - whose quantisation
will give rise to a tachyonic particle. Suppose V(®) is the potential term which enters in the
lagrangian density £. The mass-squared of the particle is simply the quadratic term in the
lagrangian, i.e.
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V(D)
00 oo

Therefore the negative squared-mass is telling us we are expanding the system around a vacuum
which is situated in a maximum of the potential V(®). Since this vacuum is unstable, one
should shift and expand around a minimum of the potential, which is stable. This shift is made
explicit in string field theory. The natural question is whether the potential has a good minimum
elsewhere. Unfortunately, no one know the answer to this.

The tachyon is a problem just for the bosonic string. If we introduce fermions on the world
sheet and study superstring, then tachyons will disappear.

M? (1.66)

The first excited states.

Once imposed contraint conditions in the quantisation process, one can find the first excited
state. It contains (d — 2)? particle states, because the constraint conditions restrict the index p
to runs from 1 to d — 2 (i.e. i = 1,...,d — 2). Therefore the states are given by®

Q7Y = aifa) |0;p) . (1.67)

The indices 7 and j of the operators EL? and a{T transform in the vector representation of the
group SO(d — 2), or equivalently, in the massless vector representation of the full Lorentz group
SO(1,d — 1). Therefore the state !Q”> lies in the tensor product of two massless vectors repre-
sentations.

One can compute the mass of these particle states applying the mass operator (1.64) on

(1.67). The result is
4 d—2
M2:0/<1_24 > : (1.68)

but since the states |Q”> must be massless, for consistency reason the spacetime dimension must

be

d=26. (1.69)

The dimension d = 26 is also called critical dimension of the bosonic string theory.
Hence the states |Q) must transform in the 24 ® 24 representation of SO(24). Obviously
this representation is reducible because decompose into three irreducible representations

24 %24 =299 5276 1 , (1.70)

where 299 is the traceless symmetric second rank tensor, 276 is the antisymmetric second rank
tensor and 1 is the singlet (i.e. trace), and are described by the fields

guv(X) B (X) , P(X) . (1.71)

The quantum of these fields give rise to particles®. The particle in the symmetric tracless rep-
resentation of SO(24) is particularly interesting. It is a massless spin 2 particle. There are
general arguments, due to originally to Feynman and Weinberg, that any theory of interacting
massless spin 2 particles must be equivalent to general relativity. We should therefore identify
the field g, (X) with the metric of spacetime. The antisymmetric representation correspond to
the so called “Kalb-Ramond field” or, in the language of differential geometry, the “2-form”. The
real scalar field is call the dilaton. The remarkable fact is that these three massless fields are

3In the lightcone quantisation one finds the so called level matching condition which for the first excited state
tells us if we act with a creation operator, then we have to act also with an annihilation operator.

4By Wigner’s theorem, particles are in correspondence 1 to 1 with irreducible representations of the little group
SO(d — 1) in the massive case, and SO(d — 2) in the massless case.
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common to all string theories. The set (g, (X), B (X), (X)) is also called (massless) back-
ground. The flat spacetime we have considered so far is represented by the background (7,0, 0).

Higher excited states.

Let us treat first the second excited states, then the higher excited states have similar behaviour.
In the right-moving sector, appear two different states a‘aj |0) and a} |0). The same is true for
the left-moving sector. Therefore the second excited states can be written as®

(aja] @) ® (@8] © ab) |0;p) - (1.72)
Again, one can compute the mass of these states and finds
4
2
The general feature is that all these excited states will have mass close to the Planck scale,
so there is a low probability to found them in a particle physics experiment. But they play an
important role when one come to discuss scattering amplitudes. It is thanks to this infinite tower
of states that ultra-violet behaviour of gravity is suppressed.

1.7 Low energy effective action

So far, we have only discussed strings propagating in flat spacetime. In this section we want to
study strings propagating in different backgrounds (g, (X), Bu (X), ¢(X)).

There is a natural generalisation of the Polyakov action. In order to preserve symmetries and
renormalisability, it is [3]

Sgp =Sy + S+ S , (1.74)
where
S, = — 4730/ / P =T h® gy (X)Da X0, X
Sp=— 4730/ / 2oV =h e®B,,,(X)0, X" 9, X"
Sy = —Mla, / d?ov/—h o/ R(h)p(X)

The first term involving g, is the natural generalisation of the Polyakov action for flat
Minkowski spacetime to curved spacetime. The second term which include B, represent how
strings couple with the antisymmetric field B,,. The tensor €® is the Levi-Civita tensor in
2-dimensions normalized such that v/—he'? = +1. The third term represent how strings couple
with the dilaton field ¢(X). In this term appears R(h), which is the 2-dimensional Ricci scalar of
the world sheet (in some sense the string contributions enter here). The Regge-slope parameter
o/ appears for dimensional reason.

Let us look the properties which possess the action (1.74)

e Spacetime diffeomorphisms invariant. Since all spacetime indices are contracted together
the action Sy, is invariant under spacetime general coordinate transformations X* — X',
provided g,,, and By, transform as tensors and ¢ as scalar, i.e.

, 0X* 9XP 0X* 9X”

9 (X') = mmgaﬁ()() ; B, (X') = WWBQ’B(X) ) (X)) = o(X) .

5Again, by level matching conditions.
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e Gauge invariance. The B, (X) field is invariant under gauge transformation

By = By + 0uM, — 0 A, . (1.76)

This transformation causes the integrand of Sy, to vary by a total derivative. In electro-
magnetism, one can construct the gauge invariant electric and magnetic fields which are
packaged in the 2-form field strength F' = dA. Similarly, for B, , the gauge invariant field
strength H = dB is a 3-form

Hyup = 0uByy + 0,Boy + 0,B, - (1.77)

This 3-form h is sometimes known as torsion, because it plays the same role of torsion in
general relativity, providing the antisymmetric component to the affine connection.

e Reparametrisation invariance. This symmetry enjoyed by the Polyakov action, is still
preserved by Sgp.

o Weyl transformation. Under the rescaling

hap — €?T) hey (1.78)

the term which contains B, is invariant because € is a tensor, while V/—het® = gab
is a density tensor (of weight +1), such that !> = +1. Since the density tensor £ is
hap independent, the B-term is Weyl invariant. However the dilaton coupling R(h)¢ is not
Weyl invariant. This is intentional: the dilaton coupling is introduced precisely to complete

the cancellation of Weyl-symmetry anomalies in the perturbative o/ expansion.

Let us analyse better what does o’ really mean and what does perturbation expansion mean.

1.7.1 The meaning of o/

Recall that in the conformal gauge, the Polyakov action in flat spacetime reduces to free theory.
This fact was extremely useful because allows us to compute exactly the spectrum of the theory.
But in a curved background, it is no longer the case. Here we want to analyse these solutions.
For convenience we consider as a curved background (g,,,0,0), i.e. fixing to zero the 2-form B
and the dilaton ¢. In conformal gauge, the action Sy, for the background specified above, is

1

4o

Seb / 20 g (X)0, X1 X" . (1.79)

Let us now expand the string coordinate X*(7,0) around a classical solution achieved in flat
background. We choose to pick up the trivial solution, i.e. the string sitting at the constant
point z#,

XH(r,0) = 7" + Va'YH(1,0) . (1.80)

Here Y* are the dynamical fluctuations about the point which we assume to be small. The factor
V' is there for dimensional reasons. Since [o/] = —2 and [X] = —1, we have [Y] = 0. Hence Y’
is small if Y < 1. Expanding the Lagrangian which gives the action (1.79)

/
G (X)OXH XY = o | g (T) + V' Dpgu (B)YP + %(%Qfgwj(i’)Yng + 0% oy ray” .

(1.81)
What we get is the Lagrangian of d fields interacting between each other. Each of the coefficients
00...g,, in the Taylor expansion are coupling constants for the interactions of the fluctuations
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Y*#. The theory has an infinite number of coupling constants and they are nicely encodes by the
function g, (X).

Now, a natural question one may ask, is when this field theory is weakly coupled. Obvi-
ously this requires the whole infinite set of coupling constants to be small. Let us proceed now
heuristically. Suppose that the target space has characteristic radius of curvature r., meaning
that

dg 1
= o= 1.82
0X e (182)
Since the radius of curvature is a length scale, [r.] = —1, if we look to the expansion of the
Lagrangian ( 1.81), we see that the effective dimensionless coupling is given by
/
Vol . (1.83)

Tc

Now we have a physical interpretation when the perturbation theory is valid. One can
approach perturbatively the action (1.79) if and only if the spacetime metric vary only on scales
much greater than v/o/. If there are regions of spacetime where the radius of curvature becomes
comparable to the string length scale, 7. ~ v/, then the fields Y* are strongly coupled and one
has to develop new methods to solve it.

If one study the Feynman graphs coming from the interacting theory, one can discover that
the parameter o’ plays also the role of the loop-ezpansion parameter.

1.7.2 Beta function

Classically, the theory defined by (1.79) is conformally invariant. But no one assures us this
is necessarily true in the quantum theory. In fact. in order to regulate divergences which
appears after quantisation, one introduces a UV cut-off and, typically, after renormalisation,
physical quantities depend on the scale of a given process, u. After this, the theory is no longer
conformally invariant. There are plenty of theories which classically possess scale invariance
which is broken quantum mechanically. The most famous of these is Yang-Mills.

In string theory conformal invariance is a gauge symmetry, which we want to preserve jeal-
ously. The goal now is to understand in which circumstance the action (1.79) retains conformal
invariance at quantum level.

In quantum field theory, the object which describe how coupling depend on a scale p is called
B-function. Since our couplings involves functions, we should really talk about a S-functional.
Heuristically

O (X 1)
(q) ~ 1.84
R (1.84)

The quantum theory will be conformally invariant only if
Buv(g) =0, (1.85)

which means that the coupling constants expressed in terms of ¢ do not depend by the energy
scale .

Reintroduce now the fields B and ¢ in the action. Again, one can expand around classical
solution and now we have three types of coupling constants, which are packaged into the functions
9uv(X), B,y (X) and ¢(X). Therefore the beta functions now are

99w (X OB, (X; Dby (X
Buv(g) ~ Mg”a(ﬂﬂ) : MM B () ~ MM ‘

Buv(B) ~ ou ’ o

(1.86)
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Our goal now is to explain how the classical lack of Weyl invariance in the dilaton coupling
can be compensated by a one-loop contribution arising from the coupling to g,,, and B,,,.

To see this explicitly, the best way is to look at the breakdown of Weyl invariance as seen as
traceless condition on energy-momentum tensor 7T,;. If one compute the beta functions for the
two-dimensional theory (1.74), one can notice that the energy-momentum tensor receives three
different kinds of contribution from the three different spacetime fields. the trace of energy-
momentum tensor is

1 1 1
T = =5 5 Bu(9)h XX + B (B)e 0. X" 0, X" = S B($)R(R) - (1.87)
The one-loop beta functions can be computed [13|, and the result is

/

«
B,uu(g) = O/R;w + 2O/Vuvu¢ - ZH;,LAHHI/ AR

Oé,
Buw(B) = —EVAHAW + 'V OH)y

Oél

Oé/
B(0) = ~5 V20 + Vb VH6 — T Hyun HI™

A consistent background of string theory must preserve Weyl invariance, which requires

Buv(9) = B (B) = 5(¢) =0 . (1.88)

Since B,,(g) is symmetric in (u,v) and (,,(B) is antisymmetric in (u,v), then the conditions
(1.88) represent d? equations, which match the d.o.f. coming from the background (g, By, ®).
This means if we did not insert the dilaton coupling in the action Sy, we would not be able to
assure Weyl invariance at one-loop level.

1.7.3 Effective field equations

The equations (1.88) can be viewed as the equations of motion for the background in which the
string propagates. Now we can invert the perspective: we look for a d = 26 dimensional spacetime
action which reproduces these beta functions equations of motion. This is the low-energy effective
action of the bosonic string

1 1
Seff = M/ d*0X \/=ge ?* <R = g Hua H'" + 48@8%) , (1.89)

where k is the gravitational coupling constant.
Varying the action (1.89) with respect to the three fields, can be shown to yield the beta
functions,

1 - ) .
0Seff = 55 / d*X V=ge (59, 8" (g) — 0 BB (B)

2K2a
~ (260 + 50" 09u) (P Al0) ~ 4B@)] . (190)

Action (1.89) governs low-energy dynamic of the spacetime fields. The appellative “low-
energy” refers to the fact that we have truncated the beta functions to one-loop expansion.

Something remarkable has happened here. Remind we started looking how a single string
moves in flat spacetime. Then we introduced a generic background and we tried to figure out
how the string moves in this new spacetime configuration. Now, at the end of this procedure,
we found that the background fields fluctuate. This represents how the tiny string governs the
way the whole universe moves.
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The action (1.89) actually does not looks like the familiar Einstein-Hilbert action, because of
the strange factor e2¢ sitting out front. However it can be eliminated by a field redefinition. In
d dimensions, we define a new metric g,,, called Einstein-frame metric, which is related to the
previous string-frame metric g, by

gHV(X) = e_4¢/(d_2)g,uu(X) . (1.91)

Note that this is not a changed of metric due to a changed of coordinates. It is merely a
redefinition of the fields, which one can always make in any field theory. At the and of the day,
restricting to d = 26, the action (1.89) becomes

1 _ o N
Serr =53 | ¥°X V=4 (R — Ty H" — 68@8%) . (1.92)

Notice that the kinetic terms for ¢ are now with the right sign. Also for the dilaton there is no
potential term, which means there is nothing that dynamically sets its expectation value in the
bosonic string. However the backgrounds of superstring develop a potential term for the dilaton,
fixing the string coupling constant.

Now we can recognise that the gravitational part of the action (1.92) takes the standard
Einstein-Hilbert form. Hence now, we can give a meaning to the gravitational coupling, which
must be related to the Newton’s constant GG in 26-dimensions, by

K? = 81G . (1.93)

The possibility of defining two metrics really arises because we have a massless scalar field
¢ in the game. Whenever such a field exists, we can always measure distances in different ways
by including ¢ in our ruler. In another perspective, massless scalar fields give rise a long range
attractive forces which can mix with gravitational forces and violate the principle of equivalence.
Therefore, if we want to connect with Nature, we need to find a way to make ¢ massive. Such a
mechanisms exist in the context of superstring.

1.8 Superstring at a Glance

In this section we will not provide details about superstring, but rather we will enunciate its
general features and what is different from bosonic string theory. Further material can be found
in [53], [30].

First of all, the key difference between the bosonic string and the superstring is the addition
of fermionic modes on its world sheet. Bosonic modes satisfy commutation relations, while
for fermionic modes we have anti-commutation relations. The resulting world sheet theory is
supersymmetric’.
string”. One can again follow the procedure discussed up to now for the bosonic string. In
particular after quantisation, one find the following features of superstring

In fact the name superstring comes from “supersymmetry” plus “(bosonic)

e The critical dimension of the superstring is d = 10.
e There is no tachyon in the spectrum.

e Appears again the massless bosonic fields g, (X), B, (X) and ¢(X).

These massless bosonic fields are all part of the spectrum of the superstring. In this con-
text, By, is also called Neveu-Schwarz 2-form. In superstring appears also massless spacetime
fermions, as well as further massless bosonic fields. The exact form of the extra bosonic fields
depends on which superstring theory we consider.

At least this happens in the so-called Neveu-Schwarz-Ramond formalism
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While the bosonic string is unique, there a a number of choices that one can make when
adding fermios to the world sheet. This give rise to a different classes of superstring theories.
Later developments reveal that they are actually all part of the same framework, which commonly
goes by the name of M-theory. What makes the types of superstring theories different between
each other is the way one choose to add fermions on the world sheet. We can add fermions in
both left-moving and right-moving sectors of the string, or whether we choose the fermions to
move only in one direction (which usually taken to be right-moving). This procedure gives rise
to two different classes of string theory.

(I) Type II strings have both left and right-moving world sheet fermions. This theory contains
32 supercharges, hence it is maximally supersymmetric. This correspond to a spacetime
theory in d = 10 dimensions, with N' = 2 supersymmetry.

(IT) Heterotic strings have just right-moving fermions. The resulting spacetime theory has
N =1 supersymmetry in d = 10, which corresponds to 16 supercharges.

Actually each of these two families divides into other two choices. This leaves us with four
superstring theories”. These four theories are called Type IIA, Type IIB, Heterotic SO(32) and
Heterotic Eg x Eg. Each of them contains the fields g,,, B, and ¢ that appear in the bosonic
string, together with a number of extra fields. The dynamics of these fields is described by the
low-energy effective action, which naturally splits up into three pieces

Ss;?erstring =851+ 59+ Sfermi . (194)

Here Sterm; is the fermionic sector and describes how fermions interact. We will not describe
them. S7 4+ S5 describes the bosonic sector, and now we will talk briefly about it.

S1 is essentially the same for all the four theories listed above and is given by the action we
found for the bosonic string in the string frame (1.89). S; represents the Neveu-Schwarz sector,
NSNS. In this part we will use form notation, and denote H,,, simply as H3, where the subscript
tells us the degree of the form. Then the action reads

1

=52

/ d0X/—ge ¢ (R — %|1513|2 + 4(9“@58%) : (1.95)
where Hj is not quite the same as the original Hs, but it depends by which type of theory we
are choosing.

The second part of the bosonic action, which is Sy, describes the dynamics of the extra
bosonic fields which are specific to each different theory. For Type II theories, So represents the
Ramond sector RR. Now we go through the four different theories and explain the Sy term.

e Type ITA: For this theory Hs = Hj. The extra bosonic fields are: the 1-form C; and the
3-form C'3. The action for these extra bosonic fields is

1 .
—M/ "X {\/—g <\F2|2 + !F4\2) + By AFyAFy| . (1.96)

The field strengths are given by

Sy =

F,=dCy , F,=dCs , F4 =F,—-CiNHs. (197)

Notice that the final term in the action does not depend by the metric. It is commonly
called Chern-Simons term.

Type IIA is a non-chiral theory because each kind of particle appears within both types
of chirality.

" Actually there is another one which we will describe later. It is the Type I theory.
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e Type IIB: Again, fIg = Hj3. The extra bosonic fields are: a scalar Cy, a 2-form C5 and a
4-form Cy. The action is given by

1

%=

- 1 -
/ d'x [,/—g <|F1|2 + | 3% + 2|F5|2> + Cy A Hs A Fg] : (1.98)

The field strengths are given by

P =dCp | Fy=dCy | Py =dC, | (1.99)
- - 1 1
F;=F;—CyANHg, F5:F5—502/\H3+§B2/\F3. (1100)

The low-energy dynamics described by the action (1.98) is not complete. We have to add
the constraint of self-duality of Fj, i.e.

Fy = «F% . (1.101)

Type IIB is a chiral theory because each kind of particle appears within only one type of
chirality.

e Heterotic SO(32): The heterotic strings do not have Ramond-Ramond fields. Heterotic
strings SO(32) has an non-abelian gauge field strength F, with gauge group SO(32). The
dynamics of this field is governed simply by the Yang-Mills action in ten dimensions

O[/

S=15 dX /=g Tr|F? . (1.102)
K

Here Hj is defined as Hs = dBy—a/ws /4, where ws is the Chern-Simons 3-forms constructed
from the non-abelian gauge field A

2
w3 =Tr <A1 ANdA] + §A1 NALA A1> . (1103)

This strange looking combination is due to the most intricate aspects of the heterotic string,
known as anomaly cancellation.

e Heterotic Eg x Eg: This theory has the same description of the Heterotic SO(32), with
the only difference about the gauge group, which now is Eg x Fs.

The actions that we have written down probably look a little arbitrary. But they have very
important properties. In particular the full action SSUP erstring for Type II theories is invariant
under N' = 2 spacetime supersymmetry, and it is unique! This is the only action (module
equivalent actions) which enjoys this property. This fact motivates the choice done before.

I want to clarify a bit more about chirality: in both Type IIA and Type IIB theories we have
two sets of chiral fermions. But for Type IIA the two sets have different chirality (so overall
the theory is chirality symmetric) while for Type IIB both sets have the same chirality. Of the
bosons, only the self-dual 5-form F in Type IIB is chiral.

Actually there are five superstring theories in ten dimensions, and not only four. The re-
maining theory is called Type I and includes open strings moving in flat ten dimensional space as
well as closed strings.Type I superstring theory can also be understood as arising from projection
of Type IIB superstring theory. Type IIB superstrings are oriented, and their world sheets are
orientable. The world-sheet parity transformation

Q:o——0, (1.104)
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reverses the orientation of the world sheet. World-sheet parity exchanges the left- and right-
modes of the world-sheet fields (which are bosons X* and also fermions ¢*). This Zy transfor-
mation is a symmetry of the type IIB theory but not of the type IIA theory, because type IIB
contains both left- and right- moving fermions carry the same chirality. When we gauge this
Zo symmetry, the Type I theory emerges®. The Type I closed-string spectrum is obtained by
keeping the states that are even under the world-sheet parity transformation, and eliminating
the one that are odd. The states in the NSNS sector of Type IIB are given by the tensor product
of two vectors. Hence only states which are symmetric in the two vectors survive. These are the
dilaton ¢ and the graviton g,,,, while the antisymmetric tensor B, is eliminated.

Finally, the low-energy effective action of each superstring theory gives rise to a low-energy
effective theory, which goes under the name of Supergravity theory. Despite Supergravity fails as
a theory of Quantum Gravity, it has retained its importance for investigating superstring theories
at low energies.

1.9 Kaluza-Klein theory

We have seen that for consistency reasons, bosonic string theory lives in d = 26 dimensions,
and superstring theories in d = 10 (or eleven for M-theory). But we do not. Or better, we are
able to observe only three macroscopic large dimensions. Hence we should develop a strategy
which allows us to restore a connection with the d = 4 spacetime, where General Relativity
and Standard Model live. The technique we are going to talk about goes under the name of
Kaluza-Klein theory, and consists in two steps: a compactification followed by a dimensional
reduction.

1.9.1 Compactifications

Since string theory is a theory which includes gravity, and since gravity curves spacetime, there
are no obstructions to stop extra dimensions of the universe from curling up. Therefore the idea
is to make compact extra dimensions, just replacing the d dimensional spacetime R“¥~! with the
product of four-dimensional spacetime R!® and a compact (d — 4)-dimensional manifold Cy_4,
ie.

RLd-1 RY3 % Cy_y . (1.105)

Consider the compactified spacetime (1.105) and assign coordinates (x, y) to the whole target
space, where x are coordinates in R'3, and y are coordinates in Cq_4. The d-dimensional metric
can be decomposed according to

ds?(RYY) = g, dotdz” + ds*(Ca_yq) (1.106)

which means the metric is a direct product of metrics on the two subspaces. The form of
ds?(C4_4) can be constrained. Indeed the properties which Cy_4 must satisfy are imposed by the
dynamics. In fact the spacetime equations of motion coming from the low-energy effective action
are

Buw(9) = Buv(B) = B(¢) =0, (1.107)

which have many solutions! This is part of the story of vacuum selection in string theory. In fact
there is an open question which regards what solution, if any, describes the world we see around
us. Does this putative solution have other special properties, or is it a random choice from many

8Gauging a discrete symmetry, such as Zsa, could sound heretic, but actually is a well defined operation. The
curios reader can see [50]
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possibility? There is no answer to this question and currently there is no known principle which
uniquely selects a solution which looks like our world.

Here suppose to pick up a simple solution of the low-energy effective action which solves
(1.107). We set H,,, =0 (i.e. set B to a closed 2-form) and the dilaton ¢ to a constant value.
Then our equations of motion consist simply in searching for a Ricci flat backgrounds obeying
Ruv = 0. Therefore C4_4 must be a compact (d — 4)-dimensional Ricci-flat manifold.

For example, in bosonic string theory in d = 26 dimensions, the simplest such a manifold is
just Cog = T2?, the torus endowed with a flat metric. But there are also a whole host of other
possibilities [27]. Compact, complex manifolds that admit such Ricci-flat metrics are called
Calabi- Yau manifolds®.

The idea consists in the fact that the compact manifold C4_4 can be enclosed inside a (d —4)-
dimensional sphere of radius L, which goes under the name of characteristic length scale. If
the characteristic length scale L is small enough then the presence of these extra dimensions
would not have been observed in experiment. The Standard Model has been accurately tested to
energies of a TeV, or so. Hence if we suppose the validity of the Standard Model also on C(q_y),
then, by uncertainty principle of Quantum Mechanics, the characteristic length scale must be

L<(TeV) ™t ~ 107 *%cm . (1.108)

1.9.2 Dimensional reduction

After we have compactified the theory, we have to squeeze to zero the compact manifold Cq_4
by the limit L — 0. This procedure is called dimensional reduction.

MxC

——

l Kaluza-Klein

/_M\/

Figure 1.5: Compactification on a circle followed by a dimensional reduction. (Courtesy of Wikipedia).

Compactification of the theory gives rise to a remarkable fact. The fields defined in the
non-compactified theory behave different after a compactification. A massless field defined in
the original theory, after a compactification gives rise to an infinite tower of massive fields [66].
Consider a massless complex scalar field ®(x) living in a d-dimensional Minkowski spacetime. In
the Kaluza-Klein theory, compactification is performed on a circle of radius L,

My — My x St (1'109)

Assign coordinates 20, 2!, ..., 2?2 on the (d—1) Minkowski spacetime Mg_1, and y on the circle

S1, with range 0 < y < 2nL. The complex scalar field ®(x) must obey the Klein-Gordon
equation

Og ®(z2, ...,z 2,y) = 0. (1.110)
Expand now the complex scalar field in Fourier transform only for the variable y

@(xo,...,xdﬁ,y) :/

—00

+o00 dp ~ )
2—@(3:0,...,1:”[*2,])) eV . (1.111)
T

9Strictly speaking, Calabi-Yau manifolds are complex manifolds with vanishing first Chern class. There is a
theorem, due to Yau, which guaranteed the existence of a unique Ricci-flat metric on these spaces.
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The field ®(z) must satisfies periodicity condition on the circle

®(20, ..., 2972 y) = 020, ...,29 2 y +27L) | (1.112)

and this equation, if insert back into (1.111), gives us the “quantisation” of the momentum along
y direction, which now is not a continue variable anymore, but is discrete and labelled by an
integer k

Pn=— kel. (1.113)

Since now the momentum is a discrete variable, the Fourier transform becomes a Fourier expan-
sion replacing the integral by the sum

/mi’: — > (1.114)

oo keZ
This gives us the discrete expansion of the field ®(x)
(20, ..., 2772 y) = Z(I)k(azo, ...,xd_2)ei% . (1.115)
keZ

Insert now the discrete expansion (1.115) back into (1.110) and we get

D

keZ

Oyt — @)2] p(20, .., 2972 =0, (1.116)

This equation is satisfies if the spacetime function associated to the k-th Fourier mode, namely
., satisfies

L

Oge1 — <k>2] B, .., 272 =0, (1.117)

which represents the equation of motion of a scalar (complex) field of mass mi = (k/L)>.
Therefore the spectrum of the theory, as viewed in d-dimensional Minkowski spacetime, contains
an infinite tower of massive scalars.

A similar procedure can be repeated in the cases of massless spinor field and vector field in
My. In the case of massless vector field the procedure is almost the same of what we have seen
here for the massless scalar, while in the case of massless spinor filed there is one ingredient
more. The spinor filed ¥ is not observable, rather bilinear quantities, such as the energy density
T = —U~99°W are observable, and they must be periodic. This implies that spinor field can
be periodic or anti-periodic. This has a repercussion on the mode number k& which is an integer
in the periodic case or half-integer in the anti-periodic case. Therefore at the end of the day we
would observe an infinite tower of massive spinor particles with distinct spectra for the periodic
and anti-periodic cases.

The dimensional reduction contemplates after compactification the limit L — 0 and in this
procedure all masses my go to infinity. We have to keep in mind that we are getting involve
in a “physical limit” and not in a merely “mathematical limit”. This means the limit L — 0
in Physics does not read simply as sending L to zero, as one do in Mathematics. We have to
ask what actually does it mean send L to zero. One reasonable answer could be “L is almost
zero when we are not able to detect it anymore with an experiment”. An famous physical length
which cannot be detected by an experiment is the Planck length [,

[hG
b=1\"5~ 1.616199(97) x 1073 m . (1.118)
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Therefore the “mathematical” limit L — 0 can be thought as sending L < [,. This has a
consequence in terms of value of masses m,,. All of them, except the zero mode which remains
massless, become of the order of Planck mass mp

h
mp = \/56 ~ 1.2209 x 10" GeV/c? . (1.119)

1.10 Consistent truncations

At the end of the Kaluza-Klein dimensional reduction one keeps only the lightest states, usually
massless, of the entire infinite set of harmonic modes. However this process is not consistent
because in general these modes will source the heavier modes [54]. In order to avoid this incon-
sistency one can rather take a consistent truncation of the full set of modes, which by definition
is

Definition (Consistent truncation). Let be {®y} the whole set of harmonic modes. Let be A C
{®r} a subset. Then A is a consistent truncation of the full set if the field equations of the
omitted modes {®y} \ A are not sourced by the modes that are kept A. Thus setting the omitted
modes to zero is consistent with the field equations.

Explain here with an example what concretely a consistent truncation means. Let be ¢; and
o real scalar fields. Suppose the dynamic is governed by the Lagrangian

1 1 1 1
L= =50up10"p1 = miet — S0upadips — Smis + A1}, (1.120)

where 13 is the interaction term. The equations of motion for the fields ¢ and ¢q are

(O —mi) o1 =A¢3
(O —m3) p2 = 2Xp1002 . (1.121)

Instead of considering the whole set of fields (1, 2), let us consider a subset, which can be
(9017 0) or (07 902)'

e (¢1,0) is a consistent truncation of (pi1,p2). If we set @2 = 0 inside the equations of
motion (1.121) we have that ¢; satisfies the Klein-Gordon equation and the field ¢o does
not appear anymore as a source.

(O—m3)p1=0 02 =0, (1.122)
and this solution is consistent with the chosen subset (¢1,0).

e (0,p2) is not a consistent truncation of (1, ¢2). In fact if we try to set ¢1 = 0 in the
second equation of (1.121) we have the Klein-Gordon equation for ¢, but the first equation
implies also @9 = 0, therefore the equations of motion for this subset are

Y1 = 0 Y2 = 0 s (1.123)

and this solution is, of course, not consistent with the chosen subset (0, 2).

A consistent truncation, thanks to its property to decouple from the omitted modes, has a
remarkable consequence, which is notable from the above example. Any solution of the lower
dimensional theory (provided by the limit L — 0) involving modes which are a consistent trun-
cation, when up-lifts, it represents also an exact solution of the equations of motion in the higher
dimensional theory.
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The intriguing aspect of this topic is that exists a few consistent truncations, and they depend
by which manifold one chooses to compactify the theory and by the number of supersymmetries
which are put inside the theory.

Poincaré invariance and renormalisability constrain the Lagrangian to assume some particular
forms. Supersymmetry invariance imposes more strictly conditions to the form of the Lagrangian.
Therefore if we increase the number of supersymmetries some interaction terms are not allowed
inside the Lagrangian and this assures less coupling between the fields which we are playing with.

About the delicate aspect how the choice of manifold can determine consistent truncations,
there is the entire chapter 4 dedicated to it.

1.11 T-duality

One way of motivating the necessity of D-branes is bases on T-duality, so now in this section
we will explain T-duality of the bosonic string theory. Under T-duality transformations, closed
bosonic strings transform into closed strings of the same type (i.e. with same boundary condi-
tions) in the T-dual geometry. The situation is different for open strings, however. The key is to
focus on the type of boundary conditions imposed at the end of the open strings. Even though
we start with Neumann boundary conditions, that are compatible with Poincaré invariance, after
T-duality transformation we end with Dirichlet boundary conditions and Poincaré invariance is
broken. Open strings with Dirichlet boundary conditions must end in a specified positions, which
means in a specified hypersurfaces, called Dp-branes [14].

Physically, much of the importance of Dp-branes resides in the fact that they provides a
remarkable way of introducing non-abelian gauge symmetries in string theory. Indeed non-abelian
gauge fields naturally appear confined to the world volume of multiple coincident Dp-branes. In
this Dp-branes approach to non-abelian gauge theories in string theory is also possible to define
a Higgs mechanism in order to get symmetry breaking.

Let us start considering bosonic string theory in d = 26 with a background of the form

Moz x St . (1.124)

The circle is taken to have radius R, so the coordinate on S' has periodicity

X%~ X% 4 27R . (1.125)

This periodicity condition on the spacetime has a consequence on the boundary condition of the
string. Consider the closed string. As we move around the string, we no longer need for the
compact direction X5 the condition X??(7, 0 + 2m) = X?5(1, ), but can be relaxed to

X®(r,0 +21) = X*(1,0) + 2rRW Wez, (1.126)

where W is called winding number and it indicates the number of times the string winds around
the circle and its sign encodes the direction, as shown in Fig. 1.6.

7
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Figure 1.6: Winding modes with W = —1,0,+1. (Courtesy of [3]).

Let us now consider the mode expansion for a closed string with winding number W. The
expansion for the coordinates X* with p = 0, ..., 24 remains unchanged from the expansion in
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flat 26-dimensional Minkowski spacetime. What change here is only the expansion of X?°(1, o)
which must take into account the new boundary condition (1.126). This is given by

X?(1,0) = 2* + o/p**7 + W Ro + oscillator modes . (1.127)

Since X?° is a compact dimension, the momentum eigenvalue along this direction, p*
must be quantised. Remember that the quantum mechanical wave function contains the fac-
tor exp(ip®®2?3). As a result, if 2% is increased by 27 R, corresponding to going once around
the circle, the wave function should return to its original value, or in other words, it should be

single-valued on the circle. This implies that momentum in the 25-th direction is of the form

25:% KezZ, (1.128)

where K is called Kaluza-Klein excitation number. Before splitting X2°(7, o) into right- and left-
moving parts, it is useful to introduce the quantities

K WR K WR
_K _t _ 1.129
pL="p+ PR=F — ( )
The right- and left- modes appearing in X?°(7,0) = X?°(oF) + X% (07) read
1 1 ! 1 A
Xp(r—0)= §$25 + io/pR(T —0) 44/ % Z Eafl‘r’e_m“_") ,
n#0
X _ 1 25 } / . g/ l~25 7in(T+o‘) 1 130
L(T+U)—2w +2OépL(T+O')+Z anane . (1.130)
£0

How the spectrum of this theory looks like to an observer living in d = 25 non-compact
directions? Each particle state will be described by a momentum p* with =0, ...,24 and by a
Kaluza-Klein excitation (labelled by K). The 25-dimensional mass squared is given by

24
M? == pupt. (1.131)
n=0

Again, the mass of these particles if fixed in terms of oscillator modes. The formula, which we
do not give here a proof, reads

K\?> [(WR\?
M2 <R> +( = ) +2(NL+ Np—2) | (1.132)

where N and Npi are the number operators of the left- and right- harmonic modes, often called
levels, defined as

d—2 d—2
Ne=>_ Y o ,ai, Np=Y > a',al . (1.133)
i=1 n>0 i=1 n>0

The first and the second terms in the mass formula (1.132) are novel. The first term tells
us that a string with K > 0 units of momentum around the circle gains a contribution to its
mass of K/R. And this result match with what we have discovered in the Kaluza-Klein theory.
The second term tells us that a string which winds W > 0 times around the circle picks up a
contribution 27W RT to its mass, where T' = 1/27a’ is the tension of the string.

The formula (1.132) suggests a striking symmetry of string theory that is not present for
particle theories. Interchanging W < K and simultaneously inverting the compactification
radius, i.e.
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R —— R=d/R, (1.134)

leaves the spectrum invariant. This symmetry of the bosonic string is called T-duality. It suggests
that compactification on a circle of radius R is physically equivalent to compactification on a
circle of radius R. This equivalence is a clear indication that ordinary geometric concepts and
intuition can break down in string theory at the string scale. As a symmetry at this level,
T-duality is a Zo discrete symmetry. It can be enlarged, as we will see later, with toroidal
compactification of the theory.

1.11.1 T-duality for Superstrings

Let us nod another time towards the superstring. It turns out the ten-dimensional superstring
theories are not invariant under T-duality. Instead, they map into each other. More precisely,
Type IIA and IIB transform into each other under T-duality, which means that Type IIA string
theory on a circle of radius R is equivalent to Type IIB string theory on a circle of radius o/ /R.

Type 1TA Type 1IB

R /R

This joint with the transformation of D-branes, since Type IIA has Dp-branes with p even, while
IIB has p odd. Similarly, the two heterotic strings transform into each other under T-duality,
and Type I into Type I''.

1.11.2 Toroidal compactification

So far we discussed T-duality symmetry for theories compactified on a circle. However this
argument can be extended to theories compactified on a n-dimensional torus 7", which adds
additional interesting structure. References are [69], [3], [66].

Let us consider closed bosonic string on a toroidal compactified spacetime. Specifically the
spacetime manifold is described by the metric

d—1 n
ds’ = Y mu dXMdXY + Y Grrdy'dy”, (1.135)
p,v=0 I,J=1
where d + n = 26. Here the first term describes flat d-dimensional Minkowski spacetime

parametrised by the coordinates X* and the second term describes the “internal” torus 1™
with dimensionless coordinates Y/, each of which has period 27. The physical sizes and angles
that characterise the 7™ can be encoded into the constant internal metric Gry. For example, in
the special case of a rectangular torus, the n internal circle are all perpendicular and the internal
metric is diagonal

Grs = Ris1y , (1.136)

where Ry is the radius of the Y7 circle. The coordinate Y have periodicity

Y~ v+ on I=1,...n. (1.137)

With these conditions, the closed string boundary conditions can relax to

10Since Type I theory can be seen as an orientifold projection of the Type IIB theory, by analogy Type I’ theory
is an orientifold projection of the Type ITA theory.
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XH* (1,0 +2m) = XH(1,0)

Yi(r,0 4 27) = Y(r.0) + 2aW! with  W!lez. (1.138)
Here W are the winding number which give the number of times that the string winds around
the Y/ cycle.

Analyse now the mode expansion. As before, the expansion for the coordinates X* with
pw=0,...,d — 1 remains unchanged. For the compact coordinates Y/ (1,0) we have

Yi(r,0) =Y[(e")+Y(07),

1 ) 1 )
Yi(r+o) =gy’ +p(r+0)+ % > Zalemin(to) (1.139)
n#0 "
1 i1, o
Yé(f —0) = iyl +p§(7' —0o)+ 3 Z ﬁa{le in(r—o)
n#0

Because of the winding modes W' and the Kaluza-Klein excitations K coming from the compact
geometry of spacetime, we have

1 1
pizWI—i—iK], pgz—WwiKl, Wl K eZ. (1.140)

All the above results hold for the case of no background B fields and a diagonal internal metric
Gry. Now consider turning on constant background values for the antisymmetric two-form By
and the internal metric Gry. One can show that in this case pi and pfz get an enhancement from
the fields By; and Gy, which is

1
pr =W +Gpy <2KJ — BJKWK> ;
1
p{%: —WI+G[J <2KJ—BJKWK) , (1.141)

where, as usual, G!/ denotes the inverse metric.
Again, one can compute the mass spectrum from the point of view of an observer living in d
non-compact directions. Without prove it, the result is

M? = M+ (Ng+ N, - 2) , (1.142)

where the second term is the common one which always appear from harmonic oscillators, while
the first one is

Mg=(W K)g @(/) : (1.143)
where
G- BG'B BG™!
g= < _G_lB G_l ) , (1144)
or the inverse
_ G 1 -G 'B
G = (BG_1 G—BG—lB> : (1.145)

These are 2n x 2n matrices written in terms of n x n blocks.
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We can recognise some remarkable symmetries of the mass formula. The first consist in the
mversion symmetry

Wl «— K; | G+— G, (1.146)

and this discrete symmetry represent the extended version of T-duality symmetry of circle com-
pactification. The check is the follow

M2 = W K) <G—BGlB BG1> (W

_G-1B o1 K) =W(G - BG'B)W +2WBG 'K + KGT'K |

and after the transformation (1.146), again we have
w2 = (k& w)

G™1 -G B ) <K

— _ -1 -1 -1
Bo-l G BOB W>_W(G BG'B)W +2WBG 'K + KG™'K |

so, transformation (1.146), which is a “generalised T-duality” transformation, is actually a sym-
metry of the mass formula, since Mg = M(I)Q.

But now, in toroidal compactifications, there are additional discrete shift symmetries given
by

Br; — Brj+ NiyJ and WI—>WI, K[—>K1+N[JWJ, (1.147)

where N7; is an antisymmetric matrix of integers. Explicitly, after the transformation (1.147),
we have

M§ = (W K+NW)(G_(B+N)G_1(B+N) (B+N)G‘1>< W >

-G~ Y(B+N) G K+ NW
=W(G—-BG'B)W +2WBG 'K + KGT'K+
—~WBG'NW +WBG'NW - WNG'NW + WNG'NW+
— KG'NW 4+ KG 'NW - NWGINW + NWG INW+
+ (WN+NW)G 'K — (WN + NW)G™'BW
=W(G—-BG 'B)W +2WBG 'K + KG™'K = M? .
the terms in the second and third lines cancel in couples, while the terms in the fourth line
cancels because Ny is antisymmetric.

We can recast the problem more geometrically reproducing the above symmetries with the
action of a matrix A on G and (W Z) as

G- AGA  and (Z) > (%) — A (I?(/) - (1.148)

Then the two symmetries above becomes

o [nversion:

0o 1,
Ar = <lln 0) . (1.149)
o Shift:
1, O
Ag = (Nu 11n> . (1.150)



These two matrices are element of the O(n,n;Z) group since they preserve a metric which is
similar to the O(n,n;Z) metric, i.e.

0 1, 0 1,
Als (ﬂn 0 ) Ars = <]1n 0 > : (1.151)

Combinations of A; andAg are still symmetries of the mass formula and they recover the whole
group O(n,n;Z). We prove here this result. A generic element of the group O(n,n;Z) is of the

form
A B
<C’ D) , (1.152)

with A, B,C, D n x n matrices with integer entries, constraint by
AT cT\ (0o 1\ (A B 0 1
(BT DT> (11 0) <C D) B (11 0) ’ (1.153)

ATC=-CTA
ATD+CTB=1
BTC+DTA=1
BTD=-DTB

which reads

(1.154)

Then consider the following compositions of the transformations A; and.Ag(N), where by Ag(N)
we intend the shift given by the antisymmetric matrix IV,

ArAs(N) = (Z]\lf g) ; (1.155)
AsV) (ArAsO0) = (Y ) (1.156)

(1.157)

ILM+INM IL+IN

[As(I) (ArAs(L))] [As(N) (ArAs(M))] = < LM+NM L+N >

Since the composed transformation (1.157) satisfies the O(n,n;Z) conditions (1.154) and since it
is a very general O(n,n; Z) transformation parametrised by the antisymmetric matrices N, M, I, L,
then the group reached by compositions of inversion and shift transformations is the O(n,n;Z)
discrete group.

Then we have found an important result:

“The T-duality symmetry of toroidal compactifications T™
is represented by the group O(n,n;Z).”

In fact the T-duality symmetry on circle, which means T = S, is represented by the group
O(1,1;Z), which is the discrete group Zs.
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Generalised Geometry

If you can’t explain it simply, you don’t understand it well enough.
- Albert Einstein -

Einstein’s General Relativity is a theory whose natural formulation is inside the framework of
differential geometry, called “ordinary geometry”. By “natural formulation” I mean that the
proper way to define all the objects inside the theory, and in particular the equations of motion,
makes use of the language of Riemannian Geometry. At least this is the best result that we are
able to achive nowadays. This approach consists in taking a 4-dimensional manifold M, equipped
with a metric g, and we define a vector field over M as a section of the fibre bundle T'M. Point
by point of M a wector is an element of the tangent space T,M, and a covector, that is its
dual, is an element of the cotangent space T); M. Using the technique of tensor product between
vectorial spaces, one defines a generic tensor field of type (g, r) as a section of ®?TM Q" T*M.
The “general covariance principle”, whose statement tells us that the laws of physics must be the
same in every reference frame, has direct realization in the language of tensors. What this tells
us is that if an equation is written covariantly and is true in a certain reference frame, than it is
true for each reference frame. Hence the tangent bundle is a very important key concept if one
wants to define in a covariant way General Relativity.

Generalised Geometry is an appealing idea given by the mathematician Nigel Hitchin [38]
that he had when he was spending great time in Spain, as he tells in many of his talks. The idea
consists in an extension of ordinary geometry, in particular it consists in “replacing” the tangent
bundle TM by TM @& T*M in a sense. In this fashion one has to provide the generalisation of all
tools of ordinary geometry. What happens in particular is that one has to give a generalisation
of the definition of Lie derivative, connections, torsions and Riemann tensor. The way one
can do this generalisation is not unique. For this reason it does not exist only one type of
generalised geometry. The type of generalised geometry to choose is suggested by the physical
problem one has to describe. The generalised geometry that we mostly study in this work is
the “Hitchin and Gualtieri” generalised geometry, that is the “T'M @& T* M” generalised geometry
which is equipped “for free” with the O(d, d)-structure group. But in the other side, in order to
investigate some geometrical properties, such as “Leibniz generalised parallelisability” of round
spheres S?, that is what we are going to do later, the most natural generalised geometry to
choose is “T'M @ A?~2T*M”. Another example of generalised geometry that we are not going to
study in this work, is the generalised geometry with Eg4) X R*-structure group, which is usefull
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to reformulate eleven-dimensional supegravity, as presented in [16]. What we want to do in this
work is “geometrising” the bosonic structure that appears in Type II Supergravity. What will
happen is that the graviton g, the 2-form B and the dilaton ¢ are enclosed in a new object that
appears in generalised geometry: the generalised metric.

2.1 The beginning of the generalisation

What we want to do now is to provide a generalisation of the whole set of geometric objects
that we can define in ordinary geometry. The hope is that in this framework we would be able
to understand more “physics” than what we can do up to now. In order to get inside that,
the first step consist to define what is the new space where the new objects live. In the old-
fashioned ordinary geometry this space is the tangent bundle (or tensor products of it). Now it is
represented by the generalised tangent bundle (or tensor products of it). Any generalisation we
are going to do should be motivated by analogy with ordinary geometry, which will represent our
guide, and by preservation of symmetries, such as the invariance under gauge transformations of
B-field or the invariance under diffeomorphisms.

2.1.1 The generalised tangent bundle

Suppose to take a d-dimensional manifold M equipped with an atlas A = {U;, ¢;}. Point by
point of the manifold remain defined the tangent space T,,M and its dual, the cotangent space
TyM. Recall now how the tangent bundle is defined in ordinary geometry. It is a fibre bundle
where the fibre attached at point p is the tangent space in p. This means we are performing a
union point by point of all the tangent space of the manifold, hence the tangent bundle is

™= | T,M . (2.1)
peEM

Now let’s try to do a generalisation in the way conjectured by Hitchin. Rather than consid-
ering only the tangent space T, M and making a union of them point by point in order to obtain
the tangent bundle, let’s try to replace T)M by T,M & Ty M. Therefore the generalised tangent
bundle is defined as

E=|JTL,MaT;M. (2.2)
peEM

Seems clear that a generic element of the generalised tangent bundle (that in a mathematical
language is called “section of E”, or in a physical language “generalised vector fields”) is rep-
resented by a “double component vector field”, in particular the first d entries are the “vector
entries” and, point by point, they live in 7}, M, while the second d entries are the “one-form en-
tries” and they live in Ty M. Formally we can recast all these components into a single generalised

vector field V' with components
o
vM = <“ ) : (2.3)
A

where the capital index M runs from 1 to 2d, while the greek index p runs from 1 to d.

There is an intriguing aspect concerning the fact that E is not writable trivially as TM ®T* M
because the fibres are intertwined together. However the two bundles, £ and TM @& T*M, are
isomorphic to each other, and what we will see further is that the isomorphism map between the
two spaces is given by the B-field, which has got the important role in generalised geometry to
“untie” the fibres.

There is another way, more mathematical, to define the generalised tangent bundle, and
consists in defining it via “exact sequence”. For more details see appendix B.

At this point we are not done about the definition of the generalised tangent bundle. We
remind that a complementary and indispensable information inside its definition is given by the

38



patching rules. Each definition of fibre bundle must keep into account the patching rules, and
the generalised tangent bundle does not give an exception. So what we are going to do now is

defining the “patching rules” for the generalised tangent space’.

2.1.2 Patching rules

Before merely talking about patching rules, that seems a purely mathematical topic, I would like
to provide some physical reasons why patching rules are important, in order to make happy the
physical sense of the reader (and the writer as well).

Let’s consider electromagnetism.. The electromagnetic theory is a gauge theory whose geo-
metrical interpretation is best described by a U(1)-principle bundle (further informations about
principle bundle are available in appendix A). Suppose to take a manifold M which is equipped of
a maximal atlas A = {U;, ¢; } (for concreteness the reader can think to a 4-dimensional Minkowski
space). To each point p in the manifold remains associated a fibre that is an element of U(1)
group. Since U(1) is one-dimensional Lie group, the adjoint representation of U(1) elements is
also one-dimensional. Therefore the fibre at point p is of the form e!®. Let us pick up a generic
point p of the manifold which is covered by two charts U; and U;. Let be e and €' the two
fibres in p associated to the two charts respectively. The patching rule consist in providing a
mathematical formula that expresses how the fibres “match together” in the overlap of the open
sets U; and U;. This rule is local because it has validity only in the neighborhood of the point p
where the overlap of the two charts is not the empty set. Now we have to figure out how to define
this patching rule. We should start by the fact that U(1) is a compact Lie group. Therefore if
we have two generic elements A and B, then exists a third element C such that A = Bo . This
is just only by the closure property of groups. Hence we can guess that there is a real function
A;j, that depends by the chosen point p, such that

el — thij ity , (2.4)
which means that the two fibres e!® and e'® are equal to each other up to a rotation in the
complex plane.

But if we want to make striking the physical meaning of the formula (2.4) we have to look at
the connection on the U(1)-principle bundle, which is represented by the one-form A = A,, dz*.
In physics the U(1)-principle bundle connection is called “electromagnetic gauge vector field”
and it represents the field associated to the photon. Let be A; and A; the connections defined
respectively in the charts U; and U;. This two connections are related between each other, and
the way they are related is imposed by the patching rule (2.4). This particular relation, that we
are not going to prove, but that the curious reader can find in [46], is the following

A, = Aj + dA” , (25)

and in components reads

Aw = AjM + 8MA,~j . (2.6)

This is nothing else than the well-known gauge transformation rule of the electromagnetic po-
tential A,,.

The real function A;;, which is manifestly antisymmetric in ¢ and j, must satisfy a cocycle
relation in order to patch correctly in the threefold intersections. In fact, given a point p and
the covering charts U; N U; N Uy, # 0, by consistency we have

A; = Aj + dAZ'j = AL+ dAZ'j + dAjk =A; + dAij + dAjk + dAy; , (2.7)

that implies

!The patching information is actually the definition of the extension given in appendix B. They are not distinct.
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d(Aij + Ajk + A]m) =0 <~ Az‘j + Ajk + Ay; = const . (2.8)

The constant can be determined using a physical condition. Let’s consider the wave function
that describes our physical state in a Hilbert space. After a gauge transformation we know that
the two wave functions are related each other by an element of the U(1) gauge group. Suppose
p; is the initial wave function and ¢; is the final wave function after a gauge transformation,
then they are related by

p; = ehiigp; . (2.9)

After three gauge transformations in the triple patching, the wave function must return to its
initial value
— ei(A¢j+Ajk+Aki)

i ;= S ) e (2.10)

whose solution is

Aij-i-Ajk—l-A]m‘:%Tn ne. (2.11)

This argument, if extended, leads to the existence of the magnetic monopole, but we won’t to
pursue this topic here.

Now that we are motivated enough by some physical reasons in order to study the patching
rules, let’s start to review how the patching rules are defined for the tangent bundle in ordinary
geometry.

Again, let’s take a manifold M which is equipped of a maximal atlas A = {U;, ¢;}, pick up a
generic point p and look at the non trivial overlap of two open sets p € U; N U; # () that contain
the point p. Let’s take coordinates x in U; and y in U;. Let be v a generic vector field. Requiring
the coordinate-free property of v one can write

0 0

=" =t (2.12)
v=u v ,
ozV » oyt »
and using the chain rule, one obtain the patching rule between the vector components
Oy
o= (2.13)
ox¥ |,

Now we should figure out the patching rules for the generalised tangent bundle starting from
some analogy with the patching rules for the tangent bundle. What we can say is that

(I) when the “form components” of a generalised vector field are switched off, then the gener-
alised vector field must transform as an ordinary vector field.

(IT) the “form components” must transform in a way that recover the gauge transformations of
the B-field.

In order to satisfy the previous two conditions, the patching rules for a generalised vector
field must be of the form

-T .
Aiy = Aij Ag) v dAij
oy

where A;; is an element of GL(d,R) and it represents the jacobian matrix 5% that appear in
the patching rules for the tangent bundle. Acting on vectors it is of the form A;;, while acting
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on one-forms, in order to preserve the inner product between vectors and one-forms, it is on the
form Ai_jT. A;j is a one-form that provides the gauge transformations of the B-field

B(i) = B(j) — dAij . (2.15)

[ want to make a clarification about the notation used: i.)(-) is the inner product between
vectors and one-forms using the contraction of the indices, i.e. i,A = v#),. The subscripts 7 and
Jj are not indices, but are labels referred to the two open sets U; and U; in which the objects are
defined.

In a more familiar notation using indices, the equations (2.14) and (2.15) becomes

vl = (A" Lol (2.16)
Ay = (Aig) " Aiyw + 05 0N >
and
By = By v = Oulbjigia) - (2.17)

We can see that talking about the patching rules the B-field makes its first appearance in
generalised geometry. In fact the patching rules must taking into account the gauge transforma-
tions of the B-field in the way showed above. But a natural question that should arise at this
point is: “does the B-field play a particular role in generalised geometry?”. The answer is yes, it
does and in the paragraph 2.3.4 we are going to explain its role. But before do that we have to
introduce the O(d, d) structure in generalised geometry.

2.2 The extension of the concept of “diffeomorphism”

The concept of diffeomorphism is very important in physics, especially in General Relativity that
is a (geometrical) theory of the gravitation interaction. In nature there are four fundamental
interactions. They are the gravitational, the electromagnetic, the strong nuclear and the weak
nuclear. What makes each interaction different from the others is the gauge group. When you
define a gauge group, you define an interaction. In a gauge group, that is a Lie group, in order to
choose a particular element, we have to specify the value of a set of parameters that are in number
equal to the dimension of the group. For each parameter remains associated a gauge boson and
its mass determines the range of the interaction. The electromagnetic interaction is governed
by the gauge group U(1) with one massless gauge boson that is called “photon”, therefore it
is a long range interaction. The nuclear strong interaction has the gauge group SU(3) with
eight massless gauge bosons, called “gluons”. Again, it is a long range interaction (with property
of confinement at low energies and asymptotic freedom at hight energies). The nuclear weak
interaction is characterized by the SU(2) gauge group with three massive gauge bosons, called
W, W~ and Z° bosons. It is a short range interaction. Actually these are not gauge bosons
inside the only SU(2) gauge group, but they are a combination of the four gauge bosons inside
the group SU(2) x U(1) that appears in the electro-weak unification in the Standard Model.

The gauge group for the gravitational interaction is the diffeomorphism group, indicated by
Diff(M)?. The generators of the algebra associated to the diffeomorphism group are the vector
fields defined over the manifold. Each algebra is equipped by a brackets which represent the
“multiplication rule”, and the one associated to the algebra of the diffeomorphism group are the
Lie brackets. Given v = v#0,, and w = w"09,, vector fields, they are defined as

[v,w] = (V*Ov” — whdy") 0, (2.18)

2If the manifold M is simply R?, then the diffeomorphism group becomes the general linear group GL(d, R),
which consist of all the possible invertible transformation one can think in d dimensions. To be honest, GL(d,R)
is not exactly the diffeomorphism group of R?, but it is its deformation retract, which means that Diff(Rd) can be
continuously deformed into GL(d,R) in the sense of homotopy. I want to stress the fact the reader should keep
in mind that only on R? the retract of Diff(R?) is the group GL(d), but for a general manifold is not.
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Inside the abstract definition of a Lie algebra g on a field F, the bracket [-,] : g X g — g must
satisfies the properties

1. (Bilinear) V X, Y, Z € gand a,b e F

[aX +bY,Z] = a|X, Z] + b]Y, Z] ,
[Z,aX +bY] =a|Z, X]|+b]Z,Y] ;

2. (Skew-symmetric) V X, Y € g

[X, Y] - _[K X] ;

3. (Leibniz rule) V X,Y, Z € g

[X, [Yv Z]] = [[X7Y]7Z] + [Yv [X7 ZH .

It is quite trivial to show that the Lie bracket defined as in the equation (2.18) satisfies the
above properties of bilinearity, skew-symmetry and the Leibniz rule. In particular, thanks to the
skew-symmetry property, the Leibniz rule can be rewritten as the Jacoby identity:

X, [V, Z]) + [V, [Z, X] + [Z,[X,Y]] =0 . (2.19)

The physical interpretation of the Lie bracket is given by the fact that if we move in the direction
of v and then in the direction of w we will not end at the same point that we would be if we
move first in the direction of w and then in the direction of v. But the difference between the
two end points is (a vector) given by the Lie bracket [v, w].

Now consider a flow generated by a vector field v. If we follow point by point the “arrows”
given by the vector field we can draw a trajectory which can be parametrised by a real parameter
7 that can be think to be, for instance, the proper time of the particle. If at the beginning the
particle is at the point z, after the proper time 7 it will be at point y that is given by the flow
associated to the vector field v, in formula we write y = ¢, (7, x).

The flow ¢, (7, z) can be think as a “one-parameter group of diffecomorphism”. For each vector
field v remains defined a one-parameter group of diffeomorphism ¢, (7, z), and vice-versa.

Now suppose to take another vector field w, or to be more general, a tensor field with
components Tﬂll,jj;f;p . Now we wonder what happens to the tensor component if we perform an
infinitesimal diffeomorphism y* = z# + Tv* 4+ O(72). The answer is given by the Lie derivative
along the vector field v. In particular the Lie derivative tells us how a generic vector field changes
along the direction of v. In formula

OTL . () = T () — TGP (2) = L,T500 (2) (2.20)
Therefore the Lie derivative plays an important role in encoding the infinitesimal diffeo-

morphism. Concretely the Lie derivative respect v for a vector field w coincides with the Lie
bracket

Low = [v,w], (2.21)

hence also the Lie derivative satisfies the properties of bilinearity , skew-symmetry and the Jacoby
identity.

Summarizing we understood that there are two important objects to consider when we talk
about the diffeomorphism group, i.e. the gauge group for the gravitational interaction. They
are the Lie brackets and the Lie derivative which a priori they are two different objects, with
different physical meaning. Only at the end one can show that their expressions coincide.

Keeping in our mind this facts of ordinary geometry, let’s generalise Lie derivative and Lie
brackets inside the framework of generalised geometry.
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2.2.1 Dorfman derivative

In trying to generalise the Lie derivative, the best natural way to do that is requiring that the
properties of the Lie derivative in ordinary geometry are preserved. This means that for each
real scalar function o € F(M), generalised vector fields V,W € E and generalised tensor fields
Ac E® B¢ E®" the Dorfman derivative is a map

Ly(-) : T(E) x D(E®") — D(E®") (2.22)
with the properties
(1) Ly(a) =7(V)la] = vla]
(2) Ly(aA) = aLyA+V]a]LyA ,
(3) Ly(A® B) = (LyA)® B+ A® (LyB) ,
(4) Lv(Wla]) = VIWla]] = (LvW)[a] + W[VIe]]

(5) W(va) = ACW(V)TI'(W) = va .

where 7 is the projection map 7 : E — T'M defined in the appendix B, i.e. 7(V) = v, where v
is the vector component of V', and V[a] is the action of the generalised vector fields V' on the
function «, i.e. V[a] = VMya, where 9y can be chosen as discussed in section 2.3.1.

The request (1) to (4) are the natural generalisation of the property of the ordinary Lie
derivative. The really new one is the request (5) which tells us that the projection of the
generalised Lie derivative of a generalised vector (that is a generalised vector) is simply the
ordinary Lie derivative.

Keeping in mind the above properties, a way to define the “generalised Lie derivative”, due
to Irene Dorfmann (1987), is the following

Definition (The Dorfman derivative). Let be V = (v“ )\M)T and W = (w“ QH)T generalised
vector fields, then the Dorfman derivative of a vector field is defined as

o L,w
LyW = <£U<_Z,wdA> . (2.23)

This definition can be extended to a generic generalised tensor field of rank n,

A= <am”'m> e D(E®™)

b#lmﬂn

but it is more easy to do that using the formalism that we will treat in the paragraph 2.3.

Notice that inside the definition 2.23 appear only Lie derivatives respect the vector field v,
i.e. L,(-). This is related the fact that the Lie derivative respect a one-form doesn’t exist as a
mathematical object. Another question concern the extra term “—i,dA”. The reason because
we introduce it is due the fact that the Dorfman derivative must encode the infinitesimal trans-
formations of the whole symmetry group Q% (M)xDiff(M), which consist in the diffeomorphism
and in the gauge transformations of the B-field. Therefore since the gauge transformation of the
B-field is 6 B = d\, the extra term —i,,d\ is a consequence of this gauge transformation on the
1-form. The Dorfman derivative enjoys the following results

Proposition 2.1. The Dorfman derivative, defined as in (2.23), satisfies the property of bilin-
earity and the Leibniz rule, but it does not satisfy the property of skew-symmetry.
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These properties are easy to check and in particular it is immediate to see from the definition
(2.23), that Dorfman derivative loses the skew-symmetry property. For this reason Dorfman
derivative does not satisfy the Jacoby identity, because Jacoby identity is a consequence of two
properties: skew-symmetry and Leibniz rule. But if Dorfman derivative was also skew-symmetric,
than it would be bought as “Lie bracket” of an algebra. Actually this is not the case, thus we
have to define the “Courant bracket”.

We will see later in the paragraph 2.3 how one can rewrite the Dorfman derivative in a more
familiar way, which will represent the formal link between Generalised Geometry and Double
Field Theory.

2.2.2 Courant bracket

After have generalised the Lie derivative, one should generalise the Lie bracket as well. Remind
that the Lie bracket must be skew-symmetric because are bracket over a Lie algebra. Therefore
we would like to preserve this property also in generalised geometry. Firs we can not define
the generalised Lie bracket as the same of the Dorfman derivative because, as we noticed in
the previous paragraph, the last one is not skew-symmetric. Therefore one define the Courant
bracket

Definition (Courant bracket). Let be V = (v* )\M)T and W = (w" CM)T generalised vector
fields, then the Courant bracket is defined as as the antisymmetric part of the Dorfman derivative,
1.e.

[V, W] = % (LyW — Ly V) (2.24)

which can be written more explicitly

_ [v, w]
[V, wl = <£v< —Lod— (i — mA)) ' (2:25)

The Courant bracket satisfies the following properties

Proposition 2.2 (Properties of Courant bracket). The Courant bracket [ , || satisfies the prop-
erties

(I) skew-symmetry
VW] =-[W,V]

(11) Failure of the Jacoby identity

[V:wi, 21 + W, 21, V1 + 12, V], W] = %d(<[[V, W1, 2) + (W, 2], V) + ([2, V], W)

The property of skew-symmetry is immediate from the definition of Courant bracket, while
the proof of the second property is available in [38].

2.3 The O(d,d) structure

I want to advise the reader that in this paragraph we are going to follow an heuristic procedure.
This procedure will allow us to define “for free” an O(d, d) structure on the generalised tangent
bundle. It is perfectly acceptable the axiomatic approach, followed by [38], with consist to
assume from the beginning the existence of a generalised tangent bundle equipped with an
O(d, d) structure.

Let us consider the Dorfman derivative and the Courant bracket of the generalised vector
fields V = (v” /\M)T and W = (w“ CM)T. From their definitions it is clear the two objects
don’t coincide. Thus let’s try to compute the difference between them.
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Vav] = 5 oW - Luv) = 5

. Lyw — Loyv > (2.26)

ofb — Tpd\ — Ly + ipdp

_ [0, w] [v; w]

- <; (Lot — iwd\ — Lo\ + Z'Ud,u)) - (LU,J — Lo\ — 3d (ipp — W))

_ [v, w] _ 0 _ B 0
_<Lv,u—iwd)\ 2d (ipp + i) = Lvv 3d (ipp + i) )

where we used the Cartan formula for the Lie derivative of a 1-form p respect the vector field v

Lyt = tpdp + diyps . (2.27)
Hence we have
0
LyW — [V, W] = ) ) . 2.28
1% [[ ) ]] <%d(va+Zw)\)> ( )

The form component of this difference is the differential of a scalar which is bilinear and
symmetric in the V' and W components. Therefore the question now is the following, why not
buy this expression as a scalar product between V and W defined by a certain metric? If we are
happy with that, we can figure out the metric that induce the scalar product (-, -)

1 . . 1 ®d><d ]1d><d w
WY = = (4, w\) = A) = ) 2.2
(V,W) 2(@ C+iwd) = (v A) 5 <]1dXd Ory) (0 (2.29)
The metric which defines the scalar product has eigenvalues
1 (Ogxa ]1d><d>] 20 1 1
det A1 - = =A"—-=0 = A=4—, 2.30

and therefore it is similar, up to a constant factor 1/2, to the metric preserved by the elements
of the group® O(d, d),

1 (O4xqa Lgxa I (Lgxa Ogxa
TIN5 <]1dxd (Dd><d> VN ~2 <®d><d _]1d><d> MN (2:31)

Since the two metrics are similar, then the two groups are isomorphic. Hence we are allowed
to consider the group O(d,d) up to an isomorphism.

The idea now consists in promoting O(d, d) group as a structure group on the generalised
tangent bundle. This is what I mean when we say “generalised geometry has an O(d, d) structure
for free”. In fact in ordinary geometry there is not a structure over the tangent bundle, or
alternatively, there is only the trivial structure given by the group GL(d,R). Imposing a G-
structure, geometrically, means that we are allowed to choose on the tangent bundle only the
reference frames related to each other by a transformation induced by an element of the group
G. For instance, an O(d) structure in ordinary geometry restrict the choice to the orthonormal
frames on the tangent bundle.

2.3.1 Connection with Double Field Theory

The Dorfman derivative, defined by the equation (2.23), can be rewritten in a way more close to
the definition of Lie derivative of a generic tensor field.
Recall the definition of Lie derivative of a vector field w in a coordinate basis {0, }

Low! =079, w" — w” oo, (2.32)

31 just remind that almost every group of matrices is defined by a quadratic constraint, which usually consists
in preserving a particular type of matrix. The choice of the matrix which is preserved defined the group. For

instance, the group O(p, q) is defined as {M € GL(d,R)|MnM™T =n, p+ q=d}, with n = <]1;()Dx;; ]l(D )
—Lgxq
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recall also the definition of Lie derivative of a 1-form (
LyCu = v"0,Cu + (0uv") (0 (2.33)

The most general definition of Lie derivative of a tensor field T, V“ll_:f;f;p e (TM®P @ T*M®) is

LT = ot0, T 0, (2.34)
+ Q)T - 4 (Bt )T
— (O, ") Tyt — -+ = (B V)T

where the terms on the second and third lines can be viewed as the adjoint action of the gl(d,R)
matrix a*, = d,v* on the particular tensor field T'. A sketch of proof of the formula (2.34) can
be found in [46].

All the above definitions can be extended also in generalised geometry, taking care to define
opportunely the coordinate basis {Op/}. Let’s try to compute more explicitly the Dorfman
derivative of a generalised vector field W using the index notation

(2.35)

LyW = ([ [V B” — (" Jur] 0, )

070, C, + (0,07)C — wY Oy Ny + wP O] dat
v 0,who, 0 (O w” o,
= + —
VY0, dxt [(0u0") G + (OpAp)w"] da (Op A )w” dat
First notice that one can embed the action of the partial derivative operator into generalised

geometry using the map* T*M —— E. Now we perform the following choice of 9, viewed as a
map to a section of E*

0 for M=
oy =4 Or H , (2.36)
0 for M=p+d

and one can rewrite the equation (2.35) in terms of generalised objects
LyW = [VNox WM + (0MVN — oNVvMY wy] o (2.37)

Raising and lowering indices is done by the O(d, d) metric ny;y. I want to stress a subtle
point, related to the definition (2.36) of the partial derivative operator. This definition is not
covariant and is intended to work when the operator 0 is applied to a generalised tensor field.
In fact the operator 0 is a map into section of E* and has no sense define it to be zero in the
form components when it is not applied to something. Therefore what we intend here is

Optal everything] =0 . (2.38)

The formula (2.36) is very important for another reason: it represents the link with the Double
Field Theory! In fact in Double Field Theory one makes double the target space introducing
extra coordinates I, defines a generalisation of the objects and at the end of the day one imposes
a constraint in order to get rid of the extra degrees of freedom. One choice of constraint in
Double Field Theory is

(x,Z+a) ~ (z,7) VaeR?:. (2.39)

Following the procedure of making double the set of coordinates has a direct consequence
in the tangent bundle, which now it is a 2d dimensional vector space. The new thing which
appears is a structure. In particular one can show (see [1], [42], [71]) that the group structure is
exactly O(d,d), the same which appears in generalised geometry. A brief review about Double

4Further informations about formal aspect of the generalised geometry are available in the appendix B.
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Field Theory is available in appendix C. The constrain (2.39) actually represent the analogous
of the constraint we use in generalised geometry, given by the equation (2.36). Since the partial
differential operator in Generalised Geometry is locally defined in a chart, and since the constraint
equation for Double Field Theory (2.39) is a local relation valid point by point 2 on the manifold,
the two approaches match at least locally.

I want to mention that some Physicist use the constraint

i=0, (2.40)

instead the less strictly one given by the equation (2.39). The difference between the two choices
is subtle and it manifests in terms of the O(d, d) metric. In fact in the “non covariant” constraint
(2.40) we can require to define the O(d,d) metric n just only on a submanifold of the double
target space, i.e. only on the subspace defined by & = 0. On the other side, the constraint (2.39)
requires the metric 7 is globally defined in the whole double target space. It is clear that in the
last case the constraint in less strictly but we have require more conditions in terms of the metric
71, while in the first case we have the opposite situation.

The constraint (2.36) for the generalised geometry is not covariant and it is more similar to
the constraint (2.40) for the Double Field Theory. However there is a covariant form of the same
constraint given by

nMNoyf Ong =0 vV f,g real functions , (2.41)

which has solution for the operator 0y exactly the equation (2.39). However I want to remark
that the above equation does not add new informations, but it is just only a covariant way to
express the same information.

Come back now to the equation (2.35) of the Dorfman derivative expresses in terms of gener-
alised indices. For the Lie derivative of a tensor field (2.34), we showed that appears the adjoint
action of the gl(d,R) matrix, i.e. an element of the Lie algebra of the trivial structure group
GL(d,R) which appears in ordinary geometry. For the Dorfman derivative happens something
similar. Remember that in generalised geometry there is a non trivial O(d, d) structure group.
In fact what happens is that the second and the third terms which appear in the equation (2.35)
represent the adjoint action of the o(d,d) matrix AMN = gMyN _ gNy M,

After this consideration it is easy to guess the form of the Dorfman derivative for a type (p, q)
generalised tensor field

Ly(-) : T(E) x D(E®?) @ D(E*®7) — D(E®P) @ D(E*#9)

LyTa = VN ON Ty o (2.42)
+ (M VN — Ny T S (9M VN — Ny M) T]@{%;;#*N
— (O VN, — Oy VMr) T Nll...qu T (8MVN‘1 — 8N‘1VM) TNllqui’l

In a similar way, one can rewrite also the Courant bracket in the indices notation
1
[V.WlM = vNoywM —wNoyv™ — 3 (VwoMWh — wyoMy ) (2.43)

2.3.2 What is a G-structure?

The formal definition in Differential Geometry is the following

Definition (G-structure). Given a d-manifold M, for a given structure group G, a G-structure
is a G-principal subbundle of the tangent frame bundle FM.
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Definition (Tangent frame bundle). The tangent frame bundle of a smooth manifold M is the
frame bundle associated to the tangent bundle of M.

Definition (Frame bundle). The frame bundle is a principal fibre bundle associated to any vector
bundle V. Its fibre over a point p € M is the set of all ordered bases, or frames, for V|,.

Definition (Principal fibre bundle). A principal fibre bundle (or simply, principal bundle) is a
special case of fibre bundle where the fibre is a Lie group G.

Definition (Vector bundle). A vector bundle is a fibre bundle whose fibre attached point by point
on the manifold is a vector space.

Concretely, a G-structure represents a way to chose the reference frame in the tangent bundle.
In more details, one chooses a point p € M, take the tangent space T),M. and pick up a basis
for this vector space. For instance, if one wants to choose the coordinate basis, then the basis
for the tangent space is induced by chart chosen.
Suppose to define the group G as the set of matrices which preserve a certain metric tensor
A, which we call O 4
O4={M € GL(d,R)|MAMT = A} , (2.44)

e.g. if A = & then we have the group O(d), if A = n»9 then we have the group O(p,q), if
A =, i.e. the symplectic matrix, then we have the symplectic group® Sp(d,R).

Imposing a G-structure means that for the basis {é,],} the scalar products between the
couples of vectors must satisfy the following condition

(€asép) = Aqb - (2.45)

Any other reference frame {€},|,} related to the above by an O 4 transformation, i.e.

e =A,0 ¢ A€ Oy (2.46)

is still a legitimate reference frame which satisfies the equation (2.45). This is what we mean by
“choosing the reference frames”.

For instance, choosing the O(d)-structure means that we are restricting our attention only
to the orthonormal frames.

2.3.3 Symmetries of F

We showed that generalised geometry is equipped with an O(d, d)-structure. This fact has a
repercussion on the choice of reference frame in the generalised tangent bundle. In particular,
what we mean, is that the choice of reference frames is restricted to a basis of generalised vector
fields { £y} which satisfies

(Brr ) = & <“]f jﬁ) (2.47)

The choice of the basis {Ej/} is not unique, but is define up to an O(d, d) transformation.
This arbitrariness on the choice of the basis is what we mean by “symmetries of E”.

In this paragraph we analyse in detail which are the symmetries of F, studying the group
O(d,d). Since O(d,d) is a Lie group, it is more easy to hand out the formulas on its algebra
o(d,d), and then, exponentiating linear combinations of the generators, we will reconstruct the
group O(d, d)".

SWith d an even number.

S Actually what we are able to reconstruct continuously is only the part connected to the identity 1 of the
group O(d, d), which is SO(d, d). But then each element of O(d,d) can be reached from an element of SO(d, d)
by a multiplication of an element of Z.
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One can start to linearise around the identity an element of O(d, d),

O =1+l + O(?) e<1, (2.48)
and impose the constraint
1/0 1
T _ . _ 4
OnO* =n with n=3 (]1 (D> . (2.49)
Then we have
(14 €T+ O(%)] n[L+ €T + (9(62)]T =7, (2.50)

which gives us, neglecting terms O(€?)

Tn=—(Tn)T . (2.51)
Start from a generic form of T,
A C .
T= B D with A,B,C,D € GL(d,R) , (2.52)

and imposing the constraint (2.51), we obtain the following conditions

=_D7T
B=-BT . (2.53)
C=-0T

Renaming C' = 3, we have found by the conditions above, that any generator of the O(d, d)
group, in the representation which acts on sections of F, is fixed by

e endomorphism A:TM — TM ,
e skew-symmetric map B : TM — T*M |,

e skew-symmetric map 8 :T*M — TM |,

and at the end we have

T - (g —iT> . (2.54)

Exponentiating 7" we reach a generic element SO(d,d). We analize now the three type of
SO(d,d) transformations that we can have. Notice that the exponentiation process is straight-

forward because of
2 2
0 0\ 0 B\ _
(B O) =0 <O O) =0 (2.55)

which is a consequence to be upper/lower triangular matrix.

(I) (B-transformation) Set A =0, 5 =0,

(Y

It is useful to think of a B-transformation as a shear transformation, which fixes projections
on T'M and acts by shearing in the T*M direction. For a shorter notation we will adopt

eB instead the above expression.

49



(II) (B-transformation) Set A =0, B =0,

[ 9160

Again, it is useful to think of a S-transformation as a shear transformation, which fixes
projections on T* M and acts by shearing in the T'M direction.

(IIT) (GL(d)-transformation) Set § =0, B =0,

ol W ) e

Since GL(d) C O(d,d), the above transformation represent a way to embed GL(d) inside
0(d, d).

The B-transformation is more fundamental than the 8 transformation. A mathematical
reason is due to the fact the (0,2) tensor fields (B-like tensor fields) can be a connections, while
the (2,0) tensor fields (S-like tensor fields does not.

The physical motivation is given by the fact the B field is related to the 2-form B, which
represent d(d — 1)/2 d.o.f. inside the NSNS sector in Type II Supergravity theories. Therefore
from here when we will talk about O(d, d) transformations we will always restrict to A and B
transformations.

The B-field must satisfy another property more than skew-symmetry. This requirement is due
to the fact generalised geometry must be “invariant” under O(d, d) transformations. Generalised
geometry actually is defined to be the set (E,(, ),[, ], ) which has the property to be an ezact
Courant algebroid. Here E is not defined in the heuristic way presented by the formula (2.2),
but is defined by an “exact sequence”. Further details about these topics are available in the
appendix B. What we have to impose is that the O(d, d) transformations let invariant the whole
set (E,(, ),[, ], 7). We have the following result

Proposition 2.3. The exact Courant algebroid (E,( , ),[ , ], ) is O(d,d) invariant if and only
if B is closed.

Proof. We have to prove that the scalar product and the Courant bracket and anchor are invari-
ant. The only non trivial part is related to the B transformation. Let be

V= (;’) W= (2’) : (2.59)

and the transformed by a B-transformation

! _ By _ v ! _ By _ w
Vi=e V—<)\+%B> Wi=e W_<C+in> . (2.60)

e Scalar product

(VW) = L iu(CF iB) + i+ 8uB)] = 5 (€ 4 1d) + 3 (s i) B = (VW)

(2.61)

where in the last step we used the skew-symmetry property of B in order to cancel the
term (iyiy + ywiy) B.

Notice that the condition of preserving the scalar product does not impose something new
on B.
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e Courant bracket

From the definition of Courant bracket (2.25), first we expand

0

LotwB = LuivB — 5d (ivinB — z'wz'UB)> ’ (2.62)

HWW%WWM<

The last two terms give d(iyiyB) = LyiywB —i,d(i,wB) by the Cartan formula, and so yield

By, B
[e”V, e W] = [V,W] + LoiwB — £wsz d (iyiwB )>_

Wi+ (o O %m):

=[V, W]+

<z[v w B+ iwly B —~ zwd(ivB)) -
(qv w) B+ szvdB>

=B ([V, W) + (Z-wz-fd3> '

Therefore we see that e is an automorphism of the Courant bracket if and only if i,i,,dB =
0 for all v, w, which happens precisely when dB = 0.

e Anchor

r(V)=n KA +Uiv3>] —v=n(V), (2.63)

which is automatically satisfied for every B.

Since the the B field must be a closed 2-form, we decide to choose it as the differential of a
1-form, i.e. B = dA. In this way B is also exact. This B field is related to the 2-form B, d.o.f.
inside the NSNS sector. B is defined modulo a gauge transformation

B; = B; + dAy; (2.64)

and the physical connection between generalised geometry and physics is given from the choice
of B exactly to be the gauge transformation dA;;. In this manner B is defined locally on the
intersection of two charts U; N Uj, therefore it has got two chart indices B;; = dA;; and by
consistency it must satisfy the cocycle condition on threefold intersection

B;j + Bjk + Br; =0. (2.65)

Now we are able to motivate explicitly the 1-form transformation of the patching rule (2.14).
In the intersection U; N U; for a section of E we have

/Uj _ Vs
<)‘j> a (Ai — ividAij> ' (2.66)

Now we “rotate” the generalised vector (vj )\j)T with an element of the structure group

O(d, d) in order to make it equal to (vi )\i)T. The transformation that we pick up is exp(B;j) =
exp(B; — B;)
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AN vj _ vi - (v
P By) (M) B (Aa‘ +%sz'j> B (Az‘ — iy, dAij + v, (Bj — Bz‘)> B <%> ’ (267

and imposing the last equality we have exactly the gauge transformation of the B field

B; = B + dA; . (2.68)

The physical observable is not the B field, which is defined only local in a chart, neither by
the B field, which is defined on the intersection of two charts, but is given by the flux H = dB,
which is globally defined.

2.3.4 The B-field: a way to “untie” the fibres

In the above paragraph we have seen that the B-field is related to the physical d.o.f. in the
NSNS sector. In generalised geometry the B-field plays an important role.

Generalised geometry can be seen formally as an exact Courant algebroid. For further details
the reader can see the appendix B. The generalised tangent bundle is defined by the exact
sequence

0 T*M=E=TM 0, (2.69)
B B

where we know the map B exists.
For any short exact sequence there is a remarkable theorem which is formulated inside category
theory. The statement of the theorem, which is called “splitting lemma”, is the following’

Theorem 2.1 (Splitting lemma). Given a short sequence with maps f and g

osALBLoso, (2.70)
one writes the additional arrows ¢ and ¢ for maps that may not exist
f g
0—-A=2B=2C—0. (2.71)
( ®
Then the following statements are equivalent
(I) Left split
there exists a map v : B — A such that the composition ¢ o f is the identity on A,
(II) Right split
there exists a map @ : C'— B such that the composition g o p is the identity on C,

(1II) Direct sum
B is isomorphic to the direct sum of A and C,

B~AaC, (2.72)

with f corresponding to the natural injection of A and g corresponding to the natural pro-
jection onto C.

"There is a technical requirement in the hypothesis of the splitting lemma, which consists the sets A, B,C
must be elements of an abelian category. We do not prove here that the category of tangent bundle is an abelian
category.
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For the proof of the splitting lemma the reader can see [33].

Since in the case of generalised geometry we have the right and left splits B, then by the
equivalence of the three statements, we have that E is isomorphic to the direct sum of TM and
M,

E~TM&T*M , (2.73)

and ¢ is the natural injection (inclusion map) of 7*M and 7 is the natural projection (anchor)
onto T'M . This represent a formal result which prove the isomorphism between E and T'M ®T* M
thanks to the B map. For this reason we say the B field has the property to “untie” the fibres
on E. In fat a generic section of TM @ T*M is on the form “vector @ 1-form”, i.e.

<§) ceTM @ T*M veTM , \e T*M , (2.74)

and a generic section of FE is given by a B transformation of the (2.74),

(A +”Z.UB> cE. (2.75)

Pictorially we say that the fibres in F are “intertwined” together.

2.3.5 (Generalised coordinate basis

A question the reader may ask is “how can we define a coordinate basis for generalised vector?”.
We have seen in the chapter 2.3.1 the definition of the operator dy;. I want to stress that this
object does not represent a choice of generalised coordinate basis, because inside its definition
the symmetry between vectors and 1-forms is broken. In fact it represents just only an operator
“ 97 useful for rewriting Dorfman derivative in the same formal way of Lie derivative. In a sense,
since 0,, represents how the exterior derivative operator d acts in components, 9y represent how
the “generalised exterior derivative” works in components.

The definition of generalised coordinate basis is the following. Given a d-manifold, consider
the coordinate basis {€,|,} = {0u|p} for the tangent space T,M. By duality, we can define
{e|,} = {dz"|,} such that

i€y =06," . (2.76)

which provides a coordinate basis for the cotangent space T,y M.
Then we can define the coordinate basis for the space TM ® T*M simply putting in direct

sum the two basis
P
() o)

Since F ~TM @© T*M, by a B field transformation of the (2.77) we get the generalised non
coordinate basis {Eps}

~.

& o
o s
N——
=
Il
=

By = . (2.78)

0
(éu> M=p+d

Since we have an O(d, d) structure, the above basis must satisfy the condition on the scalar
products
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R N 1/0 1
(Evy En) =nun N = 5 <]1 0> , (2.79)

which is satisfied in force to the (2.76). The check is straightforward and it is the following
~ €, ~ €,
Ey={ " : Ex=1{, "
M (6“ + ’léuB> N <6V + ZéVB>

(Er, En) = = [ie, (8" +1is,B) + e, (6" + i, B)]

(6,7 + 61 + (ie,de, +ie,ie,)B] = nun

N =N

By construction, the generalised tangent bundle is equipped with an O(d, d) structure. There-
fore one can always make a change of basis

vM s y!IM = oM NVN , EM — E?w = EEV(O_I)NM , (2.80)
where O € O(d, d), and the basis { £} still satisfies the condition (2.79). Since GL(d) C O(d, d),
if we choose
M 0
0= (0 M—T> , (2.81)

where M € GL(d), then we have a frame rotation due to the trivial structure group GL(d) acting
in ordinary geometry. This argument will lead us to define in the next chapter the generalised
vielbein.
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Construction of generalised geometrical objects

Even before string theory, especially as physics developed in the 20th century,
it turned out that the equations that really work in describing nature
with the most generality and the greatest simplicity are very elegant and subtle.

- Edward Witten -

In this chapter we want to reconstruct into the framework of generalised geometry all geometrical
objects that one defines in ordinary geometry. The logic we will follow, at least most of the
time, consists in considering the definition of the particular object that we want to generalise
contextualized in ordinary geometry, and trying to generalised it in the most natural way inside
generalised geometry that we developed in the chapter 2.

The geometrical objects which we are going to generalised are the metric, connection, torsion,
Riemann tensor, Ricci tensor and scalar of curvature. They represent the fundamental tools
which we need in order to construct a geometrical theory of gravity. In fact General Relativity,
without the intention to take off the extremely important physical meaning, can be seen as a
particular application of Differential Geometry, where the tools involved are the one mentioned
above.

Our purpose at the end of this chapter will be to rewrite Type II Supergravity theories as a
theory of gravity but in the framework of generalised geometry, getting the so-called “generalised
gravity”.

3.1 Generalised metric

The beginning of generalisation starts from the construction of a metric, which is known to be
a fundamental object of every geometrical theory of gravity.!

The way we follow for constructing generalised metric use an analogy with ordinary geometry
and regards the splitting of the O(d, d) structure.

!The main failure of Loop Quantum Gravity is given by the fact nowadays it is not understood how to construct
a metric.
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3.1.1 The O(d) x O(d) substructure

We have seen that Ordinary geometry is equipped by the trivial structure, provided by the
GL(d,R) group. Consider now its maximal compact subgroup, which is O(d). If we restrict our
attention only to O(d), then we have an O(d) substructure over the tangent bundle. When we
restrict the structure group from GL(d,R) to O(d) means that we are restricting the choice of
reference frame on the tangent bundle, between the all possible choices of reference frames, only
to the orthonormal frames.

Extend now this idea to generalised geometry. The structure group is O(d, d) and its maximal
compact subgroup is O(d) x O(d). To be general, consider a spacetime of generic signature (p, q),
with p 4+ ¢ = d. Therefore the maximal compact subgroup becomes O(p, q) x O(q, p).

Geometrically, an O(p, q) x O(q, p) substructure has an important consequence. The gener-
alised tangent bundle E splits into two d-dimensional sub-bundles

E:CJF@Cf 5 (31)

such that the O(d, d) metric defined by the scalar product (2.29) , restricts to a separate metric
of signature (p, q) on C and a metric of signature (¢, p) on C_. In fact for a space spacetime of
signature (p,q) = (d,0), the basis for C; and C_ is the basis that diagonalize the metric (2.29)
according to the formula (2.31).

One can define a frame {E;} U {E; }, such that {£}} form an orthonormal basis for C',
and {Eg } form an orthonormal basis for C_. The indices a and a runs both from 1 to d. The
above statement means they satisfy

<EJ7E;> :nab 9
(B, E-) = —ngg , (3.2)

a»p

<E;?E6_>:<E6_’E;—>:Oa

where 7,5, and 7,5 are flat metrics with signature (p, ¢). There is thus a manifest O(p, ¢) x O(q, p)
symmetry with the first factor O(p, ¢) acting on E‘j and the second factor O(q, p) acting on Eg.
Conceptually this represent an important point. One can think O(p, ¢) x O(q, p) as a “residual
symmetry” after breaking the O(d, d) symmetry. And in particular, the fascinating thing, is that
in the two sub-bundle C; and C_ we get “ordinary geometry” with structure group O(p, q) and
O(q, p) respectively.
We can recast the two basis {E+} and {E; } into a single object

B, Et for A=a, (3.3)
ATV B for A=a+d, '
which satisfies
. . 0
(Ea,Ep) =nap,  where  nap= (nob B 775) - (3.4)

We will adopt the convention that we will always raise and lower the C indices a, b, ¢, ... with
Nap, and the C_ indices a, b, ¢, ... with 7,5, while we continue to raise and lower 2d dimensional
indices A, B, C, ... with the O(d, d) metric nap. Thus, for example we have

. Eta f A=
B4 { o “ (3.5)

"B for A—a+d,
when we raise the A index on the frame.

The two sub-bundle C; and C_ are not equal to TM and T*M, but they are isomorphic.
In fact the basis { £4} must be a linear combinations of vectors and 1-forms, because the metric
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Figure 3.1: Splitting of £ in C @ C_. In the picture it is represented, for B = 0, how reach elements of Cy1
and Cy_ starting from a vector v € TM.

nap is the diagonalized form of the O(d,d) metric ny/n in (2.29), which is defined in the basis
that does not mix vectors with forms. A graphic representation of the splitting is given by the
picture (3.1).

A generic element V. € Cy can be written as

v, = ( M) , (3.6)

where v € TM and, in components, the form part is given by M, v", for some general matrix
M This actually describes an isomorphism between T'M and C. If we write M, = B, + guv,
where ¢ is symmetric and B antisymmetric?, then, by patching conditions (2.14) and fixing to
zero the diffeomorphisms A = 0, one can check that g and B transform on the overlap U; UU; as

9i=9j, B; = Bj + dAj) , (3.7)

and hence B can be interpreted as the B-field in the NSNS sector and g as the metric field for
the graviton.

Orthogonality between C'y and C_ implies that a generic element V_ € C_ can be written
as

v
Vo=|. . 3.8
<Zv (B—-g )) (3.8)
The check is the following

v = 0 B+0) |5 (3 0)] (s gy) = ie(B =0+ inB+9) =200 =0.

3.1.2 Generalised metric as a “projector”

In the previous paragraph we have shown the splitting of F into C;. and C_ by the formula (3.1).
The idea now is to define projectors 11+ and II_ which project a generalised vector V inside C
and C_ respectively.

2Every tensor field of type (2,0) or (0,2) can be decomposed in the symmetric plus the antisymmetric parts.
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Decompose a generalised vector V in the basis {E+} and {E; }

V=VIEf+VE; . (3.9)
Define projectors
I, : £—Cy, n_:r—-C_, (3.10)
such that
(V) = VEE] (V) =V°E; . (3.11)

The projectors I+ must satisfy the “equations of projectors”

M3 =T I =TIy =0. (3.12)

Let us parametrized I11 in terms of G in the following way [67]

M, — % 1+q) (3.13)

and find a solution for G. It is easy to check that the equations (3.12) give us the condition
G? = 1. The other condition we have to impose is

n(GV,GW) =n(V,W) , (3.14)

which is equivalent to the three conditions (3.2). Therefore at the end of the day, G must satisfy
the equations

G*=1, GTnG=n. (3.15)

The solution of G in the basis {E+} and {Ej } is the following

G=n"Ef 0 Ef +nE; © B | (3.16)

and the solution in the coordinate frame {E);} has the familiar expression

1 (g—Bg~'B Bg!
= — . .1
Gun 5 ( —gB P . (3.17)

The procedure to obtain Gy in (3.17) from G 4p in (3.16) is explained in the next paragraph
and make use of the generalised vielbein.

I want to remark why the solution obtained is reasonable. Since a projector is a map from
E to C4, it must get rid of d degrees of freedom. Therefore G must contain inside d degrees

of freedom. These d degrees of freedom are parametrized by a second rank symmetric tensor
Guv, which has d(d 4+ 1)/2 d.o.f., and by a 2-form B,,,, which has d(d — 1)/2 d.o.f.. In total the
solution (g, B) has d? d.o.f. and it must parametrise the coset

0(d, d)
O(p,q) x O(¢;p) ’

which represent the “extra d.o.f.” that the projectors take out.

(3.18)

We have seen in the previous section the physical meaning of g and B, which a priori they
represent only a way to parametrize a solution. Since inside G there is the metric of the manifold
g, then G is also called generalised metric. This represent an heuristic way to make appear the
generalised metric. There are other non heuristic way to define generalised metric (see [26]).
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3.1.3 Generalised vielbein

Suppose to define a metric over a manifold M, which represent a smooth assignment of an inner
product map on each T,M ® T,M — R. In coordinates the metric is specified by a covariant
second rank symmetric tensor field g, (x), and the inner product of two contravariant vectors
Vi (x) and U*(x) is gu VH*(x)UY(x), which is a scalar field.

There is a particular metric with which the scalar products are easier. We are talking about
the “Minkowski metric” 1, which is a diagonal metric and depends only by the signature of the
spacetime, and not by the particular point p € M.

The idea of the veilbein is to diagonalize locally, point by point on the manifold, the metric
guv (), leading it to the Minkowski metric. This procedure is obtain changing the basis for
T, M point by point. Suppose the metric g, ()|, may be diagonalized by the orthogonal matrix
O € O(d), where O(d) represent also the maximal compact

Gy =0, Dy, O, , (3.19)

where D is a diagonal matrix
D = diag(—X\°, AL, ., A4h with X >0 Vi=0,...,d—1. (3.20)

The form of D is determined by the facts that D and g have got the same eigenvalues,
g is non-degenerate, and our convention for the spacetime signature is the most employed in
Supergravity, i.e. (—4---4).
Define now the new matrix e, # and its inverse e® ,, which satisfies
e e’ =6,", e pept =90, (3.21)

such that

¢ () = VN@)0" u(x) (3.22)

where in the RHS the index a is not intended to be contracted. In four dimensions this matrix
is commonly called the tetrad or vierbein, while in general dimensions it is called wvielbein.
With this formalism the metric can be written as

Guv(x) = € () Nap e’ v(z) (3.23)

where 7 is the Minkowski metric in d dimensions.
The new basis {€4],} for T,M is related to the old one {é,|,} by the vielbein transformation

€alp = €a’(x) Eplp - (3.24)
Often p is called “curved index” and a “flat index”, for the form which the metric g assumes

in the two basis
g(é;u éu) = Guv » g(éa, éb) = Nab - (325)

A similar construction is also available in generalised geometry. The index M, which is
referred to the O(d, d) frame, is the analogue of the curved index p in ordinary geometry, while
the index A, which is referred to the O(d) x O(d) frame, is the analogue of the flat index a.

The generalised vielbein is defined as follow

Eyx=E MEy , (3.26)

and it represents the matrix of change of basis. Again, its inverse is EA s such that
EAEAN =6V, EAyEpM =g, (3.27)
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The expression of the generalised vielbein is given in terms of g and B and it comes from
considering how the vectors V. and V_ can be written in terms of vector component and 1-form
component.

The solution is the following

1 e e_
EAy = — < + > , 3.28
V2 \e+(g—B) e_(9+B) (3.28)
where e, are the ordinary vielbeins which satisfies
g:€£n€+, — g#yzeiuﬁabeiya
9= 6277 e—, = Juv = €‘z,ﬂ7a5 61.1” ) (3.29)

and 1/4/2 is a normalization factor.
Now we can check that starting from generalised vectors in TM and in T*M, such as

M (0> , W _ (2) , (3.30)

we can apply on them a vielbein transformation and obtain

A_pA M _ 1 e4v A_ pA oM L e\
L v 1 ORI IR A AP Y SRR IRCED

which they are the vectors Vi and V_ in the desired form. The contractions between “u type”
indices between vielbein, g, B tensors and v, A are intended to be done with the 7, metric of
O(p, q).

With the formalism of vielbain one can rewrite objects written in “curved indices”, like the
O(d, d) metric nysn and the generalised metric Gy in therms of objects written in “flat indices”.
In fact we have the following result

nun = E ynap EP Gun =FE* v GapEB v, (3.32)

and in matrix form

_ T 1 0 T 1 0
n=E (o _H)E, G=FE <0 ]1>E. (3.33)

This is the procedure we adopted in the above paragraph in order to write down Gsn. In fact
the formulee (3.32) give rise to (2.31) and to (3.17).

3.1.4 The importance of O(p, q) x O(q, p)-substructure

In general, given a G-structure, the substructure generated by the maximal compact subgroup
plays a very important role which is not only related to the definition of generalised metric. In
fact, focusing to the O(p, ¢) x O(q, p)-substructure of O(d, d)-structure, one can do the following
observations.

In type II String Theory compactified on a 6-dimensional manifold, the sub-bundles C'y. have
a natural interpretation in terms of the world-sheet theory. They are associated to the fermions
left and right moving and e+ are the corresponding vielbeins. The spinor fields associated to
fermions transforms under the double cover of the group O(p,q), which is the group Pin(p,q).
Usually one considers only the connected to the identity component® of O(p, q), which is SO(p, q),
thus the double cover is Spin(p, q).

3Because it is the only component that can be reached exponentiating the generators of the algebra.
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Let us now assume we have a Spin(p, q) x Spin(q, p)-structure. Then we can define S(C4)
which are the spinor bundles associated to the sub-bundles CL. Then one can define the corre-
sponding gamma matrices % and v® and spinor fields associated to left /right moving fermions
as sections e € I'(S(C4)). These represent the fundamental ingredients for inserting fermions
inside generalised geometry. Since this is not the aim of this work, we will not talk about spinors
anymore. Further informations about this topic are available in [15].

I just want to mention a result about maximal compact subgroup. There is not a unique
way to define generalised geometry, and in each definition the structure group which appears can
be different. Therefore one may ask if in other generalised geometry we lose the possibility to
find a maximal structure group, and hence lose the possibility to define a generalised metric and
construct a theory for fermions. Fortunately this is not the case, because of the following result

Theorem 3.1 (Cartan-Iwasawa-Malcev). Every connected Lie group G admits maximal compact
subgroup K. It is in general not unique, but is unique up to conjugation, meaning that given two
mazimal compact subgroup, K and H, there is an element g € G such that

gKg'=H . (3.34)

The proof of the theorem can be found in [11] and [34]. Hence this theorem is important
because it assures that in whatever generalised geometry one can always follow the procedure
developed for T'@® T™* generalised geometry.

3.2 Generalised connection

Let us to remind briefly the key points to keep in mind in order to define a connection in ordinary
geometry. Then by analogy we will move to generalised connection.

3.2.1 Connection in ordinary geometry

A connection (called also covariant derivative) is a map

V() : T(TM) x T(TM) - T(TM) , (3.35)
which satisfies the following properties
e Vx(Y+2)=VxY +VxZ,
o Vx1vZ=VxZ+VyZ,
o VixY = fVxY,
o Vx(fY) = X[fIY +fVxY,

for each X,Y,Z € T'(T'M) and for each function f from the manifold M to R. In a coordinate
basis {e,} = {0/0x"}, by definition, the connection acts as

Veen=Vie, =T, e . (3.36)

r, A, is called affine connection and represents how we choose to transport vectors around
the manifold M.

So far the affine connection can be arbitrary. If a metric is defined over the manifold M,
then it is reasonable to put some restriction on I' demanding that the metric g, be covariantly
constant, which reads

(vng),uu =0. (3.37)
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If two vectors X and Y are parallel transported along the curve ¢(t) which has tangent vector
Vo= [dat(c(t))/dt)] epleqr ie.
VyX =0, VyvY =0, (3.38)

then, using the constraint (3.37) and (3.38), the inner product between X and Y along c(t) is
constant, i.e.

Vv [9(X,Y)] = VF[(Vug)(X,Y) + 9(Vu X, Y) + g(X, V,Y)] = 0. (3-39)
The connection V which satisfies (3.37) is called metric connection. The condition (3.37)

gives us an expression for I' (the derivation can be found in [46])

~ 1
Fu)‘,,:I‘#’\,,—f—i(Tu)‘,,—i—T,,)‘u—i—T)‘w,) , (3.40)

where fu A is the Christoffel symbols, symmetric in o and v, defined by

~ 1
FM A v = §g>\€ (%gw + al/g,us - a)\g;w) ) (3'41)

and T? wv 18 antisymmetric respect to the lower indices 1 and v and is called torsion tensor. We
will define properly this object in the paragraph 3.3 when we will define the “generalised torsion”.

If the torsion tensor vanishes on a manifold M, the metric connection V is called the Levi-
Civita connection, or torsion-free metric connection. Levi-Civita connections are natural gener-
alization of the connection defined in the classical geometry of surfaces and always exists at least
for (pseudo)-Riemannian manifolds. This is guaranteed by the following

Theorem 3.2 (The fundamental theorem of Riemannian geometry). On any Riemannian man-
ifold (or pseudo-Riemannian manifold) (M, g), there is a unique Levi-Civita connection.

In particular the affine connection for a Levi-Civita connection are equal to the Cristoffel
symbols.

Now, instead of considering the coordinate basis {e,}, we pick up the non coordinate basis
{eq} such that gup = n4p, obtained acting with a vielbein on the coordinate basis. Let be {6%} the
dual non coordinate basis. The action of connection on the non coordinate basis is the following

Viea=wilaey, (3.42)

where wy, b is called spin connection. Therefore when we consider a tensor T which possesses
both types of indices (coordinate and non coordinate type), i.e.

T=TM) 0, ®e,@da” @6, (3.43)

the connection acts on this object as

(VAT gy = OSTH iy + T P STy + w0y @ THE = Ty 9 THY y — w0, €y TH e (3.44)

The metric compatibility condition has an implication on the symmetry of w. Let us consider
the metric expressed in non coordinate basis g = 1,0% ® #°. Then we have

0="V,9= (0unap) 0° @ 0° + 1ap(V ,0%) @ 0° + 1 0° @ (V,,6°)
= Nab (w“ ¢.0°® Hb + 0% ® Wy b c 90) = (wubc + wﬂcb) 0° ® (9b R (3.45)
which implies

62



Wypbe = —Wyeb - (346)

The equation (3.46) has a geometrical interpretation. When one defines a metric g on a

manifold M in ordinary geometry means we are defining an O(d)-structure. The Lie algebra of
O(d) group is

o(d) = so(d) = {M € GL(d,R)|]M = —M"} . (3.47)

Therefore w4 is an element of the o(d) algebra. This is a general result: affine connections
defined on a G-principle bundle are element of the corresponding g algebra®.

3.2.2 Connection in generalised geometry

In this section we will follow closely the procedure treated in the above paragraph in order to
extend the concept of connection in generalised geometry.
A generalised connection must be a map

Dy(-) : T(E) x T(E) — I(E) (3.48)

which satisfies the same properties of the ordinary connection presented before, just only replac-
ing sections of T'M with sections of E. The definition of generalised connection in a coordinate
basis {Ejr} is

DyEn =Ty P NyEp , (3.49)

where here I'y; ¥y is called generalised affine connection and it is the generalisation of the affine
connection I',, A . Now we have to take into account the fact in generalised geometry there is an
O(d, d)-structure. Therefore the first constraint to impose in order to determine I'y; ¥ v, is the
compatibility with the O(d, d) metric n = nyvEM @ EN.

0= Dpn = @pnun) EM @ EN + nun(DpEM) @ EN + nunEM @ (DpEYN) (3.50)
=NMN (FP M QEQ ® EN + EM & FPNQEQ) = (FPNQ + FPQN) E° (9 EN , (3.51)

again, which implies

FPNQ = _FPQN . (352)

Therefore I'ppry must be an element of o(d, d) = so(d, d) algebra. This symmetry property
does not have analogous in ordinary geometry for I',, A, and it is due to the O(d, d)-structure.

Starting from a conventional connection V in ordinary geometry, there is a procedure to
construct the corresponding generalised connection, which is denoted by DV for emphasizing
the construction. Let us take a generalised vector V. The idea is to act with connection on the
vector component and 1-form component separately in TM & T*M and then perform a B-shift
in order to come back again in E. In details, let be

vM = <K“> eT(TM & T*M) . (3.53)

The action of V; on TM & T*M is

@Z;}) , (3.54)

4Remind that a G-structure can be seen as a G-principal sub-bundle of the tangent frame bundle.
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where by definition

v it M=p=1,..d
R ' =t (3.55)
0 if M=p+d

Now performing a B-shift on (3.54) we end on E with the desired expression for generalised
connection

< Vit ) if M=p=1,..d
D%V _ VH)\ “I’ ZV#UB

0 it M=p+d

(3.56)

Another way to define generalised connection starting from ordinary connection consists to
impose by definition the null action of Dj; on the B field. In this procedure one starts from
sections of

v
V= <>\ n ivB> el(F), (3.57)
and then, by definition
Vmv
Vi _ M
Dy, V = (VM)\ n iV]u’UB> (3.58)

where we can see Vs did not act on iy,,,B. Again, Vs is defined as in (3.53).
We can also define generalised connection in a non coordinate basis {F 4} as follow

DyEn =Qu T NvEp (3.59)

where Qp ¥ v is called generalised spin connection. Again, if we consider a generalised tensor
with both coordinate type and non coordinate type indices, i.e.

T=TMA\pEy @ Es®EN @ EP | (3.60)

then generalised connection acts as

DpTMA g = 0pTMA Np +Tp M gTMA Np + Qp A cTMC 3

—TpQNTMA o —Qp @ gTMA e . (3.61)

Suppose now to introduce the generalised metric G on the manifold M. This means we are
restricting on the O(p, q) x O(q, p)-substructure. A generalised connection D is compatible with
the O(p,q) x O(q, p)-substructure if it is compatible with the metric G, which is the analogous
requirement of metric connection in ordinary geometry. Choosing the non coordinate basis the
metric assumes the form G = n®E+ ® E; +n™E- ® EE_ , and we have

0= DuG = (Oun™) Ef @ Ef + 0™ (DuES) ® Ef + 9B ® (DuE;)
+ (Oun™) By @ B +n™(DyEy) ® By + 0™ E; ® (DyE;)
= pob (QMacEj ® Ef + Ef ®QM”CEC+> + (QM%E(; ®E +E; ® QMEEEg)
= (Qtve + Quiar) EF @ B + (e + Qi) Bz @ B (3.62)

and again we have
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Qnrab = —Qnsba Qrras = —via (3.63)

which means Qpq0p € 0(p, q) and Q55 € 0(¢,p).

Equivalently a generalised connection D is compatible with the O(p, ) x O(q, p)-substructure
if the derivative acts separately in the two C'y and C'_ sub-bundle, without mixing the two types
of indices. This is actually what we did in (3.62) because terms like Qa7 ¢, E¢ when D) acts on
E® do not appear.

Therefore the “generalised metric connection”, for a generalised vector written in the basis
{ESu{Es}

V =VIEF +VOE; (3.64)
it acts as
Ve + Qpp VP f A=
Dy VA = {OMVE M b T o “o (3.65)
8MVE—|-QM@5V_ for A=a

Now there is a natural choice for the spin connection s ¢;. We mentioned above that if a
Levi-Civita connection V is defined on a (pseudo) Riemannian manifold (M, g), then there is a
natural construction for the generalised connection DV associated to V. This procedure leads
us to the following fact. Let be v € T'(T'M). In accord to the picture 3.1 we can parametrize v
using the vector components of the basis {E;}} for Cy, which is {&} '}, or equivalently, using the
vector components of the basis {E; } for C_, which is {é; }. In each C sub-bundle there is an

O(d)-structure which constraint the spin connections w:ab and W by compatibility with O(d)
metric, to be antisymmetric in the two flat indices, i.e.
+ .t -
Wb = —Woiba Woap = "W (3.66)

The two description of v are equivalent. Given v = v®é} = v®¢;, the connection acts on v as

V#UV _ (aﬂva + w/—l— abvb) é(-li- v _ (8;,,1)6 + w; aBUB) ég v (367)

The natural choice is to take the generalised spin connections /45 and €,,,; to be equal
the ordinary spin connections in the C'y sub-bundles

Quab = W:L_ab ) Qap=w (3.68)
and by definition of Dj; and 9,7, we have
Qutdab =0, Qyraap =0 (3.69)
Therefore at the end of the day, the generalised connection (3.65) acts as follow

V., V¢ for M = p
0 for M =p+d

V. V& for M =p

(3.70)
0 for M = p+d

DY Ve = { . Dyvt= {

By construction the above generalised connection is compatible with the O(p,q) x O(q,p)-
structure. However it is not torsion-free, which means the generalised torsion tensor, computed
with the generalised connection DV, is not identically zero. In the next paragraph we will define
generalised torsion and show that

Proposition 3.1. Given an O(p,q) x O(q,p)-structure, there always ezists a Levi-Civita con-
nection, i.e. torsion-free and metric compatible connection. However it is not unique.
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3.3 Generalised torsion

In ordinary geometry one introduced torsion tensor as a map

T:T(TM)xT(TM) —-T(TM) , (3.71)
defined by

T(v,w) = Vyw — Vv — [v,w] v,wel'(TM) . (3.72)

The torsion tensor enjoys a formal remarkable fact which consists in the possibility to be

expressed only in terms of Lie derivatives. Given a coordinates basis {0, } and an affine connection
V, the torsion tensor can be expressed as

T (v,w) = LY w — Lyw = v"V w — w'V 0 — v'dw + whd,o (3.73)

where the symbol [,(V.)(-) is a notation for the Lie derivative expresses in coordinate basis with 0
replaced by V.

This time, instead of generalising the torsion tensor starting from the definition, we prefer to
perform the generalization of the formal remarkable fact which satisfies and buy it as a definition
of generalised torsion tensor. Therefore we have

Definition (Generalised torsion tensor). Given a generalised connection D, “generalised torsion
tensor” is a map

T:T(E) x T(E) — I(E) (3.74)
acting on V,W € I'(E) as follow

T(V,W)=LOW — LyW . (3.75)
where LE)(‘) is the Dorfman derivative with the operator 0 replaced by D.

What we are going to do now is provide a sketch of proof of proposition (3.1), giving the
references for long computations we will skip. The generalised torsion tensor computed with the
generalised connection DV is not zero, but it is proportional to the flux H = dB,

T(DV) = —4H . (3.76)

The sketch of proof can be found in [15|. However we can redefine generalised connection
adding a generic generalised tensor X, as following

DyWA =Dy, WA+ 5,4 5W8 . (3.77)

The compatibility of D with O(p, ¢) x O(p, ¢)-structure give us the following constraint on

YMab = EMba Y vrab = ZMia s Sy =3Su%%=0. (3.78)

The generalised torsion tensor, computed with the new generalised connection D, in [15] is
shown to be

Tapc(D) = —4Hapc — 3% ap0] » (3.79)

where the components H 4pc are the components of H in the frame basis (i.e. with “flat indices”).
The same rule is valid for the other quantities which appears in the equation (3.79).

Now one requires the generalised torsion tensor T'(D) vanishes identically. This will give us
the following equation for X4pc;
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3% ap0] = —4HapC - (3.80)

The 3-form H, in coordinate basis is

1
= QHW,) dxt N dz” N dzxP (3.81)

and we have to express it the frame basis. Using the generalised vielbein, one can derive the
expression of dz* in terms of {F 4}, which is

H

1 . .
dat = 3 (e;r PETY — e “E‘“) . (3.82)

The formula (3.82) is an explicit expression for the embedding T« M — E = Cy & C_.
There is a similar decomposition of H under the embedding

3 3 3 2 2 3
/\T*M<—>/\E—/\C+EB3</\C+®C_)693<C+®/\C_>EB/\C_, (3.83)

where we used the binomial expansion (as for polynomials). In fact this coefficient decomposition
appears in the frame basis expression of H, obtained inserting (3.82) inside (3.81)

1 1/1 s a3
H = Hyypda" Nda” Nda? = o <6HabCE; NEFANES - 6HabCE; NEf NES
R T B
+6H“bCE; NEZ NET — éH“bcEg ANEZ A Eg) , (3.84)

where the factor 1/8 appears from (1/2) using (3.82) on dz# A dx¥ A dz”. The equation (3.80)
becomes

1 1
ZJ[abc} = _éHabc s Labe = _QHELbc )

(3.85)
E[aBE} = +%H&BE s Nape = +%Ha56 )
there is also another condition, which comes considering a theory with dilaton (see [15])
Y% =0, Y% =0. (3.86)

The equations (3.85) and (3.86) admit solution for ¥, but it is not unique. Thus we can
always find a torsion-free and metric compatible connection D which is not uniquely determined.
Specifically, one finds

1

D, V! =V, V! — EHabCVﬁ +AFb Ve,
1
DaVﬁ — Van - iH&chJﬁ ,
— — 1 _ _
D,V? =V, VP + 5zerabgv_c : (3.87)
— — 1 _ _ _ _
DaV2 = VaVlt oHa" Ve + A7 VE
where the undetermined tensors AT satisfy
A;rbc = _Azjcb ) A[J;bc] =0, A;_ab:O )

(3.88)

ave = Aacp A[;Ba] =0,

such that the equations (3.85) and (3.86) are still satisfied.

A; %5 =0,

a
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3.4 Generalised Riemann curvature tensor

Having constructed a generalised connection, in particular a not unique Levi-Civita generalised
connection, it is natural to ask if one can also introduce a notion of generalised Riemann curvature
tensor.
Before do that, let us remind how Riemann curvature tensor is defined in ordinary geometry.
Given a connection V, it is a map
R:T(TM)xT(TM)xT'(TM) - T(TM) (3.89)
defined by
R(v,w,2) = VyVyz = Vi Vyz — Vi, )2 v,w,z € '(TM) . (3.90)

By analogy with ordinary geometry, we have

Definition (Generalised Riemann curvature tensor). Given a generalised connection D, “gen-
eralised Riemann curvature tensor” is a map

R:T(E) x [(E) x T'(E) — (E) , (3.91)
acting on U, V,W € I'(E) as follow

R(U,V,W) = DyDyW — Dy DyW — DWW . (3.92)

The definition (3.92) is the natural generalisation of the definition (3.90), where connection
V is replaced by generalised connection D and Lie bracket [-,-] is replaced by Courant bracket
[,-]. Therefore generalised Riemann curvature R and Riemann curvature in ordinary geometry
R have the same properties of symmetry, i.e.

o RU,V,W)=—R(V,U,W),

o (R(U.V,W),Z) = —(R(U,V,Z),W) ,

e R(U,V,W)+R(V,W,U)+ R(W,U,V) =0,
o (RU,V,W),Z) = —(R(W,Z,U),V) .

However, the object defined in (3.92) is non-tensorial [32]. In fact it seems to be a differential
operator and, a priori, it is not obvious that it is multilinear object. For example, Riemann
tensor defined in (3.90) still seems to be differential operator, but one can check that it satisfies
multilinearity property, i.e.

R(fv,gw,hz) = fgh R(v,w, z) , vV f,g,h: M —R. (3.93)

For generalised Riemann tensor (3.92) one finds

R(fU, gV, hW) = DfUnghW - ngDfUhW - D[[fU,gV]] hW
1

= fgh (DyDyW — Dy DyW — Dy yiW) — §h<U, V)D(fdg—gapyW - (3.94)
The term which breaks multilinearity is —%h(U7 VD (tag—gap)W. Therefore if we restrict
to evaluate generalised Riemann tensor only over vectors which are orthogonal respect O(d, d)
metric, then the restricted generalised Riemann tensor is a proper tensor, i.e. it satisfies multi-

linearity property. One possible choice of vectors U and V such that (U, V) =0 is
UeCy, Vecl_. (3.95)
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Therefore we can build a tensorial O(p, q) x O(q, p) generalised Riemann curvature, such that
the index structure would be

(Rapa Rap € 7) and (Rab 4, Rab© 4) (3.96)

where the first and second index tells us in which sub-bundle U and V are chosen, while the third
and fourth index are the “representation indices”, which tell us if generalised Riemann curvature
is acting on C+ or in C_ sub-bundle. Moreover the representation indices posses a property.
Remind the Cartan’s structure equation in ordinary geometry

dw®p +w e Awp =R, (3.97)

where the spin connection 1-form is

w? p = re cbec y (398)

and the curvature 2-form is

1
R = SR a1 o . (3.99)

In generalised geometry Cartan’s structure equations are more complicated, but still they put
in relation the generalised spin connection ) and the generalised Riemann tensor R. Because
of the generalised version of equations (3.97), representation indices of generalised Riemann
curvature has the same behaviour of the spin connection’s one. Since Q4 € 0(p, ¢) and Q55 €
0(g,p), then we have also Rq, € o(p,q) and R;; € o(q,p), which means generalised Riemann
curvature is an object acting in the adjoint representation.

The generalised Riemann curvature is not a uniquely determined object, because of the two
possible choices shown in (3.96). But the surprising fact is that generalised Ricci tensor, which
is the object that enter in the Einstein’s equation, is unique!

Definition (Generalised Ricci tensor). The generalised Ricci tensor is the trace of the generalised
Riemann curvature

Rap=Rca®5 . (3.100)

The two possible generalised Riemann curvature (3.96) give us the following generalised Ricci
tensors

“R - = Ry CRbed = 0
RJ(BI)D = naa al,mf . ) REBIB = nar: ' d, o (3.101)
N*“Rypeq =0 N Rapeq = Rpg

Since generalised Riemann curvature R and Riemann curvature in ordinary geometry R have
the same properties of symmetry, then generalised Ricci tensor is symmetric, i.e. Rqp = Rpa and
this ensure that the two generalised Ricci tensor computed, R ; and Rg, are the same quantity.
Hence we have a unique generalised Ricci tensor, which comes from a restricted generalised
Riemann tensor. I want to stress that the restriction on the two sub-bundles C and C_ is
crucial for the uniqueness of generalised Ricci tensor, which would not be guaranteed without
this important condition.

3.5 Type II Supergravity as O(9,1) x O(1,9) generalised gravity

The fact generalised Ricci tensor is unique plays a central role in our attempt to “geometrise”
Type II Supergravity theories. Indeed the object R, which is equal to Rg,, contains d? d.o.f,
because @ and b run both from 1 to d. The other components of generalised Ricci tensor, like
Rap and R j are identically zero, hence they do not contribute to the d.o.f.. This is a good news,
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because our aim is to capture the NSNS bosonic fields of type II theories by packaging them
into a generalised metric G and a conformal factor ® (see later the paragraph 3.5.1 for dilaton
inclusion in generalised geometry). The NSNS sector contains a metric g of signature (9,1), a
2-form B and a dilaton ¢, which at each point p € M they bring the d.o.f shown in table 3.1.

H Field ‘ d.o.f. per spacetime point H
v d(d+1)/2
B, d(d—1)/2
[0 1
{guua B;wa ¢>} d*+1

Table 3.1: NSNS sector’s d.o.f. per spacetime point

Therefore the d.o.f. of NSNS sector, which in total are d? 4+ 1, match with the number of
equations for (G, ®) available, which they comes from generalised Ricci tensor R,; and generalised
scalar curvature R. Before moving to explain that, let us briefly review how dilaton can be
“geometrised”.

3.5.1 Dilaton description in generalised geometry

Dilaton cannot be described inside generalised geometry developed in the chapter 2. In order
to include dilaton ¢ correctly inside generalised geometry, we have to perform a small different
choice of generalised tangent bundle. Doing that, generalised geometry explained before will be
slightly modified. I show here, without details which can be found in [15], the key changing to
do.

The generalised tangent bundle to consider now is E, which is E “weighted” by det T*M so
that

E=detT"M @ E . (3.102)

The basis of E now must be a conformal basis {EM} such that

A 1 /0 1
<EM,EN> = (I)ZT]MN where n = 5 <]1 O) s (3103)

where ® € detT*M is called conformal factor. This choice of basis define an O(d,d) x R*-
structure.

Dorfman derivative and Courant bracket remain defined as before, where the action of Lie
derivative now is

Lywt = v”dwt — w’d,v* + p(d,v”)wh |
(3.104)
»CvCu = UV&/C}L + (aMUV)CV + p(dv”)CH

where p € R" is a weight, which tells us in which representation of R* the tensors v and w are
acting on.

The maximal compact subgroup of O(d,d) x R" is still O(p,q) x O(q,p). Geometrically,
choosing an O(p, q) x O(q, p)-substructure, now does two things. First it fixes a nowhere vanishing
section ® € I'(det T* M), and this provides an isomorphism between weighted and un-weighted
generalised tangent space E and E. Second it defines the familiar splitting of E into C4 and C_
discussed before. Again one can define projectors Ilt, but now the d.o.f. it must take out when
one projects a vector of E into Cx are d? + 1. The one more d.o.f. is captured by the conformal
factor ® which can be parametrized by the metric g and the dilaton ¢ as

b =e2/—g, where g=detgu . (3.105)
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Therefore at the end of this procedure, the NSNS sector acts as an element of the coset
0(10,10)
(9,1) x O(1,9)

This briefly explanation does not pretend to be completed, but it give just only the key points
in order to include dilaton in generalised geometry.

{9.B,9} € 5 x R . (3.106)

3.5.2 Equations of motion

Generalised Ricci tensor R,; can be explicitly worked out. Choosing the two orthonormal frames
to be aligned so e] = e, = e, we get the following result

1 1
Rap = Rap = 3 Hacally “ + 2V, Vi + 5e*V° (e—chab) , (3.107)

where R, is the Ricci tensor in ordinary geometry. Generalised scalar of curvature, obtained
contracting generalised Ricci tensor with generalised metric, is

1
R=TR+4V2%p—4(d¢)* — EH2 . (3.108)
The NSNS action takes the form

1
Sns dOX\/—ge 2 | R+ 4(8¢)* — EH2 : (3.109)

T 2k2
where x is the gravitational coupling constant, related to the Newton’s constant G and string
length [ and string coupling constant gs by

1
2 8 2
= == 2 lS . .].1
K 8rG (27ls)°g3 (3.110)

The following action, which formally seems the Einstein-Hilbert action for General Relativity
written in the language of generalised geometry

1
Seer = —5 | d°X ®R 3.111
GEH 21%2 ) ( )
is equivalent to the NSNS action (3.109), up to integration by parts of the V2¢ term.
Varying the action Sggg respect to the generalised metric G, we find the equations of motion
for g and B, which are captured inside the compact equation

R;=0, (3.112)

which looks like Einstein’s equations in vacuum.
Again, varying the action Sgpp respect to the conformal factor ®, we find equations of
motion for ¢

R=0. (3.113)

What we did here is to rewrite the supergravity equations of motion with local O(9,1) x
O(1,9) covariance. In this description there are two things more one can do. First one should
introduce RR fields, which appear in equation (3.112) as a source term. Also the RR sector
find a geometrisation inside generalised geometry, which we do not want to pursue here. Second
remark concern fermions. The fermionic action in generalised geometry can be written using the
ordinary action just replacing connection by generalised connection. The fermionic equations of
motion are reproduced correctly and the whole set of equations are locally Spin(9,1) x Spin(1,9)
covariant.
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Generalised parallelisability and consistent
truncations

The scientist does not study nature because it is useful;

he studies it because he delights in it, and he delights in it because it is beautiful.
If nature were not beautiful, it would not be worth knowing,

and if nature were not worth knowing, life would not be worth living.

- Henri Poincaré -

Consistent truncations represent a saddle topic in Physics. Not all compact manifolds provide
them. The classic example of consistent truncation comes from compactification on local group
manifold (LGM), which is shown to work in [58], [59]. However exist some mysterious cases
of consistent truncations which do not happen on local group manifold. They are S7 [20], S*
[47], [48] and S° [18]. All of them are contemplated in the classical supergravity solutions, which
are: the S near-horizon NS-fivebrane background, AdS; x S* in eleven-dimensional supergravity,
AdS5x 8% in Type IIB, and AdSy x S7 in eleven-dimensional supergravity. In this chapter we will
show how to solve these mysterious cases using the concept of generalised Leibniz parallelisation
(GLP). By the conjecture [45] due to K. Lee, C. Strickland-Constable and D. Waldram, the GLP
condition replaces the LGM condition in the consistent truncations. The important result is that
all round spheres are GLP. In the explanation we will follow the “historical path”, which gives
rise naturally to the concept of GLP.

4.1 Local group manifold and parallelisability

Let us start defining what is a local group manifold

Definition (Local group manifold (LGM)). A local group manifold is a manifold M which can
be written as

M =GT, (4.1)

where G is a Lie group and T is a discrete, freely-acting subgroup of G'.

!The action of a group H on a set X can be transitive, free or effective. Free means that the action of each
element h € H on a point « € X has no fixed points, i.e. h(z) #2 Vh € H,z € H.
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The fact to be LGM can be read mathematically in terms of the vectors fields defined over
the manifold M. First of all we can do the following considerations

e If I' is not a normal subgroup of G, which means

glg™' =T, Vgea@, (4.2)

then G/T" is not a group, but simply a manifold. If we are in this particular case, has
not sense talk about Lie algebra associated to G/, since it is not a Lie group. However
remains defined the definition of tangent space T3 M, where 1 is the identity element in G,
which is represented by a point p in M.

e The set of tangent vectors {€,|,}, which generates the whole tangent space T),M, satisfies
always the Lie bracket relation

[éua éu] |p = fuu p(p) ép|p ) (4'3)

where f,, 7 are functions which depend by the point p € M chosen.

e If the manifold M is also a group, let us say M = G, I' = {1}, then exists two special
classes of vector fields characterised by an invariance under group action, which are the
left-invariant vector fields and the right-invariant vector fields. They are defined in the
appendix A. The choice of one type rather then the other is just a convention, since the
two families give rise to equivalent theories. Suppose to pick up the left choice. Then we
have the remarkable theorem

Theorem 4.1 (Lie’s theorem). Let be {é,|4} the set of left-invariant vector fields evaluated
at the element g € G. Then holds the following Lie bracket relation

[éaaéb”g = fabcéc|g 5 v gc G ) (44>

¢ are constant, i.e. they do not depend by the element g € G chosen.

where fqp

fap € are called structure constants of the Lie group G. The proof of the theorem can be
found in the appendix A.

Keeping in mind these facts, come back to the case of local group manifold M = G/T". Since
I" is discrete, at linearised level Ty M looks like T3 G. Therefore if the discrete group I' acts on
the left, then the left-invariant vector fields {é,} defined for the group G still continue to satisfy
the relation (4.4)2,

Summarizing, a local group manifold is characterised by the following mathematical condition
on the left-invariant vector fields {é,}

[éaa éb] = Eéaéb = fabcéc y (45)

where the coefficients fy; © are constant (and are called structure constant in the case I' 9 G).
It is well known from [58] and [59] that local group manifolds gives consistent truncations®.
But is this request too much strong? First we can notice one remarkable fact about local group

manifold: they are also parallelisable. Let us define what parallelisability means

2An explicit example is provided by the two groups SO(3) ~ SU(2)/Z2, which have same algebras 50(3) =~
su(2).

3Actually in these papers is shown that one should require in addition the “unimodular” condition fas? = 0.
The condition of unimodularity is automatically satisfied for compact Lie groups, which in practice is where our
interest lies.
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Definition (Parallelisable manifold). A differentiable manifold M of dimension d is called “par-
allelisable” if there exist d smooth vector fields globally defined

{v1, ., va} (4.6)

on the manifold, such that at any point p € M the tangent vectors

{v1(p), -, va(p)} (4.7)

are linearly independent and nowhere vanishing, i.e. they form a basis of the tangent space at p.

The particular choice of vector fields {v, ..., v4} which satisfies the definition above is called
parallelisation, or an absolute parallelism, of M. Then we have the result

Theorem 4.2. A manifold M is parallelisable if, and only if, the tangent bundle T M is trivial,
i.e. TM ~ M x R,

We have also other necessary conditions for the parallelisability.

Proposition 4.1. If a manifold M is parallelisable, then
e it must have Euler characteristic x = 0.
e there is always a flat connection, i.e. with zero curvature.

The fact a parallelisable manifold has a flat connection is a consequence of the theorem on
the triviality of tangent bundle. In general T'M looks trivial only locally, i.e. if U is open subset
of M, then there is a diffeomorphism from TU to U x R?. But if TM looks trivial globally,
this means all tangent spaces of the manifold are isomorphic. This isomorphism establishes
that two tangent vectors of the spaces T,M and T, M having the same coordinates with respect
to the frame {e|,} and {e|,} are identified. But, by definition, this assigns to the manifold a
connection V of zero curvature. However, in general, this flat connection has torsion, see for
example SU(3) = S3.

Come back now to the main logic we were following. For a manifold M which is LGM, the set
of left-invariant vector fields provides a parallelisation of M, because point by point p € M they
provide a basis for T, M. Hence a LGM is also parallelisable. The parallelisability condition is
weaker than LGM condition. Hence if we buy the parallelisability condition as a new condition
to give rise consistent truncations, it seems to be a way out for the mysterious case of consistent
truncation on S” in eleven-dimensional supergravity.

In fact in ordinary geometry, the only parallelisable spheres are (S°), S, S% and S7 and this
is related to the fact the only normed division algebras over the real* (up to isomorphism) are:
the real number R, the complex numbers C, the quaternions H and the octonions Q. Other
spheres S with d # 0,1,3,7 are not parallelisable”.

However there are also other cases of consistent truncations on spheres which are even not
parallelisable. We are talking about S* and S°. Hence this argument push us to search another
condition that guarantees consistent truncations, which must be weaker than the parallelisability.

4.2 Generalised Leibniz parallelisability

First ideas began to appear in [26] moving in generalised geometry. The idea is to generalise the
concept of LGM (4.5) in generalised geometry. This gives rise to the new concept of generalised
Leibniz parallelisability

“Roughly speaking, they are algebras over the real field where is defined a norm and division operation is
possible.

5For example, the Hairy ball theorem states the 2-dimensional sphere is not parallelisable. The theorem can
be generalised to S?", with n > 1.
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Definition (Generalib:ed Leibniz parallelisability (GLP)). A differentiable manifold M, equipped
with a global frame {Ea} on E, is “generalised Leibniz parallelisable” if

LEAEB = Fap%Ec, (4.8)
where Ly(-) is the Dorfman derivative and Fap ¢ are constant.

By definition, a GLP manifold is also parallelisable in the appropriated notion of generalised
geometry, which is

Definition (Generalised parallelisable manifold). A differentiable manifold M of dimension d is
called “generalised parallelisable” if there exist 2d smooth generalised vector fields globally defined

{V,..,Vaq}, (4.9)

on the manifold, such that at any point p € M the generalised tangent vectors

Vi(p), .., Vaa(p)} (4.10)

are linearly independent and nowhere vanishing, i.e. they form a basis of the generalised tangent
space at p.

By analogy with ordinary geometry, the particular choice of generalised vector fields {V1, ..., Vagq}
which satisfies the definition above is called generalised parallelisation, or an absolute generalised
parallelism, of M. In the definition of GLP, the “global frame” is intended to be a generalised
parallelisation.

Again, we have the result

Theorem 4.3. A manifold M is generalised parallelisable if, and only if, the generalised tangent
bundle E is trivial.

Triviality of the generalised tangent bundle, in the Hitchin’s generalised geometry, means
E ~ M x R?? but in general it depends case by case how one defines the generalised tangent
bundle.

At this point, one is led to the conjecture [45]

Conjecture 4.1. A manifold M which is GLP gives consistent truncations.

This conjecture has a remarkable consequence. In the next section we will consider spheres,
and we will show that all round spheres S¢ are GLP. Therefore by the conjecture stated before,
all round spheres give consistent truncations and this fact sheds light in the last two mysterious
cases of consistent truncations on S* in eleven-dimensional supergravity and S° in Type IIB
supergravity.

Just notice that the GLP condition is weaker than the (ordinary) parallelisability, and gen-
eralised parallelisability is weaker than GLP condition. The strength of the four concepts we
introduced is shown on the Table® 4.1.

If a manifold M is parallelisable in ordinary sense, then it is also generalised parallelisable. In
fact, let {e,} be a parallelisation of M. Let {6#?} be its dual. Then a generalised parallelisation
of M is given reminding the formula (2.78) which now reads

( Ca > for A=a
ie, B
(92) for A=a+d

5The table shows just only the strength of the definitions. Which means the class of GLP manifolds is broader
than the class of parallelisable manifolds, but it is not true all parallelisable manifolds are also GLP manifolds.
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‘Local group manifold (LGM) ‘
1

\ Parallelisable manifold ‘

7
| Generalised Leibniz parallelisability (GLP)|

1

‘ Generalised parallelisable manifold ‘

Table 4.1: Condition’s strength. It decrease from top to down.

It is easy to check that the generalised vectors in (4.11), because of the properties of the (ordinary)
parallelisation, they are globally defined, linearly independent and nowhere vanishes, hence they
provide a generalised parallelisation.

The careful reader will have noticed that we did not define the concept of GLP manifold as
a generalisation of the merely definition of LGM (4.1). Conversely we prefer to generalise the
equation (4.5) which is a mathematical condition to be LGM. Furthermore the generalisation
regarded only the Lie derivative, which was replaced by the Dorfman derivative, but we said
anything about Lie bracket, which it should be replaced by Courant bracket. Moreover, despite
ordinary geometry, Courant bracket and Dorfman derivative do not coincide. Hence seems we
are struck in an inconsistency. Fortunately this is not the case thanks to the following fact

Lemma 4.1. Let {E‘A} a generalised parallelisation of M, O(d,d)-compatible. Then we have
Ly Ep=[Ea Eg] . (4.12)
Proof. Recall the relation between Courant bracket and Dorfman derivative acting on {E A}

[Ea, Eg] = Ly Ep+d(Ea, Ep) . (4.13)

The generalised parallelisation is O(d, d)-compatible, which means

(Ea, Ep) = nap - (4.14)

Therefore we have
[[EA,EBH :LEAEB+d(nAB) :LEAEB . (4.15)
O

Now we close the circle about GLP, showing a result which tells us how the GLP manifold
looks like.

Theorem 4.4. A manifold M which is GLP is also a homogeneous space, 1i.e.

M =G/H , (4.16)
where G C O(d,d) is a 2d-dimensional Lie group and H is a d-dimensional Lie subgroup of G.
Proof. Let us pick a generalised parallelisation {E A} O(d, d)-compatible, which satisfies

[Ea, Es] = Fap “Ec (4.17)

where Fup © are constant. The Courant bracket on {E A} satisfies the Jacoby identity and hence
defines a Lie algebra g whose structure constants are F4p “. Given Proposition 3.18 of [31], we
also have
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nepF? ap +nppFP ac =0. (4.18)

This implies that the adjoint representation of the algebra g, where the generators are given by
(TA)p© = Fap©, acts as a sub-algebra g C o(d, d).

Recall now that the Courant bracket, under the projection 7 : E — T'M, reduces to the Lie
bracket for ordinary vectors

™ ([[EA,EB]]> = [UA,’UB] = FupB C’UC , (4.19)

where vy = m(E4), and they are 2d vector fields on M. Since the set {E4} provide a basis for
E, the set {vq} must provide a basis for TM. Therefore some of v4 can be vanishes at some
points p € M, or cannot be linearly independent, but surely there must be at least d of them
non-vanishing at each point p € M and linearly independent. Let us fix some point p € M. We
can identify vectors X = X AR 4, with constant X4, as elements of the lie algebra g. Now we
look at the set of vectors X with vanishing 7(X) at a given point p € M

h={X € glr(X)=0}. (4.20)

This must be at least d-dimensional subset of g because it must span 7* M. But also its comple-
mentary set g\ h must be at least d-dimensional in order to span T'M. Hence h must be exactly
a d-dimensional subset of g. Since the Lie bracket of two vector fields that vanish at p € M must
itself vanish at p € M, we have that b must form a closed sub-algebra. Hence, exponentiating
the algebra, the manifold M must be a coset space

M=G/H (4.21)

with G C O(d,d) a 2d-dimensional Lie group and H C G a d-dimensional Lie subgroup. O

4.2.1 Gauge group on the reduced theory

There are many methods to do a dimensional reduction, as one can see in the literature. The most
ancient was the Kaluza-Klein compactification performed over a circle S'. The first generalisation
was considered by Pauli in 1953. He starting point was the six-dimensional spacetime My x S2.
The extra dimensions form a 2-sphere S2, and with an appropriate Ansatz he constructed a
non-abelian theory with gauge group SU(2).

In the years after that, further generalisations were proposed. They can be classified into
three (plus one) families [17]. The ingredients are the choice of compact manifold C; and the
gauge group for the ending theory.

(I) Toroidal reduction C; = T9. This represents a d-dimensional torus reduction and is
a generalisation of the Kaluza-Klein circle reduction. The reduced theory gets the gauge
group [U(1)]%.

(II) DeWitt reduction C; = G. This is a reduction on a group manifold, where G is a
compact Lie group. The group G becomes also the gauge group for the reduced theory.

(III) Pauli reduction C; = G/H. Coset space reduction, where H is the maximal compact
subgroup of G. The most common examples are sphere-reductions S = SO(d+1)/SO(d).
The gauge group appearing in the reduced theory consists in the isometry group of Cg,
which is G.

(IV) Inhomogeneous spaces or spaces without any isometries.
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In most cases coset reductions are preferred above group manifold reductions, since less extra
dimensions are needed to obtain a certain gauge group. For example, if we want the gauge group
SO(8) we could use the SO(8) group manifold or the coset SO(8)/SO(7), which corresponds to
the 7-sphere. In the first case we have dim SO(8) = 28, while in the second case dim S” = 7.

In the article [17], the authors M. Cvetic, G.W. Gibbons, H. Lii and C.N. Pope have presented
a conjecture for Pauli reduction on group manifold C; = G. This conjecture leads to a gauge group
G x G on the reduced theory instead the only gauge group G appearing in DeWitt reduction.
The conjecture refers only to reductions of string theory (i.e. we must have a metric, B-field
and dilaton), not of arbitrary theories. The truncation on this group manifold with G x G gauge
group on the reduced theory is consistent [23|. As the authors wrote in the article, “there is no
obvious group-theoretical explanation why this truncation can be performed consistently”.

Using the framework of generalised geometry we are able to give a theoretical motivation
of this conjecture (section 4.6). In generalised geometry the gauge group which appears in the
reduced theory is generated by the algebra defined by the generalised parallelisation of C4, which
must satisfy the GLP condition. We will show that the generalised parallelisation of G, which
satisfy the GLP condition, generates the g @ g algebra, hence exponentiating the G x G group.

4.3 Spheres as generalised parallelisable spaces

In this section we reproduce just only the fundamental steps about the result that all round
spheres are GLP. The complete explanation can be found in [45].

The d-dimensional sphere can emerge dynamically as solution of equations of motion. Let
us consider a theory in d dimensions with metric g and d-form filed strength F' = dA, satisfying
the equations of motion

1
d—1
where R, is the Ricci tensor, R = g"”R,,,, is the scalar of curvature, F?2 = %F“l“'“dFm_“M and
vol, is the volume form computed with the metric g. The indices p# and v run from 1 to d. The
equations of motion (4.22) admits a solution with a round sphere S metric of radius R.

Since the sphere background has a d-form field strength F', it is natural to consider a gener-
alised geometry where the generalised tangent bundle is %d(d + 1)-dimensional defined as’

d—1

R, = g, , F = voly , (4.22)

d—2 d—2
E= oMo NTyM~TMo N\ T°M . (4.23)
peEM
We notice immediately that in the case d = 3 we get the Hitchin’s generalised geometry E ~
TM & T*M and the 3-form F' becomes the flux 3-form H = dB. Generalised vectors V' now are

N
VM:< Y > (4.24)
)\Nl~-/14d72

and also here one can define patching rules, Dorfman derivative, Courant bracket and so on, in
the same way we did for TM @ T*M generalised geometry.

The structure group which appears here is not O(d, d) anymore, but the positive determinant
general group GL™(d+1,R). The maximal subgroup of GL™(d+1,R) is the Lie group O(d+1),
and the degrees of freedom encoded by the generalised metric G on the d-sphere are given by
the coset

GL(d + 1)

¢ ouT

(4.25)

"Actually E is defined as a short exact sequence, in the same way of the Hitchin’s generalised geometry, getting
at the end an exact Courant algebroid.
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Consider now the sphere S¢ resulting as solution of equations of motion (4.22). The sphere
S? can be embedded into R*! with embedding equation

Siy'y’ =1, (4.26)

where y° are constrained dimensionless coordinates with i = 1,...,d 4+ 1. The metric is

ds? = R*5;;dy'dy’ . (4.27)

The generalised tangent bundle is %d(d + 1)-dimensional, therefore a generalised parallelisation
must contains %d(d + 1) generalised vectors. Since the sphere S? is a mazimally symmetric
manifold, it admits %d(d + 1) Killing vector and we can use them in order to construct the
generalised parallelisation. From the point of view of the embedding space R**1, the sphere is
invariant under rotational SO(d + 1) Killing vectors v;;,

0 0
= R —
which they gives the so(d 4 1) algebra under Lie bracket

[Uij, Ukl] = Ril (5ikvlj — 5ilvkj — 5jkvlz’ + (Sjl’l)]m') . (4.29)

The Ansatz for the global frame Eij is

b vij
B = (%’ + iw—ﬁ) ’ (4:30)

where the term i,,, A represent the action of the isomorphism E ~TM & /\d_2 Ty M, and o5 is
defined as

d—2
0ij = *a(R*dy; A dy;) = meijklmkﬁykldy“ A AdyFat (4.31)
where the Hodge star is computed in d dimensions, see the appendix A for details.
We have to check that the vector fields (4.30) are nowhere vanishing. Analysing separately
when vanishes the vector components and the form components, we have

vector components v;; =0 when y; = y; =0
form components dy; Ndy; =0 when yf + yj2 =1

The Killing vectors vanishes in the poles of the sphere, while dy; A dy; vanishes in the equator,
i.e. when y* and 3/ are one functions of the other and the external product vanishes. Since this
two conditions can never be satisfied together, the set of vector fields (4.11) gives us a generalised
parallelisation of S¢.

One can check also the generalised parallelisation (4.11) is orthogonal respect to the gener-
alised metric on the round sphere, hence Dorfman derivative coincides with the Courant bracket
on the generalised parallelisation. The explicit computation give us

LEA,”_EA‘M = HEZjEle = Ril (5ikElj — 5ilEkj — 5jkEli + 5leki> . (4.32)

We recognise that the Lie algebra generated by the generalised parallelisation is so(d + 1). This
is in accord to the fact the Pauli reductions over S2, S7 give rise respectively to the gauge groups
SO(3) and SO(8). Also the formula (4.32) shows that all round spheres S are GLP. Hence all

of them, by the conjecture 4.1, provide consistent truncations.
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4.3.1 The three-dimensional case

The case d = 3 is a particular one because it gives rise a connection with the Hitchin’s generalised
geometry. The indices 7 and j runs form 1 to 4 and we can defined self-dual and antiself-dual
generalised vectors

A

R 1 .
E:=E;7¥ S €igki Bt - (4.33)

We have six generalised vectors EZ which only three are linearly independent. The same argu-

ment works for EZ; Therefore we can choose

o+ — o+ —
Ea:E4a7 a =

E; = E, a=

a

and Ej{ , Eg represent two SO(3) triplets which give rise to the algebra

LEJE;_ = [[EA';,EA';_]] = R71€abcE;r ,

Ly ES =[E; B ] =R 'eyebr (4.36)

LB, =[EF,E;]=0.
Hence the self-dual and antiself-dual frames give us two copies of the su(2) = so0(3) algebra.
When the complete frame is exponentiated we get the Lie group SO(3) x SO(3), which is the
maximal compact subgroup of SO(3,3). But SO(3) x SO(3) is also isomorphic to the Lie group
SO(4), which is the maximal compact subgroup of the Lie group SL(4,R), and SO(3,3) is also
isomorphic to SL(4,R). Hence we have closed the circle proving the theory developed for the

spheres leads back in the case d = 3 to the Hitchin’s geometry, in particular showing explicitly
the splitting E ~ C, & C_ provided by self-dual and antiself-dual frames.

SO(3,3) D S0O(3) x SO(3) Hitchin’s generalised geometry
l l
SL(4,R) D SO(4) Sphere’s generalised geometry

4.4 Homogeneous spaces: S3, H3, dS; and AdS;

In this section we keep on the case d = 3. We analyse maximally symmetric spaces which have
the same embedding equation of the 3-sphere embedded in R*, but with different metric signature
with n number of plus and m number of minus, i.e.

ngl’m)yiyj =1. (4.37)
We consider the following spaces
Sphere 53 = gggg; o~ So(gg(gf)(?’) yi+ystystyi=1
de Sitter dSs = S0 Pyl —yi=1
Anti-de Sitter AdSy = 5902} ~ S0Cx500.2) iyt tyi=1
Hyperbolic space H? = %‘Z’,’;) —y% — y% — y?, + yz =1
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All these spaces arise as solution of the equations of motion (4.22) considering different signatures
of the metric g in d = 3. Hence the description of all these spaces is captured by the sphere’s
generalised geometry defined in (4.23), which in our case leads back to Hitchin’s generalised
geometry. Hence at the end of the day we would expect to find the splitting given by the
O(p, q) x O(q, p) structure. Actually we will discover that this procedure can be done canonically
for the sphere and Anti-de Sitter spaces, but not for the de Sitter and hyperbolic spaces.

The generalised parallelisation for all these spaces is given by

Lg, B = [Ey.By] = R (ng,j””)z%lj — "™ By — 0™ By + ™ E,ﬂ) . (4.38)

Let us take self-dual and antiself-dual generalised vectors defined by (4.33). Then the linearly
independent E‘j and E&_ represent two triplets under the groups SO(3) for the sphere, and
SO(2,1) for the Anti-de Sitter space. These two sets of Ej and Ea_ give rise to two copies of
50(3) algebra for the sphere, and so0(2,1) algebra for the Anti-de Sitter space. Hence also for
the Anti-de Sitter space we have the splitting of the generalised tangent bundle F ~ C, & C_
provided by the choice of the SO(2,1) x SO(1,2)-substructure. An important fact to notice is
that the group definition in terms of coset of these two spaces admit naturally a “splitting” given
by the isomorphisms between SO(4) ~ SO(3) x SO(3) and SO(2,2) ~ SO(2,1) x SO(1,2). This
is not true for the de Sitter and hyperbolic spaces.

In fact, if the frame {Ej, Eg} gives rise to a splitting for the sphere and the Anti-de Sitter
space, from the other side, it do not for the de Sitter and hyperbolic spaces. The reason is due
to the fact for the sphere and Anti-de Sitter space there are an even number of minus signs in
n("’m), while for the de Sitter and hyperbolic spaces an odd number.

However we can “reabsorb” the extra minus sign considering the complexification of the
self-dual and antiself-dual basis

£ = By + —eimbBu - (4.39)
7 J 92 )

Again, the linearly independent {&, & } fulfil

Le-& =[67.6 =R "egls (4.40)
Lesly =[E5,61=0

Léj(chr = [[é;’glj]] = R_leabcé+

This show the isomorphism between the complexified algebras

50(3,1)c ~ su(2)c ® su(2)c ~sl(2,C) @ sl(2,C) . (4.41)

Therefore we get the splitting also for the group SO(3,1), which leads to a definition of
generalised metric. But now we have to remind that the splitting is available only on the
complexified basis. Hence we are not using generalised geometry anymore, but Generalised
Complex Geometry. The generalised metric G in generalised geometry must satisfies the condition

G*=1. (4.42)

In generalised complex geometry the generalised metric J must fulfils

JP= -1, (4.43)

but the degrees of freedom encoded by the two generalised metric are the same, g and B.
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4.5 A non-trivial case: S? x S!

The manifold S? x S! is not a coset space, hence one should be tempted to think it is not GLP,
since it represents a necessary condition from the theorem (4.4). In ordinary geometry there is
a theorem which states “product of parallelisable manifolds is parallelisable”. Hence one would
like to check if it is also true “product of GLP manifolds is GLP”. We do not prove here this
statement, but we show that is it true in the case S? x S'. The fact S? x S' is GLP tells us this
space is also an homogeneous space. Since the case S? x S! is original, all the computations are
given in detailed in the appendix D.1 and here we just follow the main logic.

Let us take y* constrained coordinates, with i = 1,2, 3, which described S? embedded in R?
by the equation 5ijyiyj = 1. For the circle S we do not choose constrained coordinates, but just
the free angle parameter ¢ € [0, 27].

The generalised frame can be constructed as®

: v : idy
E.=( i : = . - , 4.44
N <—%~B + %2 (dy; A dy;) N dﬂ’) ‘ <_Zyi8wB + €ijik ?deyk> (4.44)

where {F;} is the generalised parallelisation on S? and {E!} are generalised vectors for the circle
reproduced in each direction y', y?,4> of the embedded space R3. We need them in order to
have a set of six generalised vector fields, which corresponds to the dimension of the generalised
tangent bundle E.

These generalised vector fields are nowhere vanishing. The set {EZ]} was already discussed
in the section 4.3, while for {E/} we can see that’

vector components YiOyp = 0 when y; =0
form components €ijk yjdyk =0 when yi = +1

Instead of considering the two-indices generalised vectors Eij, let us consider their Hodge
dual one-index generalised vectors

A

Ei == Ez‘jkEAjk . (445)
The frame {El, E]} is orthogonal respect the O(d, d) metric and fulfils the algebra

Ly Bj = [Ei, Bj] = —€ij B
Ly B} = [Ei, Bj] = —ei B, (4.46)
LyE;=[E,E]=0.
From these relations we recognise the algebra recovered here is nothing more than the algebra
of the Euclidean group in 3 dimensions, F(3) ~ ISO(3) ~ SO(3) x R3.

The frame (4.44) is not the only possible generalised parallelisation of S? x S'. Another
choice, which is still nowhere vanishes, is given by

o Vij 5 _ Yidy 44
gl] <_ivijB + *g(dyi A dyj) A d¢> ’ SZ (—iyiawB + dyz> ) ( ’ 7)

Despite this frame gives a generalised parallelisation of S% x S, it is not orthogonal respect
the O(d, d) metric. Hence it is not a good candidate in order to provide an algebra.

8Here we choose A = —B.
9Tt may be useful draw a 2-sphere and see that the form component vanishes only in the intersection of two
circles orthogonal to the y? and y* directions.
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4.6 The conjecture G x G

Consider a group manifold M = G equipped with left and right invariant vector fields, Let [z
and 7y, with a,a = 1,...,d, be a basis for the left and right invariant vector fields respectively.
They must fulfil the following Lie bracket relations

[Tayrb] = fabc""c s
U@, ZB] — fC_LBClE 5 (448)
[Ta, lg] =0.

The dual basis p* and Iz with respect to r, and [z are defined as

irop? =640, i AP = 65", (4.49)

Raising and lowering indices is made by the Cartan-Killing form which remains associated
to the Lie algebra g, i.e.

9= gap p* @ p° = Gap A" ® AP, (4.50)

Remember that left and right invariant vector fields give rise to two copies of the same theory.
Let us pick up the set of generalised vector fields {E;} and {E; } defined as

ot Ta - la
B = (m—z’ra B) , B (_Aa_% B) | (451)

The frame (4.51) is globally defined, nowhere vanishes and all vector fields are linearly inde-
pendent. Hence it provides a generalised parallelisation of G. We search a generalised paralleli-
sation which is orthogonal with respect to the O(d, d) metric, i.e.

(EX Ey) =nab (4.52)
<E;r7 Eb_> = Nap > (4'53>
(Ef,E;)=0. (4.54)

The orthogonality conditions (4.52) and (4.53) are automatically satisfied. While the conditions
(4.54) is satisfied if and only if holds the following relation
i, A\a = i, Pa - (4.55)

The generalised parallelisation (4.51) satisfies the GLP condition, and thanks to the (4.55), we
have the algebra

E+E+ [[ 7Ea+ﬂ = abc‘E+
LE(—;EB = [[E?;’EB_H = fabCEg ) (4.56)
Lyt B =[BES, E;]=0.
The algebra (4.56) reproduced here by (4.51) consists in two copies of the Lie algebra g associated
to the Lie group G. Hence for a group manifold M = G, in the framework of generalised geometry,
it is always possible to find a generalised parallelisation of G which gives rise to the algebra g@ g,

and therefore, if M = G is used for dimensional reductions, to a gauge group G x G in the
reduced theory.
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Conclusions

Generalised geometry is a modern topic in between mathematics and physics, which is still
nowadays developing and is giving great results, as we have seen in this thesis. Hence I strongly
believe that this approach should be pursued further inside Supergravity and M-theory in order
to give a better explanation of some mysterious fact, for example about U-duality and the
Mirror Symmetry, already approached by the double field theory formalism [10]. Some ideas in
exceptional generalised geometry about U-duality have also arisen in [7].

Despite generalised geometry is growing fast, there are many questions which still remain
unanswered. One of the most important concern how supersymmetry can enter in generalised
geometry. In [15] the authors shown how to incorporate all the fermions inside generalised
geometry, but still supersymmetry remains left outside. Instead asking how supersymmetry can
enter in generalised geometry, the question should be more a conceptual one: why is generalised
geometry the appropriate formalism to describe supergravity theories? Surely the fact that the
metric and the B field can be enclosed inside a generalised metric and Type II Supergravity
equations of motion can be written as O(9,1) x O(1,9) covariant Einstein’s equations in vacuum
gives us a good clue, but this is not enough. One might also ask whether the structure group
O(d,d) could be extended to include fermionic symmetries. However at the moment we do not
know if it is possible to introduce a superspace inside generalised geometry framework, or even
if generalised geometry does not need a superspace in order to encode supersymmetry.

About the topic of consistent truncations of supergravity in generalised geometry framework,
there are still open questions. The main question probably regards if the conjecture 4.1 is true
or not. If we assume it is true, then we do not know if GLP is the weakest requirement for
a manifold in order to have a consistent truncation in the reduced theory. If we suppose GLP
represents the weakest requirement, then we do not know which topological properties a manifold
must hold. Putting in another way, we do not know the sufficient conditions which a manifold
must have in order to be GLP. When we discover these informations, then we will be able to
catalogue which manifolds can give consistent truncations and which not.

Since this way is quite hard to figure out immediately, the tactics consist in pick up other
manifolds, which are not discovered to give consistent truncations and try to see if they are GLP.
This approach gives a broad vision about properties which GLP manifolds must fulfil.
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Differential Geometry

A.1 Some concepts about manifolds

In this section we talk about some concepts quite formal about manifolds, which sometimes are
not in the daily language, but that we used in this thesis. The topics we cover here are induced
maps, flows and Lie derivative, left and right invariant vector fields and embedded manifolds. We
assume known the general knowledge about manifolds.

A.1.1 Induced maps: pullback and pushforward

Let us consider the smooth map f : M — N from an m-dimensional manifold M to an n-
dimensional manifold N. Smooth means if we take a chart (U, ¢) on M and (V,¢) on N, where
p € U and f(p) € V, then the “coordinate presentation” of f, i.e.

Ypofop l:R™ 5 R™, (A1)

is C*°. The smooth map f induces naturally a map f,, called pushforward, such as

f* : TpM — Tf(p)N . (A2)

Let us pick up a point p € M and let be z = ¢(p) and y = ¥(f(p)). Let be V. = V#9/0zH € T,M
and f.V = W*9/0y~ € Ty N. Then, in a chart, the pushforward components are defined as

oy (x)
@ = w7 A7
We = e (A.3)

Note that the matrix (9y®/dx*) is nothing but the Jacobian of the map f: M — N.
There smooth map f induces also another map f*, calles pullback, such as

Again, in the same notation as before, consider the covector w = wody® € T }k(p)N and ffw =
Apdzt € Ty M. The pullback components are defined as

Iy (x)
. Ab
S (A.5)
Note that f, works between tangent bundles and goes in the same direction as f, while f*
works between cotangent bundles and goes backward, hence the names pushforward and pullback.

Ap = Wa
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A.1.2 Flows and Lie derivative

Let X be a vector field in M. An integral curve C(¢) of X is a curve

C:R—M, (A.6)
whose tangent vector at C(t) is X|¢(y). Given a chart (U, ¢), such that z(t) = ¢(C(t)), than this

read

BT () . (A7)
dt

The problem of finding integral curves is equivalent to solving the autonomous system of ordinary
differential equations (ODEs) given by (A.7). The initial condition zf; = z#(0) must be specified
in order to have a well defined Chauchy problem. The existence and uniqueness theorem of
ODEs guarantees there is a unique solution of (A.7). Therefore we have a family of integral
curves, labelled by the initial data zfj, and it is called flow. Formally a flow is a map

c:RxM— M, (A.8)

such that in a chart

%J“(t,xo) — XM(o(t m0)) | o (0, 20) = ot | (A.9)

The flow o (¢, x) represent a one-parameter group of diffecomorphisms from M to M because
for fixed t € R the map o : M — M is a diffeomorphism, and it satisfies the “group properties”

e g,004(x) = oy4s(x) Vit seR,
e g9 =1,
e o = (o) L.
Since oy 0 04(x) = 05 0 oy(x), it is also a commutative group.

Consider now the two flows o (¢, ) and 7(¢,x) generated by the vector fields X and Y,

dot(t,x)

W2) X (o(t,2)) (A.10)
W —YR(r(t,2)) - (A11)

The Lie derivative of Y along the flow o of X evaluates how the vector fields Y changes along
the vector fields X. To do this we have to compare the vector Y at a point x with the nearby
point &' = oc(z), with ¢ < 1. However we cannot take simply the difference between the
components of Y at the two points since they belong to difference tangent spaces T,M and
T, (x)M. However we can “pull back” the vector Y|, (z) € Tt ()M to Ty M using the pushforward
map (0—¢)s : Ty (2yM — T M. Hence the Lie derivative is defined as

1
LxY =1im = [(0-0)+Y o) = Y2] - (A.12)
e—0 €

In a chart (U, ¢) with coordinates z, X = X#9/0x* and Y = Y*9/0z", one can show the Lie
derivatives has the expression

LxY = (X'9,YY —Y"3,X") 0, . (A.13)

The above expression holds also in a non coordinate basis {é,}, just replacing 9,, by é,.
One can define Lie bracket [X,Y] as the commutator of the two vector fields, i.e.
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(X, Y]f = X[Y[f]] - YIXAI (A.14)

where f € F(M). Accidentally, Lie derivative and Lie bracket coincide. Lie derivative can be
extended to tensor fields.
The properties of Lie derivative are

e Linearity

Lx(Ty +T5) = LxTi + LxT> , (A.15)
with T7 and T5 generic tensor fields.

e Leibniz rule

Lx(Yow)=Y & (Lxw)+ (LxY)Qw, (A.16)
where Y € I'(T'M) and w € I'(T*M).

e Given T a generic tensor.

LixyT = LxLyT — Ly LxT . (A.17)

e Cartan’s formula

Lxw=dixw+ixdw, (A.18)
where w € I'(T*M).

A.1.3 Left and right invariant vector fields

Let a and g be element of a Lie group G. The right-translation R — a : G — G and the
lleft-translation L, : G — G of g by a are defined by

Rog=ga, (A.19)
Log=uag. (A.20)

Since the group composition in a Lie group is a smooth map by definition, R, and L, are
smooth maps. Then remains defined the induced maps

Ry : T,G — TG Loy : TG — TpeG . (A.21)
Let X be a vector field on a Lie group G. X is said to be left-invariant vector fields if

Lax Xy = Xag - (A.22)

The same definition holds for right-invariant vector fields, just replacing Lqyx by Rg«. In compo-
nents, the relation (A.22) reads

0xY(ag) 0O 0

dri(g) v |,, Xa9)5 v

L X‘g = Xu(g)

(A.23)

where z#(g) and z#(ag) are coordinates of g and ag, respectively.
Left and right invariant vector fields are very useful for proving the following fact, which goes
under the name of Lie’s theorem
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[XmXb”g = fab cXc|g s v gc G ) (A'24)

where {X,} is a set of left or right invariant vector fields, and f,; ¢ are constants which do not
depend by g. Let us prove this fact. Consider the algebra T3G = g generated by the left invariant
vector fields {X,|1}. They must satisfy the algebra relation

[Xau Xb”]l == fab C*ch|]1 5 (A25>

where f,; ¢ are the structure constants of the algebra g. The idea now is that we want to “move”
the algebra in another point g € G different from 1. If we apply Lgs to both members of (A.25),
and reminding the definition of left invariant vector fields, for the LHS we have

Lg*[Xa,Xb”ﬂ = [Lg*Xa|117Lg*Xb|11] = [XaaXb”g ) (A-26)
for the RHS we have

Lg*fab c—~XC|11 = fab cXc|g . (A27>
Therefore f,; ¢ do not change. Since this holds for each g € G, we have the thesis (A.24).

A.1.4 Embedded manifolds

Let M be a d-dimensional manifold embedded in R4, Our aim now is provide a way to compute
the volume form and the Hodge dual in M using constrained coordinates z# € R4, First we
have to define the concept of normal bundle.

Fix a point p € M and let N, M be the vector space which is normal to T),M in R which
means 6, UFVY = 0 where U € N,M,V € T,M, p,v =1,...,d+n and ¢ is the Euclidean metric
in R, The vector space N, M is isomorphic to R™. The normal bundle is defined as

NM= ] NM . (A.28)
peEM

Recall the volume form on R4+

1

VOleJrn = dl‘l A A dl‘d+n = meﬂlmﬂdJrndx

BN A dghan (A.29)

Let Vi, ..., V, a set of n normal vector fields in NM. Then the volume form on M is given by

voly = AV -’L'anoleJrn . (A.30)
Given a p-form w, with p <d, i.e.

1
W= memupdm”l A---dxtr (A.31)

the Hodge dual of w in R4 is defined as

1 V1.V, n—
*d—i—n w = m wl,l,..,,pe Le-Vp H1-~~Hd+n—pdx’ul VANEIIAN dl’ud+ L (A32)
The Hodge dual of w in M is given by
*d W = iVl ce ivn *d4n W . (A33)

Let us particularise these formulzein the case M = S% and n = 1. Let us take polar coordinates
on S Then the normal vector V € NS¢ lies along the radial direction r. Using the chain rule
we have the expression
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a’,‘l”‘
V=0r="0,. (A.34)

If we insert (A.34) inside (A.30) and (A.33) then we get the expressions used in the chapter 4.

A.2 Fibre bundle

Fibre bundle represents a technique in order to put over a manifold a second topological space.
This approach is very useful in physics. In fact many theories, such as general relativity and
gauge theories, are described naturally in terms of fibre bundles. Heuristically, a fibre bundle
consists in taking a manifold and associating to each point an element of a topological space
which is called fibre. Let us give here the formal definition

Definition (Fibre bundle). A (differentiable) fibre bundle is a set of elements (E,m, M, F,Q)
which consists in

e a d-dimensional differentiable manifold M, called base space,

e a d-dimensional differential manifold F, called fibre,

a 2d-dimensional differentiable manifold E, called total space,

a surjection w: EE — M, called projection,

e a Lie group G, called structure group, which acts on F on the left,

a local trivialization. Given a set of open covering {U;} of M, they are maps ¢; : Uy x F' —
7 1(U;) such that 7o ¢;(p, f) = p. The inverse gb;l maps 7~ (U;) onto the direct product
U; x F, this is the reason of the name “local trivialization”.

on the intersection U; N Uj # 0, we require that the transition functions ¢;; = ¢i_1 o @; are
elements of G.

If the transition functions are trivial everywhere, than we have the so-called trivial bundle.
The tangent bundle is just a particular case of fibre bundle, where the fibre F' at each point
p is the tangent space T, M. In this case the structure group G is the general linear transfor-
mation GL(d,R), which represents the diffeomorphism group. In generalised geometry G is the
O(d,d) group, which is larger than the GL(d,R) group, and it encodes inside also the gauge
transformations of the B field.
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Formal aspects of Generalised Geometry

The way we presented the definition of the generalised tangent bundle in the chapter 2 actually
does not represent the canonical construction one should do. But in that moment we preferred
to give to the reader a more “friendly” definition, in order to make the exposure less heavy.

Here I want to give the more precise definition of generalised tangent bundle, which make
use of some mathematical tools, such as the exact sequence.

Definition (Exact sequence). An exact sequence is a sequence, either finite or infinite, of objects
{Gi}i=0,...n. and morphisms {@;}i=1,. n between them, such that the image of one morphism
equals the kernel of the next.

Go 25 G125 Gy 25 25 G, (B.1)
and
Im(p;) = ker(piy1) Vi=1,.,n—1. (B.2)

In the above definition, by sequence we mean an ordered list. For a sequence, unlike set,
order matters, and the same elements can appear multiple times at different positions in the
sequence. The objects mentioned above can be generic sets, vectorial spaces, topological spaces,
groups, etc ... Depending on the chosen objects, the morphisms can be respectively functions,
linear transformations, continuous functions, group homomorphisms, etc ...

The exact sequence is called “short exact sequence” when the sequence is finite.

Definition (Generalised Tangent Bundle). The generalised tangent bundle E is defined by the
short exact sequence
0—T"M -+ FE-"TM—0, (B.3)

where

e ¢ is the inclusion map, which maps elements of T*M in itself inside E

() = (i) ,

o 7 is called “anchor”, which is a projection function, i.e. a map that takes the T M part of

a sections of E.
v J—
Ty =Y
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B.1 The exact Courant algebroid

In the chapter 2 we defined the Courant bracket [, ], which maps sections of E in sections of
E, and we showed, in an heuristic way, that the generalised geometry has an O(d, d) structure
induced by the scalar product ( , ).

In a mathematical point of view, we have that

“Generalised geometry is an exact Courant algebroid”
Definition (Courant algebroid). The set (E,(, ),[, ],7) is called Courant algebroid, where
e F is a real vector bundle;
o m: FE — TM is an anchor;
e (,):ExFE — R isanon degenerate symmetric bilinear form (scalar product);
o [, ]:T(E)xT(FE)— T(F) Courant bracket such that

— [=(4),x(B)] = =([A, B])

— [[A, B],C] + [IB, C], A] + [IC, A], B] = 0 (Jacoby identity)
— [A, fB] = f[A, B] + =(A)[f]B

- 7(A(B,C)) = ([4, B], C) + (B, [A, C])

— [A, A] = u(d{A, A))

V A, B,C € T(E).

This structure of generalised geometry is not only a beautiful mathematical formalism, but
it gives us some important results. For instance, in the B-transformation, the fact that B must
be closed comes from the preservation of the exact Courant algebroid by the O(d, d) action.
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Double Field Theory

Double Field Theory is an attempt on making T-duality explicit in field theory Lagrangians.
Heuristically we can make the following argument. Consider a string living in a D = (d +
n)-dimensional spacetime with n compactified coordinates on a n-dimensional torus, thus the
spacetime looks like My x T™. As we have seen in the section 1.11.2, upon quantisation there
will be momentum modes and winding modes for each compact direction. Let us denote the
non-compact coordinates by x® and the compact coordinates by z*, in total 2! = (z#,x%).
The compact coordinates z® give rise to string momentum excitations K, but since strings are
extended objects, there are also winding quantum number W®. For these last novel quantum
numbers there are not any coordinates associated with them. Hence it is reasonable to introduce
some new coordinates T, which take into account the winding numbers.

If one attempts to write down the complete field theory of closed strings in coordinate space
it must include the =% as well as the Z,. Thus the argument of all fields in such a theory must
be doubled and for this reason this theory is called Double Field Theory. The doubled fields
d(x, Ty, xH) are said to be functions of momentum and winding. The action must include a
suitable integration over the additional coordinates, i.e. must be in the form

S— / e it da L2, F oy 1) . (C.1)

Actually we will see that for covariance reasons we have to doubled all the coordinates (z?, &*).
Let us write down the sigma-model action for string propagating in a background

1

S:—E 0

27 +o0 ) ) ) )
da/ dr (n“bﬁaxzﬁbxjgij + eabﬁa:c’&b:z:JB,-j) , (C.2)

where we choose the background

(Y9 O _(Bag 0
we( O) (%) o

The Hamiltonian H, given as integration of the Hamiltonian density, is given by

1
H= iZTH(g,B)ZJrNLJrNRJr..., (C.4)
where the dots indicate terms irrelevant to the discussion and
i
zM = (W> , M=1,..2D, (C.5)
K;
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where
uri _ we . Ka
B ( 0 ) ’ KZ B < 0 > ’ (0'6)

where winding and momentum modes along non-compact x* coordinates are null. H(g, B) is
called generalised metric and is defined as

- Bg'B Bg!
s = (V04,0 BT ©n

There is a constraint in closed string theory which matches the level of the right and left
moving excitations in any physical state. This condition reads

1
Np — Ng = WK, = 5ZTnZ , (C.8)
where 7 is defined as
0 1p
= , C.9
mv= (g, ') (€9)

which is similar to the O(D, D) metric. Therefore under O(D, D) transformations of the type

7' =hZ, hinh =1, (C.10)

the physics should not change. This lead us to introduce ezxtra coordinates associated to h
transformations,

XM = pM XN X = (i) . (C.11)

The physical constraint of level matching has a differential expression which reads

NL—NR:(?@:%(?M(?MEA. (C.12)

On massless fields holds Ny = Ng = 1. Therefore A operator must annihilate on them, i.e.

%aMaW =0. (C.13)

This is called strong constraint and tells us &qﬁ =0, i.e. ¢ does not depend by extra coordinates.
If two fields ¢; and ¢; are annihilated separately by A, it is not true the product ¢;¢; is
annihilated again by A, because

0 0(prep2) = (0 Op1) b2 + (D) - (02) + (1) - (Db2) + $1(0 - Depa) - (C.14)

Hence there is another constraint, called strong constraint, which requires

M Non¢i Ong; =0, Vi, j . (C.15)

The strong constraint (C.15) looks very similar to the constraint (2.41) in generalised geometry,
just replacing the fields ¢; and ¢; with functions f and g. At the end we have the following
result

Proposition C.1. For a set of fields ¢;(x, T) that satisfies (C.15) there is a duality frame (%, 2')
in which the fields do not depend on T
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Computations on GLP manifolds

In this appendix we show the computations about the original part of the thesis, i.e. the §% x S!
case and the conjecture G x GG. During the thesis we used a notation which was clear about the
vector components and the form components of generalised vectors. However that notation is
quite painful when one get inside computations. Hence, for this reason, here we adopt another
notation, mostly used in literature, which consist in writing generalised vectors as a “sum” of
vectors and forms, i.e.

V:(D —  V=uv+A. (D.1)

D.1 Computations on S? x 5!

The Ansatz for the generalised parallelisation is

E; =v; — iy, B+ay;d

Ej = b(yidy — iy,0,B) + ceijpy’dy” . (D2)
where a,b,c are coefficients to determine by GLP and O(3,3) orthogonality conditions and
here, instead considering FE;; on 52 embedded on R3, we consider their dual E; = €ijkEjk-
Remind that v; are rotational SO(3) Killing vectors, v; = €10, = €1 y;0,. We impose now

0O(3, 3) orthogonality condition on the frame (D.2). We can neglect in this computation the term
proportional to B since the scalar product (-,-) is invariant under B-shift.

PPN 1

(Ei, Ej) = 5[1@(@ yjdy) + ivj(a yid)] =0 (identically) ,
PR 1. ) . .

(E;, B) = 3 livya, ejny*dy’) +ivy,o, (cemy®dy")] = 0 (identically)

PN 1. )
(Fi, Bf) = 5[%1-(0611@1@/’“@’) + iby,0, (ayidi)]

1 ) .
= S(cejmytivdy’ + aby;yiip, dib)

2
1 k s
= §(C€ljky elisy” + aby;y;)
1
= 5(0 (07i0ks — 0j50ki)y"y* + aby;yi)
1 1
= 5(0 3ijy°y° — cyiy; + aby;yi) = 506ﬂ (ab=c),
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where in the last step we used that 3y’ = 1. Hence, imposing the condition ab = ¢ we find that
this frame is indeed an O(d, d) frame.

Aoa PR Ao 1
(Ei, E;) =0, (EZ',EJ’> =0, <E,,EJ’> = §5ij . (D.3)

Next we impose, by equations of motion, the flux form H to be proportional to the wedge product
of the volume forms of S? and S!

H = h/ V0152 A VOlsl .

To construct it first we need to calculate these volume forms using the technique shown in A.1.4.
Suppose the two spheres S' and S? have radius respectively Ry and Rs.

. yk . T2 i j
volg1 = iy, volg2 ‘rle ="l gﬁz‘jdy A dy
: r=R;

r . . . . . .
= se(W' dy =y dy)|,_p, = ey’ dy’|,_p = Rady

l 3
r . .
volge = z'aTvole‘r:R2 = %ial <3'6¢jkdyZ Ady’ A dyk>

r=Rg
2
r . . . . . .
= grein(y' dy! Ady® =y dy' Ady® +y" dy' A dy?)
37‘2 . . k R%
= ?Eijkyz dy’ A dy ‘T:RQ =5

Putting all together and redefining the proportionality constant we find

r=Ro

ey’ dy’ A dy".

R R? o h S
H="nW 5 2 €y’ dy’ A dyF A dyp = §eijky’ dy? A dyF A dip. (D.4)
Now we want to compute the Dorfman derivatives. Let us start to compute term by term which

is inside it, using the Cartan’s formula (A.18)

[vi, vj] = —€iKVk
iv,dy; = dy;(€iryr0l) = €imyrdji = —€ijkYk
Lo,y = v, dYj = —€ijkYrk
Lo, dy; = d(iv,dy;) = d(—€ijy1) = —€idys
Lo,yi0p = [vi,y;j0p] = (Lo,yj)0p = —€ijryrOy
Loejy™dy' = ejul(Loy™)dy' + (Lo dy')y*] = €ji(—€irry"dy' — eary®dy”)
= —(&jmeikr + €jrrcir)y Ay’ = —eiperny”dy’.

Note that in the last calculation we used the fact that the e symbols are also the structure
constants of s0(3), thus they must satisfy the Jacobi identity

€jikEkir T €kjrelik T €ijkertr = 0.

We need to calculate the inner products between the flux form H and the vector components of
the frame, since these terms also appear in the Dorfman derivative

bh

iy, H = - yicumny'io, (dy" A dy™ A dip)

bh
= ?yielmnyldyn Ndy™
bh

= ?Eimnylyldyn Ady™

bh
= ?elmndy” ANdy™.
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h
iUiH = §€lnmylivi (dy" AN dym A d’g[))

h
= 5eznmy’(dy”(vi)dym — dy"™ (v;)dy™) A dp

h . .
= §€lnmyl(_€injyj dym + 6imjy] dyn) A CM

= gelmnyl(%injyjdym) A dip
= henlmenﬂylyj dy™ A dip
= h(81j0mi — Oi0my)y'y dy™ A di
= h(y'y/dy' —y'y/dy’) A dy)
= hdy' A di
Where in the first product we used that i€, = %(yielmn — Y1€mni + YmEnli — Yn€im) = 0 and

in both the fact that y’y* = 1, which implies dy'y’ = 0. Finally, we calculate the algebra using
all this results

L Ej = [vi,0)] = iy, 0, B + Lo;ay;dyp + iu, (iv, H + d(ay;di))
= —€ijkVk — I—e; v, B + a(Loy5)dy + iy, (hdy' A dip + ady; A dip)
= —e€ik(Vk — @y, B + aegrypdip) + (a + )iy dy; A di
= —eijpEr + (a + h)eijpypdy
= —€ijk By
Ly B = [byi0, 0y300) — ipyi,, 50,0 B + Loyio, (ceimydy’) + vy, (ivg;0, H + d(ceiny*dy"))
=0 —ioB + beejriLy,0, (ykdyl) + by, 0, (b?heikldyk A dyt + cejady® A dyl)

bh .
= (? + c)eiiby;ia, (dy* Ady') =0
Ly B} = [vi, by;0p] — i, by;0,)B + Los (Cejimy' dy™) + ivy,0, (iv, H + d(ayidip))
= —beijkYnOyp — i—beryyndy B — CEijrerim(Y'dy™) + (a + h)iy,o,dy; A di
= —eiji B}, — b(a + h)yjdy; = —eijE),

So imposing the condition ¢ = —h we find
LEiEj = [[Eiij]] = —GijkEk ; (D.5)
Ly E,=[F,E]]=0. (D.7)
As a last step, we fix the remaining normalisation constants as a = b =c = —h = 1, so that the

frame becomes

E; =vi —iy,B+ yidy
El' = YiOy — iy,0, B + qjkyj dy® (D.8)

and the flux three-form
1 o
H = —§eijkyz dy’ A dyF A dip. (D.9)
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D.2 Computations on the conjecture G x GG
The Ansatz for the generalised parallelisation is

E;r:ra+pa—i,~B,

a

E =lag—Xa—i,B . (D.10)

Since we are using a frame for the splitting bundle £ ~ C} & C_, we require the O(d) x O(d)
orthogonality of the frame (D.10). This condition reads

(BB = 3 (iran + inypa) =
(E; E) = %(%AB + i Aa) = 05
(BB = S(in Xy o)
Hence if holds the condition
iryAa = i1, Pa » (D.11)

then the frame is O(d) x O(d) orthogonal, i.e.

(Ej,Ej):nab, <Eg,EAI;—>:675, (EJ,EE_):O. (D.12)

a

In a group manifold M = G there are no conditions on the flux 3-from H.
Let us compute the terms involved in the Dorfman derivative. For the right-invariant sector

dp* = —f* bcpb Ap©,
Lr,ry = fopTe (algebra transformation)
Ly, 0" = fabep® (adjoint transformation)

and the same for the left-invariant sector
A\ = —fU AP AN
L1.l; = faplz (algebra transformation)
L, AP = fapaA© . (adjoint transformation)
The first equality comes from the general formula
A (X,Y) = X [ (V)] = ¥ [ (X)] - w([X,Y]) . (D.13)

which holds for a 1-form w and two vector fields X,Y . If we particularise the expression for the
basis w = p%, X =1, and Y = r., then we have

dp® (ro,m¢) =13 [0%] — e [0%] — p* ([ro, 7e]) = =" e (D.14)

hence
dp® = —fPpep” A p° . (D.15)

The same procedure holds for proving d\* = — f@ 135)‘6 A NC.
The Dorfman derivative becomes

LE;;EA;_ = [ra; ] + Ly, (pp — 19, B) = i, d(pa — ir, B)
= fabre+ Lr,pp — i[ra,rb}B — Uy by, dB — iy, d(iy, B) — iy, dpg + ir,d(ir, B)
= fabcrc + fab CPC - fabcich = fabCEA‘(—;F
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LE;Ei = [la, lg] + L1, (=X — i, B) — iy d(—Xa — i1, B)
= fap Sle — L1, X — i1, B — 1 01,dB — iy, d(iy, B) — i, d\a + ig,d(ir, B)
= fap “le = Jap Ao = fap 01 B = fap "B

Lyt By =[ra, ] + Lr, (=X — it B) — i;d(pa — ir, B)
= _[’Ta)‘l_; - i[Ta,lg]B - ilgiradB - ill;d(iraB) + ilgdpa + Z'll;d(iraB) =0.

Therefore the following algebra is fulfilled

Ly Bf = [ES B = fan°EF (D.16)
Ly-Ey =[E7, By = fi°E7 (D.17)
LBy =[EF,E;]=0, (D.18)
if and only if
ir H = —dpa = f%0° A p© i H = dhg = — fAP A XC (D.19)

These two conditions give us a form for the flux 3-form H, which is

1 _ - _
——faie ACA NP AN, (D.20)

_1 a b c
H—Qfabcp NPTAPT ==
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