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Abstract

In this dissertation, we describe various applications of generalised geometry in the
context of superstring theory. We provide a review of the mathematical pre-requisites,
i.e. complex geometry and generalised complex geometry. The relative background
from physics is also discussed in detail: we introduce bosonic string theory and type II
superstring theory, and then focus on toroidal compactifications of both theories with
associated T-dualities. Then, we combine the mathematical results with the ones from
physics to perform fluxless Calabi-Yau compactification of type II supergravity. As a
final step before applying generalised geometry to strings, we develop the geometrical
link between the bosonic fields appearing in superstring theory (together with their
symmetries) and generalised geometry. Lastly, we focus on some examples of generalised
geometry constructions in the context of string theory: we give a detailed review on
how to formulate the NSNS sector of the type II supergravity action in the language
of generalised geometry; we introduce Buscher’s duality written in terms of generalised
objects; we briefly present flux compactification of type II supergravity with reference
to the generalised structures that emerge; we provide an overview on double field theory.
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Introduction

Aim, Structure and Content

The aim of this dissertation is to describe generalised geometry and some of its recent
applications to superstring theory. More specifically, its aim is to present them inside a
self-contained work, which emphasizes the importance of T-duality and compactification in
string theory. We introduce the above research topic starting from the "basics", in a detailed
and consistent fashion. We assume that the reader has a background in quantum field theory
and differential geometry. We also assume familiarity with bosonic string theory and the
key concepts from representation theory and supersymmetry. In other words, this work is
aimed at a graduate or advanced undergraduate student in theoretical /mathematical physics.
Ideally, they would read the dissertation without much need to consult other sources, since
almost all the derivations of the results (that do not belong to the "basics" mentioned above)
are provided and discussed ]

This dissertation is divided into three parts. Part I is purely mathematical, part II is purely
physical and part III merges the first two. Each part has a different style, tailored to its
content. Part I consists solely of theorems, definitions, remarks and examples. In part II, the
presentation of the content is more narrative and less neatly organised. Part III is half-way
between the two.

Each part contains two chapters.

Chapter 1 (part I) presents the main results in complex geometry, from almost complex
manifolds to Calabi-Yau manifolds. Differently from other sources, we do not provide many
examples. Section 1 of chapter 5 can be thought as a condensate of examples of the struc-
tures presented in the first chapter.

!Footnotes will be used to flag the few cases where this does not happen, and references on where to find
detailed proofs will be given.
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In Chapter 2 (part I) we introduce generalised geometry. We put a lot of emphasis in justify-
ing the interpretation of generalised objects in the light of ordinary objects from differential
geometry. Spinors do not appear in this chapter, as they are (partially) dealt with in section
1 in chapter 6.

Chapter 3 (part II) consists of a brief introduction of bosonic string theory and superstring
theory, focusing on the results needed for the subsequent chapters. We present the classical
and quantum version of both theories, and derive their massless spectrum. We do not pro-
vide all calculations explicitly, but we show how to derive all the central results needed for
the remainder of the dissertation.

In chapter 4 (part IT), we treat compactifications. We start with field theories, then move to
bosonic string theory and finally superstring theory. For the latter two, we study S' com-
pactification first, and then general toroidal ones. In both cases, we give a detailed study the
T-duality symmetry that emerges. Finally, we give a very short introduction of supergravity
in 11 dimensions and type ITA /B supergravity in 10 dimensions.

Chapter 5 (part III) describes some applications of real differential geometry and complex
geometry to (super)string theory. As examples of the former, we study the geometric na-
ture of the fields in the NSNS sector of type Il supergravity and their symmetries. We also
introduce the conditions for Buscher’s duality from a differential geometry prospective. Re-
garding complex geometry, we perform fluxless compactifications of the low energy limit of
type II superstring theory.

In chapter 6 (part III), we study a few applications of generalised geometry to superstring
theory. First, we derive the (generalised) geometry of flux compactifications. Secondly, we
present the geometric formulation of type II supergravity via generalised geometry. Thirdly,
we review how T-duality is naturally expressed in the generalised formalism. Finally, we
provide a very short introduction to double field theory.

Introduction

The mismatch between logical order and chronological order has always been an extra chal-
lenge for scientists. Things are almost never discovered or developed in the same sequence as
they are presented 100 years later. This work is no exception. We organised our presentation
of the material based on pedagogical considerations and consistency. Our aim was to build
all the necessary mathematical knowledge and give all the required background in physics at
first, in order to be able to appreciate the latest applications of recent mathematical tech-
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niques to unsolved problems in physics. The topics presented, as one can imagine, did not
appear historically in this order. We devote this introduction to explaining how the content
of this dissertation fits into the historical development of physics and mathematics.
Differential geometry was pioneered by Gauss and Riemann, among others, in the 19th cen-
turyP| Clearly, it did not have the rigorous and neat formulation that we are lucky enough
to study today, known as modern differential geometry.[2] Such framework was developed in
the first half of the 20th century, as part of the Hilbert’s program to formalise mathematics,
and builds on the work of Poincaré on the foundations of topology.[3] Among the many con-
tributors, we mention Hausdorff, Cartan, Koszul, Chern, Hodge, De Rham.[4] A very brief
review of the main results and constructions in real differential geometry is provided in the
appendix, where almost all of the names just mentioned appear. The formal development
of differential geometry spanned more than 50 years, ending with some results in complex
geometry that are crucial for their application to physics, such as Calabi conjecture (1954)
proved by Yau in 1978.[5] Chapter 1 is entirely devoted to presenting complex geometry, and
it ends precisely with Calabi-Yau manifolds.

Differential geometry showed its strong link with physics (or viceversa) since Einstein’s the-
ory of general relativity. This merger reached a peak in the second half of the century, with
the development of string theory; to the point that a physicist, Edward Witten, was awarded
the Fields medal for mathematics for the first time in history. Let us now review the history
of this theory, which is at the core of this dissertation.

String theory originated from the attempts of theoretical physics to model the behaviour of
hadronic particles. At the end of the fifties, Regge found that quantum mechanical particles
could be organised in Regge trajectories, a discovery that was confirmed experimentally a few
years later with mesons. Roughly ten years later, Veneziano developed a model consistent
with such feature, which was extended and generalised by Virasoro, among the others. Until
then, there had been no mention to strings, but everything was understood in terms of dual
resonance models. The idea of introducing a vibrating string in the model first appeared at
the very end of the sixties, as a possible interpretation of the Veneziano amplitude, in works
by Nambu, Nielsen and Susskind. Ramond, Naveu and Schwarz worked shortly after that
on incorporating fermions. But a few years later, interest was lost for dual resonance models
and the associated research, since chromodynamics stole the spotlight.[6] [7]

It is from the mid seventies that string theory started to be thought as a fundamental theory
of on nature unifying all forces, comprising gravity. Bosonic string theory, with its mod-

2We can trace back the history of the subject even further. It is possible to find very early ideas from
the 17th century (see [I]).
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ern interpretation, appeared in 1974 independently from Schwarz and Scherk, and Yoneya.
Clearly, this theory could not be but a preliminary draft of a theory of everything. It
contained only bosons, had a tachyon instability and required 26 space-time dimensions.
However, in the second half of the seventies, the study of supersymmetry in field theories
became very popular (the first supersymmetric Yang-Mills and supergravity theories ap-
peared), and its application to string theory led to the GSO projection mechanism. This
introduced spacetime fermions (and spacetime supersymmetry) in a consistent way in the
theory, eliminating the tachyon and reducing the number of spacetime dimensions to 10. We
are now at the beginning of the eighties. Extra dimensions and Kaluza-Klein reductionﬂ of
11 dimensional supergravity became topics of growing interest, and studies on the recently
proposed supersymmetric string theory continued by Green and Schwarz, among the others.
It is in this period that type I, ITA and IIB theories were classified, but there was not much
excitement from the scientific community. In 1984 things radically changed. They changed
so much that such year marks the beginning of the so-called first superstring revolution. In
1984 Green and Schwarz found that, quite miraculously, type I superstring theory is anomaly
free. Less than a year later, Gross, Harvey, Martinec, and Rohm (the string quartet) dis-
covered an alternative consistent superstring theory: the heterotic one. By the end of 1985,
there were five candidate superstring theories for the description of the universe: Type I,
Type ITA, Type IIB, Heterotic SO(32) and Heterotic Fg X Eg. Suddenly, the interest in
string theory increased among theoretical physicists. In the same year, Calabi-Yau mani-
folds made their way into string theory: they were found to be the suitable internal space
for the compactification of superstring theory. The rest of the decade consisted of years of
intense study and interest towards string theory. [7] [9] [10]

Chapters 3 and 4 partially revisit the the above series of events. In chapter 3, we present
bosonic string theory, deriving its low energy spectrum with the tachyon ground state and
the number of dimensions. We then introduce superstring theory, again deriving its spec-
trum (using the GSO projection) and finding the number of space-time dimensions. Then, in
chapter 4, we describe compactification as a route for obtaining the correct phenomenology
from string theory. In this analysis, we pay particular attention to the emerging T-duality
symmetry. We present Kaluza-Klein dimensional reduction in QFT, then bosonic string the-
ory with only one dimension compactified on a circle and finally bosonic string theory with
an arbitrary number of dimensions compactified on a torus. This adds a realistic feature to
the theory: describing a 4-dimensional world. We also see the appearance of O(n,n) as a

3This mechanism was introduced 60 years before. [S]

10
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T-duality symmetry group, and review Buscher’s approach to T-duality. To add a second
realistic feature, fermions, we consider the compactification of superstring theory, again with
circles. For the final step towards a realistic phenomenology, we introduce type II super-
gravity in 10 dimensions, and then, in chapter 5, we present Calabi-Yau compactification
mentioned above. Let us now go back to the history.

After roughly a decade of important developments of the theories, a second revolution hap-
pened. If the first one consisted of a proliferation of theories, the second one had the opposite
nature. As conjectured by Witten and others at the beginning of the 90’s, a few years later
the five string theories are found to be manifestation of a single 11-dimensional theory: M-
theory. A complicated web of dualities and equivalences between the five underlying theories
was developed and formalised, including S-duality, T-duality, U-duality, mirror symmetry
and conifold transitions. The importance of D-branes was discovered by Polchinski.|7] [11]
Past is not history. Usually, historians give themselves a boundary, of roughly 20/50 years,
which distinguishes past from history. We are now about to cross such boundary for the
final segment of this section, where we present one of the latest developments of complex
geometry and string theory: generalised geometry and its applications.

Generalised geometry was first introduced in 2002 by Hitchin, and later developed by its
students Gualtieri and Cavalcanti, as a natural extension of complex geometry.[12] [13] [14]
Chapter 2 is dedicated to describing its basic features. It did not take long for theoreti-
cal physicists to find a number of applications of this framework to string theory. One of
them, presented by Waldram and others, consists of reformulating supergravity theories in
the language of generalised geometry. [15] [16] It is not the first that appeared, but the one
that is most extensively described in this dissertation (in chapter 6). Two other, very early,
applications are the following: the use of generalised structures to classify flux compactifi-
cations and the development of double field theory. The first one being pursued by Grana
and collaborators, while the second one was developed by Hull.[I7] [18] Both are discussed
in chapter 6.

11
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The Mathematics
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Ordinary Complex Geometry

In this chapter, we give an overview of complex geometry. The aim is to develop the necessary
tools in order to define Calabi-Yau manifolds and appreciate their properties. We assume
that the reader is already familiar with (real) differential geometry.

Section 1 develops the tools necessary to go from real manifolds to compelx ones.

In section 2, we introduce Hermitian manifolds, describing their geometry.

Section 3 is dedicated to the study of Kahler manifolds.

In section 4, we present many key definitions in complex geometry, which are relevant for
the discussion of Calabi-Yau manifolds.

Section 5 presents Calabi-Yau manifolds and their main properties.

For a detailed introduction to complex geometry please see [19] and [20]. This chapter mainly
follows chapter 8 of the former and sections V-VIII of the latter. A brief review of some
standard results and formulae from differential geometry is also given in the appendix Al.
We conclude with a final technical note on our style for referencing previous equations. "See
1.2.3" stands for "see equation 1.2.3". When, instead, we refer to theorems, definitions or
examples, we clearly state it.

1.1 (Almost) Complex Manifolds

In this section, we study the basic features of almost complex manifolds and complex mani-
folds. We also develop the language of complex forms, which will be used in the next sections.
[19] is the main reference for this section.



Chapter 1. Ordinary Complex Geometry

Definition 1.1.1. Let f be a function on C™:

f:C"=C (1.1.1)
(215 ey 20) = f(21, s 20) = [R(Z15 oy 20) Fif1(21, 0y 20), (1.1.2)

with z; = x; +dy;. Then, f is holomorphic (or analytic) if it satisfies the Cauchy-Riemann

conditions: of of of of
R 1 I R .
Definition 1.1.2. A more general map of the form
f.Cr—Cm (1.1.4)
(21, ey 2n) = (f1(21, s 20)s ooy fin (215 oy 20) )5 (1.1.5)

is holomorphic (or analytic) if all the f;’s are holomorphic.

Definition 1.1.3. M is an m-dimensional complex manifold if it satisfies the following ax-
ioms:

(i) M is a Hausdorff topological space with open sets J.

(ii) M is equipped with a set of charts (U;, ¢;), the Atlas, where U; € J, such that U;U; = M
and v; are homeomorphisms from U; into open sets U/ of C™.

(iii) Given U; NU; # (), the map ¢;; = 1); o ¢;1 (that is C"™ — C™) is holomorphic.

Remark. To clarify our notation for complex and real dimensions, for the manifold in the
above definition the following hold: dimc(M) = m and dimg(M) = 2m.

Definition 1.1.4. Consider a m-dimensional complex manifold M and a n-dimensional
complex manifold N. Let f be a map between them, f : M — N. Take p to be a point
in a chart (U, ), and let (V, ¢) be the chart on N that contains f(p). If the map ¢o fop™t:
C™ — C" is holomorphic, then f is a holomorphic map from M to N.

Theorem 1.1.1. The above definition is independent of the coordinate choice on M.

16



1.1. (Almost) Complex Manifolds

Proof. Let the chart (U, ¢) have coordinates {z*} (with z# = z* + iy*), and wh(z") =
ut(2") + iv*(2¥) be holomorphic functions. Consider another chart (U, ¢’) with coordinates
{/M} (/" = 2™ +iy") st. UNU' # (). Then, for a point p € UNU’,

out  Out 0x*  Out Oy*  Ovt Oy Ovt dx* Ot

_ _ _ 1.1.6
or'v oxre Ox'v + aya ox'v aya aylu + Ore ayly ayllf’ ( )

where we used the fact that w* are holomorphic wrt 2#, and z* are holomorphic wrt z’*. With
an analogous calculation, one finds du*/dy"” = —0v* /0x™. Hence, w" are also holomorphic
wrt 2/*. ]

Remark. Independence from the choice of chart in NV can be shown with a similar argument.
This is the first encounter with a kind of calculation (chain rule combined with analyticity)
that will appear a number of times in the following pages.

Definition 1.1.5. Consider a differentiable manifold M with dimg(M) = m. We recall
that the set of functions on M, denoted by F(M), is the set of maps f : M — R. The
complexification of F(M), F(M)C, is given by the maps of the form f : M — C, where
f=g+ih with g,h € F(M).

Remark. The usual notation applies: if f = g + ih, then f = g —ih and f is real if and
only if f = f.

Definition 1.1.6. Let V be a vector space with dimg(V) = n. The complezification of
V, VC is a complex vector space with dimc(VC) = n whose elements are of the form
(X +iY) € V€ XY € V. Addition and multiplication by a complex number are defined
as follows:

(X1 +14Y7) + (Xo +iY2) = (X; + Xo) +i(V1 + Y2),
(a+ib)(X; + Y1) = (aX; — bY7) +i(bX; + aYy), (1.1.7)

for X1,Y7, X5, Yo € V and a,b € R.

Remark. V is a vector subspace of VC defined by elements of the form (X +i0) € V.
Vectors in V are called real. The complex conjugate of Z = X 4+1iY is, as usual, Z = X —iY.
A vector is real if Z = Z.

Remark. If {e;} forms a basis for a vector space V', then the same set of vectors, viewed as
complex, also provide a basis for V¢, by letting the components be complex.

17



Chapter 1. Ordinary Complex Geometry

Definition 1.1.7. A linear operator A that acts on V' can be extended to a new operator Ac
that acts on the the complexification of V', V€. A¢ is defined by its action on (X +iY) € V©:

Ac(X +14Y) = A(X) +iA(Y). (1.1.8)

Remark. We will always declare when we extend operators to act on a complexified vector
space, but we will omit the subscript C to ease the notation.

Example 1.1.1. Consider a (1,2) tensor actingon V and V*, T: V@V ® V* — R. Since it
is a linear operator, it can be extended to act on VC and (V*)Cas T: VE@VC® (V)¢ — C.
In addition to being a linear operator, T' is also an element of a vector space (the space
of (1,2) tensors Z,'), and hence it can be complexified. The result is T = T} + Ty, with
T\, T, € Z;'. We have that T = Ty — iT5, and if T = T then T is a real (1,2) tensor.

Definition 1.1.8. Given a differentiable manifold M, its tangent space at a point, T,M,
admits the complexification (T,M)€. By definition, its elements are of the form Z = (X +
iY') € (T,M)® with X,Y € T,M. They act on a complexified function f = (g+ih) € F(M)*
as:

Z[f] = X|g +ih] +iY[g +ih] = X[g] — Y[h] + i(X[h] + Y]g]). (1.1.9)

Definition 1.1.9. The co-tangent space Ty M also admits a complezification, (T;M)C, in
an analogous way. It is the set of elements of the form w = (¢ +ip) with o,p € Ty M.

Remark. Tensors at specific point of the manifold can be extended and complexified, just
as in example [1.1.1

For tensor fields defined over the whole manifold, the complexification is again the same
procedure: Z = (X +14Y) € JP(M)® with XY € ZP(M). We will denote the space of
(1,0) tensor fields, i.e. vector fields, equivalently as J! (M), or TM for short.

Definition 1.1.10. Let M be a differentiable manifold and J a (real) tensor field of type
(1,1) defined on the manifold. .J provides a map of the form J : T,M — T,M, and we denote
J at the point p € M as J,. Then M is an almost complex manifold if

J2 = —1gum Vp e M., (1.1.10)

p

where 17,57 is the unity operator of T, M. J takes the name of almost complex structure.

18



1.1. (Almost) Complex Manifolds

Theorem 1.1.2. For M to be an almost complex manifold, it must have even (real) dimen-
sions.

Proof. Let J be the almost complex structure on M. It immediately follows from that
Jp, has eigenvalues +i. Let dimg(M) = n, so that the components of .J, form a n X n matrix.
Suppose that p eigenvalues are +i and ¢ of them are —i (p + ¢ = n). Then taking the
determinant of yields: (i)P(—i)? = (—1)9(4)" = —1, which implies that n must be

even. O

Theorem 1.1.3. The complexified tangent space of an almost complex manifold splits at

each point into a direct sum of two disjoint vector subspaces, according to the eigenvalue of
Ip.

Proof. Let J be an almost complex structure defined over a differentiable manifold M with
dimg(M) = 2m, so that J}g = —1y, is true for each p € M. Let T,MC® be the complexified
tangent space, and let us extend J, to act on it as J, : T;,,M(C — TpMC. By definition,

Jg = —1,, is still a property of the extended operator. Here, 1,,, stands for the 2m X 2m
unit matrix. Then we can define two operators P* pointwise as:
1 .
P, = 5 (Lom F i), (1.1.11)

It is easy to check that they satisfy (PF)* = PF, Pr + P, =1, PSP, =P, Pf =0. We
also have that J,,P;EZ = j:iPiZ . Hence, any vector belonging to 7, M can be split into two
components: both eigenvectors of .J,,, one with eigenvalue +i and the other with eigenvalue
—1. The projection operators provide explicit maps from the complexified tangent space to
two disjoint vector subspaces of the complexified tangent space (at each point). Thus,
(T,M)* =T,M" & T,M", (1.1.12)
with T,M* = {Z € (T,M)*| J,Z = +iZ}. O
Remark. Vectors belonging to T,M™ are called holomorphic, vectors belonging to 7,M~

are called anti-holomorphic.
Clearly, if Z € T,M™*, then Z € T,M~. Hence: T,M~ = T,M+ = {Z|Z € T,M*}.

Remark. The same decomposition as above applies to vector fields. Let X € F;'(M)C be
a complexified vector field. Then, we define JZ € (J(M))® pointwise by JZ|, = J,Z],.
We can construct projection operators as above, and we have that:

Zlpy=(Pf+P)Z|,=Z"|,+ Z|,, (1.1.13)

19



Chapter 1. Ordinary Complex Geometry

where Z* = P*Z are again defined pointwise. We call Z+ a holomorphic vector field and Z~
an anti-holomorphic vector field, and we have the same decomposition into the corresponding
subspaces:

To (M)® = FH(M)" @ 7 (M),
with ' (M)* ={Z € Z1(M)®| J,Z|, = +iZ|, Vp}. (1.1.14)
Theorem 1.1.4. A complex manifold is an almost complex manifold.

Proof. A complex manifold M is automatically differentiable, by definition. The existence
of an almost complex structure J on M suffices to show that M is an almost complex man-
ifold. We will construct J explicitly. Let dim¢ = m. Given a point p in some chart, with
coordinates z# = z# +iy* (u =1, ...,m), the tangent space at p has the natural set of basis
vectors: {%, s %im, 8%1, s 81}%}. Similarly, Ty M is spanned by {dz!, ..., dx™ dy', ..., dy™}.
This is called the real basis. It is the most natural one to introduce at first, but not the most
convenient to work with (see next Remark).

We define: 9 5
B N A A
Jp = da" @ o dy" ® S (1.1.15)
which in components reads:
0o -1,
= . 1.1.1
= ") (1.1.16)
We can view this (1,1) tensor as the endomorphism .J, : T,M — T, M given by:
0 0 0 0
9, 90 gy__ 9 1.1.17
p(axﬂ) 83/“, p(ayu> 813'“’ ( )

J, takes the same constant form for any p and its action is independent of the chart. To see
this, let the point p lie in the overlap between U and another chart V', with coordinates z'* =
¥ +iy’". Then, since M is a complex manifold, in the overlap 2#(2") = x# (") +iy*(z") are
holomorphic functions. Hence, according to definition [I.1.1] the Cauchy-Riemann conditions
apply, and we have:

0 oz 0 dy* 0\  Oy* 0 oz 0 0

g2y = - == 1.1.18
p(ﬁaz’“) p(&r’“ ox® + ox'H ayo‘) oy’ Oy~ + oyt dx>  Oy'* ( )
Analogously, Jp(az%) = _a%u' Therefore J it is a tensor field defined globally over the

manifold, which clearly squares to minus identity. Hence, we have constructed an almost
complex structure, and this proves that a complex manifold is an almost complex manifold.
O

20



1.1. (Almost) Complex Manifolds

Remark. We can define the set of vectors 52 = 1(52- — ia—gu) and 52; = 52 + Za - to be
the basis for T,M®. Then, dz* = dz* + idy" and dz* = dxz* — idy" are the dual bases that
span (T;M )€. This is called the complex basis, and it will be the one we will use to make
calculations later in this chapter.

We can now extend Jp, deﬁned above, to act on the complexified tangent space J, : T, M© —

T,MC, so that J,(52:) = iz and J,(3%) = —iz%. Equivalently, the (1,1) tensor expression
is 5 5
H - 1% _
Jp = idz" ® gy idz! ® EET (1.1.19)
with components
7 il,, 0O (1.1.20)
P00 —ily,) o
In index notation[l]
(Jp)uy = ia,uuv (Jp)ljg = _iéﬂlj- (1121)

This extended operator can be used to construct the projection operators explicitly and
perform the splitting into holomorphic and anti-holomorphic components. In the matrix

Ln 0 ~ (0 0
P;:(O 0) and Pp:(o ﬂm)' (1.1.22)

This is the form of the complex structure that we will use in the rest of this dissertation.

form, they are given by:

Theorem 1.1.5. On a complex manifold, a holomorphic vector is such in any chart.

Proof. Let M be a complex manifold and U be a chart with coordinates {z*}. Consider a
generic holomorphic vector X in U: X = X*-Z; a . Then, let X lie in the overlap between U
and another chart V', with coordinates {z/“}. As before, we have that z/#(z") = 2'*(2") +

'For the index convention, we follow [19], [20] and [21], while in [22] the position of the indices is inverted.
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iy (z¥) are analytic. Hence:

1, 0 .0 1,0z 0O oy ™ 0 i ,0x'™ 0 ay'* 0
P 5(@ B Za_y“) - 5(8x“ oz’ + oz 8y"") B é(ay“ oz’ * oy 8@/’“) -
102/, 0 .0 102, 0 .0 1 02 0x'*, O
2 Oxk (ax’a B Zay’a) 2 gym <83:’°‘ Zﬁy’“) - §< arr OyH ) Oz’
(1.1.23)

where we used the Cauchy-Riemann equations from the first to the second line and defined

0 0 0

Fow = pow — iay—,a as usual. This shows that if X is holomorphic in U, then it is holomorphic

(with different components) in V' as well. O

Definition 1.1.11. Let M be an almost complex manifold with almost complex structure
J. 1If the Lie bracket of any holomorphic vector fields is again a holomorphic vector field,
then J is said to be integrable or involutive.

Remark. Involutivity and integrability are not the same thing a priori. What we presented
above is actually the definition of involutivity, while the condition for integrability is based
on the existence of solutions to a certain set of differential equations. It is a fact that the two
definitions are equivalentﬂ Hence, involutivity and integrability can be used interchangeably.

Definition 1.1.12. Let M be an almost complex manifold with almost complex structure
J. The Nijenhuis tensor field is defined as:

N: Fy (M) x F5' (M) — T (M)
(X,Y) = N(X,Y) = [X,Y]+ JJX, Y]+ J[X,JY] — [JX, Y], (1.1.24)

where [, ] is the Lie bracket (see|A.1.24]in the Appendix).

Theorem 1.1.6. Let M be an almost complex manifold with almost complex structure J.
J is integrable/involutive if and only if N(X,Y) =0 for any X,Y € F;'(M).

2For the interested reader, please see [23].

22



1.1. (Almost) Complex Manifolds

Proof. Let Z = (X +iY) € F3H(M)® and W = (U +1iV) € F31(M)C. We then extend the
Nijenhuis tensor field as usual:

N(Z,W)= (N(X,U) = N(Y;V)) +i(N(X,V)+ NY,U)). (1.1.25)

We recall that ' (M)® = FH(M)*t @ F3H (M)~ (see [L.1.14), so we can write Z and W
accordingly as Z = Zt + Z~ and W = W+ + W~. As usual, the superscripts + denote
elements of F'(M)=*.
Now suppose that J is integrable/involutive. This means that [Z+, W] € J'(M)™", ie.
J[Z*+, W+] = +i[Z*, W+]. Thus,
NZY W) =25, WH + J[JZ5, W+ J[ZH, JWT] = [JZF, JWT]| =
(ZXWH + Izt W+ J[ZF, W] — [iZT,iWT] = 0. (1.1.26)

Analogously, N(Z—,W~) = 0. Also,
N(ZY W) =[Zt W+ JJZY W+ J[ZH, W = [JZT, JW ] =
[ZX W+ JiZt W+ J[ZF, (=)W = [iZT, (=))W~ ] =0, (1.1.27)
and analogously N(Z~, W) = 0. Thus, the Nijenhuis tensor vanishes:

NZW)=NZ ' +Z " Wr+W")=NZ" W+ NZ" W)+ NZ ,WH+N(Z ,W~)=0.
(1.1.28)

Let us now show the opposite. We assume that N(X,Y) =0 VX,Y € J}(M). Tt follows
from that N(Z,W) =0 VZ,W € J;}(M)®. Suppose that Z = ZT W = W, with
ZT Wt e M (M)*. Then,
0=NZ" W) =[Zt W+ JJZt, WH + J[Zt, IJWH] = [JZF,JWT] =
[ZXWH + Tzt W+ J[ZF,iWT | — [iZT iWt] =22, W]+ 20J[ZF, W]
= J[ZT, W =i[ZT,WT] = [Z",Wt] e F(M)*. (1.1.29)

This completes the proof. O]

Theorem 1.1.7. Let M be an almost complex manifold with almost complex structure .J.
If J is integrable, then M is a complex manifold with the almost complex structure J.
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Chapter 1. Ordinary Complex Geometry

Proof. There are various proofs for this theorem, known as Newlander-Nirenberg theorem.
We refer to [20] for a quick sketch of the proof, which uses the concept of (r, s)-forms, that
we will introduce shortlyf ]

Remark. Before ending this section, we now turn to forms.

Definition 1.1.13. Let M be a differentiable manifold. A complex q-form ~ at the point p
is defined as v = a + i3, where a and 8 are two g-forms at the point p, i.e. o, 8 € QI(M).

Remark. We denote the vector space of complex q-forms at p as (M )E.

We have that Q4(M) is a vector subspace of Q%(M)® defined by elements of the form (a+i0) €
Qg(M)C. The complex conjugate of v = a4 i3 is, as usual, ¥ = a — if. A complex g-form
is real if and only if v = #.

Definition 1.1.14. Let M be a differentiable manifold. A complex g-form ~ is defined as
v = a+if, where a and  are two g-forms, «, 5 € QI(M).

Remark. This is simply an extension of the previous definitions to forms defined over the
whole manifold.

Definition 1.1.15. Let v = (o + i) € Q(M)® and o' = (¢/ +if’) € Q4(M)C. Then, their
exterior product is defined as:

YAY =(a+iB)A(d +if)=(and —BAB)+ilaANB +BAd). (1.1.30)
Definition 1.1.16. Let v = (o +if3) € QI(M)®. The exterior derwative d is defined as:
dy = do + idp. (1.1.31)

Definition 1.1.17. Let M be a complex manifold with dim¢M = m. Let o € Q4(M)®. Let
V; be q vectors at p, with either V; € T,M* or V; € T,M~ (i=1,...,q).

a is called an (r,s)-form if a(Vi, ..., V) = 0 unless r of the vectors are in T,M ™ and s are in
T,M~. Clearly, r, s are integers such that r + s = ¢. The set of (r,s)-forms at the point p is
denoted by 2*(M). (r, s) specifies the bidegree of a.

Remark. A (r,s)-form is defined over M if there is a smooth assignment of (r,s)-forms to all
points of M. The set of (r,s)-forms defined over M is, as usual Q™*(M). If a form « belongs
to Q™*(M), we will sometimes make it explicit with the notation a”*.

3In addition, [24] and [25] give a more detailed overview on the topic.
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1.1. (Almost) Complex Manifolds

Example 1.1.2. Let (V, v) be a chart of a complex manifold M. Let p € V and ¥(p) = 2*.
We choose {52:} and {32;} as the basis for the tangent space. Accordingly, {dz"} and {dz"}
provide a basis for the cotangent space. We have that {%} span T,M™ and {%} span
T,M~. Hence, a (r,s)-form « in components reads:
— 1 d H1 d Hr d*Vl d*Vs

i L AANdZPTNAEY AN LN AE (1.1.32)
Here we use bars on indices to emphasize the contraction with anti-holomorphic basis vectors.
Clearly, {dz"* A ... Adzt" Ndz" A ... Ndz"} forms a basis for (2°(M).

Remark. An (r,s)-form in the z# coordinates is also an (r,s)-form in any other overlapping
coordinates. This can be quickly shown by using chain rule and holomorphic properties, in
analogy with theorems|1.1.1|and [1.1.5]

Theorem 1.1.8. If a € Q™ (M) and 8 € Q¥ (M), then @ € Q% (M) and a A B €
Qr+r’,s+s’ (M)

Proof. 1t immediately follows from the component expression. n

Theorem 1.1.9. A complex p-form « has a unique decomposition given by:

a= Y o (1.1.33)

Proof. We prove this statement in components. We consider a general p-form «, which reads:
O = 0y, d2".d2"P, (1.1.34)

where n; = (p;, i1;) and dz" = (dz",dz"). Hence, we can split each index n;, and the
corresponding components, in the above expression as:

O =0y ny_ynm, @2 d2M A2 AR =

ni Nj— ; n ni Ni—1 J=Mi n
Oy ms iy 2" d2™ 7 A2 A2 4 Oy gy, A2 A2 AN A2 (1.1.35)

Performing this splitting for all the indices, and denoting by r the number of indices without
bars, each term in the sum has 0 < r < p. Cearly the remaining s = p — r indices have bars.
Thus, we have a sum of (r,s)-forms, with 0 <r <pand s=p—r. O
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Chapter 1. Ordinary Complex Geometry

Theorem 1.1.10. The exterior derivative of an (r,s)-form is a sum of an (r 4 1,s)-form and
an (r,s + 1)-form.

Proof. Applying the exterior derivative to[I.1.32] and separating the new index as above, we
obtain:

1
dO{ = ﬁana,ulmu?"y_l--.ll_sdzn A dzul A .. /\dZNT A dglll AA dzys _
T.Ss:

1
;Eﬁ(ag&ulmuﬂanlgdzﬁ~+—@BauLnuﬂa”J@d25)/\dz“l/\“./\dz“T/\dZ”'A...ﬁxdi”ﬂ (1.1.36)

The first term is an (r + 1,s)-form, while the second one is an (r,s + 1)-form. O

Definition 1.1.18. Let o be a complex (r,s)-form. Then, according to the above theorem,
we can split the operator d as d = 9 + 0, where

9: Q0¥ (M) — Q’”H’S(M)
o=y, g d2" N NdZ” = Do = 65aul_._,;sdzﬂ ANdzM N .o N dZ (1.1.37)

and

9 QS (M) — QHs(M)
a =y pd" N NdZ” = Do = 5BOCM1'..DSdZﬁ ANdzM NN dZE. (1.1.38)

The operators 0 and O are called Dolbeault operators.

Remark. Following [I.1.33] the action of a Dolbeault operator on any form « is specified by
the action on its (r,s) components:

Ja = Z 0a™ and Oda = Z Da’™s. (1.1.39)

r+s=p r+s=p

Theorem 1.1.11. For any complex form «, the Dolbeault operators satisfy:

1. 99 = (90 + 8d) = 09 = 0.

2. 0a = O« and da = Oa.
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Proof. Let av € Q™ (M).
1. follows directly from the nilpotency of the exterior derivative and the decomposition

of theorem [I.1.9] Explicitly:
0=d*a=(0+0)(0+0d)a=00a+ (00 + 00)a + dda. (1.1.40)

Since the three terms are of different bidegree from each other, they must vanish separately.
To prove 2., we start by considering that d = 9 + 9 = 0 + 9 = d. Thus,

0a + da = da = da = da = (0 + 9)a = da + da. (1.1.41)

The result is obtained by matching the terms on the two sides according to their bidegree. []

1.2 Hermitian Manifolds

In this section, we study a special case of (almost) complex manifolds: (almost) Hermitian
manifolds. The key notion to remember before starting this section is that any (almost)
complex manifold is a real differentiable manifold (see definition [I.1.10). As such, it may
admit a Riemannian metric, which turns it into a Riemannian manifold. The conditions on
such metric will play a crucial rule in the following definitions and theorems. We follow both
[19] and [20] in this section.

Definition 1.2.1. Let M be a complex manifold and let g be a Riemannian metric of M as
a differentiable manifold. We can extend (but not complexify) ¢g from T,M X T,,M — R to
T,M® x T,M® - R. For Z = (X +iY) € T,M® and W = (U +iV) € T,MC, the extended
metric g is defined as:

gp(Z’ W) = gp(Xv U) - gp(Y7 V) + i(gp(X’ V) + g’p(Y> U))7 (1'2°1)

for any p € M.

Definition 1.2.2. Let M be an almost complex manifold with dim¢(M) = m and with
almost complex structure J. Let g be a Riemannian metric on M.
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Chapter 1. Ordinary Complex Geometry

Denote by J * and g, the components of J and g, respectively, at some point p in a chart.
Then, if for any p € M, X,Y € T,M

9p(LX, 1Y) = g,(X,Y) <= J.5J "9 = Gonms (1.2.2)

the metric g is hermitian wrt J and M is an almost Hermitian manifold.

Theorem 1.2.1. Let M be an almost complex manifold with almost complex structure J
and X € T,M. Then, X and J,X are orthogonal wrt an Hermitian metric g.

Proof.

9p( X, Jp) = gp(Jp X, JpJp X) = —gp(Jp X, X) = —g,(X, Jp). (1.2.3)

Theorem 1.2.2. An almost complex manifold always admits a Hermitian metric.

Proof. Let g be any Riemannian metric on an almost complex manifold M. We define a new

metric via
1
Q;I;(Xa Y) = §(gp(Xa Y) + gp(Jan pr))' (1-2-4)
Equivalently, in components,
/ 1 k l

If g is positive definite, then ¢’ is positive definite. Clearly, by construction:
Hence, we have constructed an Hermitian metric ¢’ for the almost complex manifold. O

Remark. The above result emphasizes that hermiticity is a condition on the metric, not on
the manifold.
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1.2.  Hermitian Manifolds

Definition 1.2.3. If we use the complex basis (as we anticipated), then we can organise the
components of the metric at a point p as follows:

G = gp(%, %) (1.2.7)
o = ol ) (1.25)
= iy ). (1.29)
o = g 5) (12.10)

Remark. As usual, g, = Guu, 9up = 9ou and gus = gop, by symmetry. And it is immediate
to see that we also have g5 = g and g, = g (rvecall that the metric g is extended, but
not complexified, so it is still a real operator).

Theorem 1.2.3. The only non-zero components of an Hermitian metric are of the form g5,
and the Hermitian metric in components reads:

g = gudz" ® dz¥ + gz, dz" @ dz". (1.2.11)
Proof.
g 0 0 0 o 0
G = 90(5 0 50) = W og sl =) = —0n(5 20 550) = — G (1.2.12)
Analogously,
o 0 0 0 o 0
9w = 905 920) = W og s log ) = —0p(5 0 50) = — G- (1.2.13)
The explicit forms in components immediately follows. O

Remark. We now make a few comments on indices.
First, we summarise the notation introduced so far for a manifold M:

e We use lower case Roman letters for indices that take values from 1 to dimg(M).

e We used unbarred Greek letters for indices that run from 1 to dim¢ (M) and are nat-

urally contracted with the holomorphic part of the basis (i.e. dz* or :2;). We will

Ozt /"
sometimes refer to these as holomorphic indices.
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e We used barred Greek letters for indices that run from 1 to dim¢ (M) and are naturally

contracted with the holomorphic part of the basis (i.e. dz* or 8%). We will sometimes

refer to these as anti-holomorphic indices

In what follows, we will also use the following equivalent notations:

0 0
=g 0= o (1.2.14)

Finally, it is an immediate consequence of the above result that when indices are raised /lowered,
we need to add a "bar" on top of them (with the rule that two bars cancel).

Definition 1.2.4. Let M be an almost Hermitian manifold, with almost complex structure
J and Hermitian metric g. If J is integrable (or equivalently M is a complex manifold, or
also the Nijenhus tensor vanishes), then M is an Hermitian manifold.

Theorem 1.2.4. Let M be a Hermitian manifold. Then, there exist a unique metric con-
nection, called the Hermitian connection, with the properties:

1. The covariant derivative of the complex structure vanishes.

2. The torsion I', " vanishes unless m and n are indices of the same type.

[mn]

3. The covariant derivative of the metric vanishes.

Proof. We assume that the above properties hold, and derive a (unique) explicit expression
for the connection. Since J is covariantly constant for all p € M, so are P*. Specifically,

Vi(PH), = 0. (1.2.15)

The covariant derivative is defined according to[A.1.45] in the Appendix. Taking m = p and
n = v leads to

T (P, + T Y(PH), = =T, (P + T (P, = =T, +T,," =0, (1.2.16)

where we used the explicit form of P+ in the complex basis, i.e. [1.1.22] Hence, the condition
is automatically satisfied. However, choosing m = p and n = v gives a non-trivial constraint.
Going through the same calculation yields:

T (P, + T "(PH),! = 4137 (P, =T}, =0, (1.2.17)
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where the first term vanishes due to|l.1.22} Since k¥ = a or @, we have that I', )" =T';,” =

afp
0=T,," =T,;", where the last two equalities have been obtained by complex conjugation.
The vanishing of I"

[mn]r with mixed components finally imposes Fu&ﬁ =0=1,". Hence,
conditions 1. and 2. imply the vanishing of all mixed components, which we could have
equally taken as a starting point (see following Remark).

We now provide a unique prescription for constructing the metric connection. Condition 3.

in components reads
Vgrt =0 = 0mgrt — Lrgne — Lt Grn- (1.2.18)
Specifically, we look at m = «, r = u, t = v, for which:
OaGpr — Loy " 9o = 0. (1.2.19)
We denote with ¢”° the inverse of g,s, so that g,;g”° = §2. Using this, we find:
Lo’ = 9" 00gum. (1.2.20)

Either by choosing m = &, r = u, t = v and following the same steps, or simply by complex
conjugation, we obtain:

Tap” = 9" 0agpu- (1.2.21)
O

Remark. We have shown that 1. and 2. lead to the vanishing of all mixed components of
the connection. This condition has a natural interpretation. We are effectively imposing that
a holomorphic vector at p remains holomorphic when parallely transported to another point
q. Technically, we are assuming that given a point p with coordinates {z*} and a point ¢ with
coordinates {z# + 0z}, for V = VH#(2):2|, € T,(M)* and V = V(2 + §2) 2|, € T,(M)*

Dzl Dzl
we have:

VH(z +62) = VA(z) — V“(Z)Fagézﬁ. (1.2.22)

Theorem 1.2.5. Let M be a Hermitian manifold, with almost complex structure J and
Hermitian connection I'. Then, J is covariantly constant wrt the Hermitian connection.

Proof. We recall that the components of the covariant derivative of a (1,1)-tensor, such as
J, read:

Vol 't =0, =T,5J. ' +T, J " (1.2.23)

nr-s ns-r
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The first of the three contributions is zero, since J is constant. We now set n = «, and recall
that both J and I' are non-zero only if all the indices are of the same kind. With this in
mind, the three choices r = fandt =6, r = fandt = o, r = B and t = & all lead to
the contributions vanishing individually. The last option, r = § and t = ¢, vanish as well,
this time using [I.1.20] The same argument as above goes through if we put a bar on each
index. O

Theorem 1.2.6. The torsion of the Hermitian metric is pure in its indices.

Proof. This immediately follows from the definition of the components T, = 205, and

«
pv)’
the form of the connection found above. O

Theorem 1.2.7. The only non-zero components of the Riemann tensor with all the indices
lowered are the ones that have mixed indices in both the first and second pair.

Proof. We start by recalling that the components of the Riemann tensor, according to our
conventions, are given by:

R =8I, "8I, "+T, T, "—T °T," (1.2.24)

rs

Note the symmetry R", ., = —R"
If we set n = a@ and m = (3, then all four terms vanish since the connection components

mir:®

must be pure in their indices. Similarly, n = o and m = 3 lead to each contribution being
zero. Thus, we deduce that n and m must both be indices of the same kind.

We now set n = o and m = f3 (the case n = @ and m = 3 is reached by complex conjugation).
If r = and t = 7, all the connection components again vanish for the same reason. If we
set r = pu and t = v, the four contributions are all non-zero. However, using the explicit
form for the connection and the identity ¢*?9,9,6 = —9,a0,9%°, it is quickly shown that
they exactly cancel. Hence, the only non-trivial components, up to complex conjugation and
symmetry on the last two indices, is given by:

R, = 0pl,5 = 0u(9°"0vgps) = =R, (1.2.25)
Via complex conjugation, we obtain:
Ra

B;u? = aﬂ(goaaﬂgécr) = _R&BDM' (1226)
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Lowering the upper index, we have that, as claimed, the non-zero components of the Riemann
tensor with all indices lowered are:

Ragpw s Rapops Ropus> Rogon (1.2.27)
O

Definition 1.2.5. We let R, = R, ;. Using this, we define the Ricci form as:
R = R, Rd"dz". (1.2.28)

Theorem 1.2.8. The Ricci form is a real, closed form.

Proof. We use the notation g = det(gmn), and also /g = g = det(g,»). Using the identity
0§ = gg"dg,s (in the last step), we obtain:

R = R0 = —00(97"0pgos) = —050,108(7). (1.2.29)
Then,
R = iR,pd2" A dz¥ = —i0,0,log(g)d=" N dz¥ = —iddlog(g). (1.2.30)

This form satisfies R = +i0,dzlog(g)dz" A dz¥ = —idz0,log(g)dz" A dz* = R. Hence, the
Ricci form is real.
Using the identity 00 = —%d(a — 0), together with d* = 0, we also see that R is closed. [

Remark. Following the last line of the previous proof, we can write R as

? — d(%(& ~ O)los(3)). (1.2.31)

This might suggest that R is globally exact. However, g is not a coordinate scalar, and
therefore the above statement should be regarded as valid only within a single patch U; of
the manifold.

1.3 Kahler Manifolds

This section begins with the introduction of a 2-form, which can be constructed on any Her-
mitian manifold from the metric and the almost complex structure. We will explore how,
by simply requiring the closure of such form, a geometry with peculiar properties emerges.
Again, [19] and [20] are the main references for this section.
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Definition 1.3.1. Let M be an Hermitian manifold, with Hermitian metric g. We can define
a (0,2)-tensor (2 field as

Q(X,Y) = g(J,X,Y) (13.1)
for X,Y € T,M and p € M. We will refer to it as the Kdhler form.

Remark. Sometimes, the above definition is recast as the commutativity of the following
diagram Vp € M:

T,M —L~T,M (1.3.2)

T, M.
Theorem 1.3.1. () is antisymmetric in its entries, and hence it is a form.
Proof.

0(X)Y) = gp(SpX,Y) = gp(J;?Xa BY) = —gp(X, JY) = —gp (Y, X) = =, (Y, X).

(1.3.3)
O
Theorem 1.3.2. The only non-zero components of the Kéhler form are ,; = ig,s.
Proof.
O = 3 ) = T s o) = iyl o) = () =0, (13.)
O = Oyl o) = o ) = it 2) = ~iguo(p) =0, (185)
Qo = s 2 ) = T o o) = iy o) = i), (136)
Oy = s 3 ) = T s o) = il ) = i) (187)
0
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Remark. The explicit expression for the Kéahler form in components is:
Q) = Qpdz™ @ d2" = igpde! @ dz" — igp,dz" @ dz” = ig,dz" N dz". (1.3.8)

There is an intimate relation between the Kéahler form and the almost complex structure J.
We can quickly check using using [1.1.20] that:

Qon = I, E Gk = Jonms (1.3.9)

where in the last line we employed the usual notation for the lowering of an index. Thus, we
can also write the Kéhler form as

Q = Qudz™ ® d2" = Jpd2" A dz”. (1.3.10)

Definition 1.3.2. Let M be a Hermitian manifold, with Hermitian metric g and Kahler
form €. If dQQ = 0, then M is called a Kdhler manifold, and g is a Kdhler metric.

Theorem 1.3.3. The Kéhler form defines a real, positive, nowhere vanishing 2m-form via:

Q"=QN..ANQ. (1.3.11)
—_——

m factors

Proof. We first construct a suitable orthonormal basis for the Hermitian metric g, starting
from the usual orthonormal basis {é,} for the Riemannian metric. The procedure is the
following. We consider ¢; and Jé;, and notice that by definition of orthonormal basis and
Hermitian metric:

g(ér,Jér) = —g(Jéi, é1) =0 (1.3.12)

where we implicitly used J? = —1,,,. Then, we take é,, that is orthogonal to é; and Jé;
and for which the same conditions as [1.3.12] clearly hold[|] Proceeding this way, we obtain

41f é5 is proportional to Jé;, we take és.
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the orthonormal basis for the Hermitian metric: {é1, Jé, ..., €m, Jém}.
It follows directly from the definition of Kéahler form that:

Hence, we obtain

QA AQ(E e, em Jén) =Y Q(epa), Jepa)) - - (Epany: Jepm)

m factors P

where P stands for an element of the permutation group of m objects. This shows that
QA ... AN is a real, positive, nowhere vanishing 2m-form. O

Remark. The above result shows that Kéhler manifolds are automatically orientable (they
admit a nowhere vanishing volume form). We could relate exactly the above form to the
natural volume element for the underlying differentiable manifolds , but this would
involve some unnecessary maths. We limit ourselves to stating that ™ is proportional to
the natural volume element of M (see [26]) and we introduce a definition that will be used
later.

Definition 1.3.3. The holomorphic volume element ® is defined via{|
Qm

= (=1)mm=D2()mP A P. (1.3.15)

Remark. Using the usual complex coordinates {z#}, Q™ reads:

QN ANQ=1"gu00 -G, A2 N2 N AN A2 N dZ =
it e g e G 2T A AZE A AN dZ™ N AET =

i"mldet(g,p)d2" ANdZP A A A dE™. (1.3.16)
It follows by counting the permutations of the bases that:

O = /gdz" A .. A d2™. (1.3.17)

°This is defined as in [I3], up to irrelevant factors.
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Theorem 1.3.4. On a Kéhler manifold, the Kéhler metric and the Kahler form are uniquely
determined by a scalar, defined patch-wise.

Proof. We split the exterior derivative into Dolbeault operators, and then require the van-
ishing of the two contributions. For a given chart U; with coordinates {z#}, we have:

dQ = (0 + 0)igupdz" N dz" = i0ng,pd2* N d2" N dZ" + i05g,pdZ* N d2" N dZ¥ =
%i (Oabus — 0ugap)dz® N dz" N dZ" + (0agus — OpGua)dz® N dzH A dz“] =0. (1.3.18)
The (1,2) and (2,1) parts must vanish separately, yielding
OaGur = Opgor and  OaGus = OpGua- (1.3.19)

From these equations we deduce that in every chart U;, there exist a scalar ¢; (¢; € F(U;)),
such that

G = 040 Pi. (1.3.20)
Equivalently,

Q = i00p; (1.3.21)
on Uj. O

Definition 1.3.4. The scalars ¢;, defined in every patch, are called Kdhler potential.

Remark. We have that 90 = —%d(@ — 0). This might seem to suggest that = d( —
))¢; is exact.

o
Theorem 1.3.5. €2 is not exact.

Proof. We prove the theorem by contradiction.
Let M be a Kéahler manifold with dimcM = m and with a Kéhler form 2. Consider the
2m-form

QA AQ. (1.3.22)
—_——

m factors
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We already showed that this form is positive and nowhere vanishing. Now consider the
integral

/Q/\.../\Q. (1.3.23)

According to the above consideration, this is non-zero in general (specifically, it is propor-
tional to the volume of the manifold). If  is exact, however, Stoke’s theorem implies that
this integral vanishes identically. This is a contradiction.

Hence 2 cannot be exact. O

Remark. The non-exactness of {2 lies in the fact that a globally defined Kéhler potential
¢ does not exist, but only locally defined functions ¢; exist. Specifically, in some overlap of
two charts U; N U;, ¢; and ¢; can differ by a sum of a holomorphic and a anti-holomorphic
function. To see this, let U; and U; have coordinates z* and w*, respectively. Then, in the
overlap:

o 9 o 0
b d? v s u .
This implies:
o 0 0 o Ow® Ow®
<@§¢’> B ((’)wa awﬂ¢j) 9zt 927 (1.3.25)

which is satisfied for ¢;(w*, wh) = ¢;(2*,2") + A(2*) + ("), where A(2*) (¢(Z*)) is a
holomorphic (anti-holomorphic) function.

Theorem 1.3.6. The Kahler metric is torsion free.

Proof. Using [1.2.20| and |1.3.19, we can explicitly verify that

T, = 97 (Ougvs — Ougus) = 0 =T, (1.3.26)
All the other components are zero since the connection is pure in its indices. O

Remark. This makes the connection of the Kéhler metric very similar to the Levi-Civita
connection.

Theorem 1.3.7. The Riemann tensor for the Kahler metric is symmetric on the second and
third indices of the same kind.
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1.4. Some More Concepts and Definitions

Proof. Using the expression for the Hermitian metric [1.2.20]and the K&hler metric condition
1.3.19] we obtain

Raﬁuf/ = _au(96a8u966) = —(95(960‘359,@) = Raugl—,- (1.3.27)

By complex conjugation, we obtain:
R, = B 5, (1.3.28)
O

Definition 1.3.5. We define the Ricci form R exactly as for the case of an Hermitian
manifold:

R = iN,pd2" A dz¥ = —i0,0,log(g)d2" A dz¥ = —iddlog(g). (1.3.29)

Remark. Thanks to|1.3.27, we have that R, = R, = R, = R,p (see|[A.1.51)).

1.4 Some More Concepts and Definitions

In this section we present some more concepts, ubiquitous to complex differential geometry,
which will be used in the study of Kéhler and Calabi-Yau manifolds. The relevant resource
for this section is [19].

Definition 1.4.1. Let M be a complex manifold and a € QPO(M). If « satisfies da = 0,
then it is called a holomorphic p-form (or, more explicitly, a holomorphic (p,0)-form).

Theorem 1.4.1. The components of a holomorphic p-form are holomorphic functions.

Proof. Let o be a holomorphic p-form. Being a (p, 0)-form, its coordinate expression is:

1
— oy A2 N N A2 (1.4.1)

p!
It obeys:

Jda=0= (9504m,.,upd25 ANdzM NN d2Pr (1.4.2)
which implies (and is implied by)
050, ..p, = 0. (1.4.3)
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Chapter 1. Ordinary Complex Geometry

Theorem 1.4.2. The Dolbeault operators are nilpotent, i.e. 9> = 0 and 9% = 0.

Proof. It immediately follows from the symmetry of the indices in the component expression.
]

Remark. The above result shows that, just like the exterior derivative operator, the Dol-
beault operator define a cohomology problem.

Definition 1.4.2. Let M be a complex manifold, and let a € Q"?(M). Then,
e If Do = 0, « is called 9-closed. The set of O-closed (r, p)-forms is denoted by z5".

e If a = Jf for some 3 € Q"P~L(M), «a is called D-exact. The set of J-exact (r, p)-forms
is denoted by Bj".

e The (r,p)th 9-cohomology group is the complex vector space:

HIP(M) = 227/ B3P, (1.4.4)

Remark. Phrasing it in more concrete terms, the elements of H;"(M) are equivalence classes
of O-closed (r, p)-forms that differ from each other by a d-exact (r, p)-form. We can, as usual,
choose a representative for the class, a;, which provides a definition for the equivalence class:

(o] ={BeQP(M):08=0, a—B=20y for veQ" (M)} (1.4.5)

Definition 1.4.3. We define the extended Hodge star (or, simply Hodge star) % on a complex
manifold, by taking the definition for the real case (see[A.1.1]) and extending it to QP (M)C.

Remark. The extended Hodge star in components takes the form:

sxdzZFVN L NdZPT ANAETY N N dEYS ~ T (01 Ts

Hr+41.-lm “Vs41...Um

XdFHUN LN dEP A A LA d2 (1.4.6)

where ~ denotes proportionality, since we omitted the factors in front. We see from this
that the Hodge star is a map of the form * : Q"¥(M) — Q""" (M).

Theorem 1.4.3. The Hodge star on a Hermitian manifold defines an isomorphism between
HZ*(M) and HJ>™ " (M).
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1.4. Some More Concepts and Definitions

Proof. In the previous remark, we noted that % : Q"%(M) — Q™=*™="(M). The isomorphism
between Hj*(M) and Hy'~>" " (M) follows from the extended Hodge star exactly as Poicare
duality in the case of a real manifold (see[A.1.9) follows from the Hodge star[f] O

Definition 1.4.4. We define the inner product between two (r, s)-forms a, € Q"*(M) as:
() : Q¥ (M) —-R
a,f = (o, B) = / a A *[, (1.4.7)
M

where ¥3 = 3 € Qm=m=s(M).
Definition 1.4.5. We define the adjoint operators 0F and 0 by:
(@0,08) = (@a,8)  and  (a,08) = (9, B). (1.4.8)

Remark. This definition is analogue to the one for the adjoint exterior derivative in ordinary

geometry (see [A.1.6)).

We also note that (almost) complex dimensional manifolds, which are even dimensional,

dl = — x dx (see|A.1.6).

Theorem 1.4.4. The adjoint operators d' and 9' take the following form:

Ot = — % 0% and o= —%0x. (1.4.9)

Proof. Let a € Q""5%(M) and B € Q"*(M). Then, aA¥3 € Q1™ (M), and so d(a A%f3) =
0. We also note that 9% € Qm"tlm=s(M) c Q*m~"=sT1(M). Using this, together with
#*% = #x and [A.1.2] we obtain:

dla N*¥B) = da AxB =0a AN*B+ (1) and ¥8 =
Oa NFf+ (=1)"a A (=1 x50 % =0aAFB+a A %0 *0. (1.4.10)

Then, we can integrate this equation over the manifold (which is assumed to be complex
and compact, without boundary) and use Stokes theorem to find:

0= (0a, )+ (o, %0 *0), (1.4.11)

6See |27] for a detailed derivation.
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Chapter 1. Ordinary Complex Geometry

where has been used. Then, by recognising that *90%3 = %0 * 3, we arrive at the
desired result:

(0, ) = (0, — % D % B) = ' = —% I *. (1.4.12)
Following exacly the same steps, but with a € Q™71 (M), leads to 9f = — * Ox. O
Theorem 1.4.5. 0" and 0 are nilpotent.

Proof.

(0N =%0 xx0x = (—1)" % %% =0,

(ON2 =0 xx0x = (=1)"* &+ =0, (1.4.13)
where the precise value of 7 is irrelevant, and we used property 1. in theorem [I.1.11] ]
Definition 1.4.6. The Laplacian for the Dolbeault operators are defined as:

No = (040" =00"+ 9",
Ng = (0+0")*=00" +0'0. (1.4.14)

Definition 1.4.7. Let « be a (r, s)-form.
If Apar =0, o is called 9-harmonic. The set of such forms is denoted by Harm}"(M).
If Aga =0, a is called 9-harmonic. The set of such forms is denoted by Harm}*(M).

Theorem 1.4.6. On a Kéhler manifold, we have:

%A = Ny = N (1.4.15)

Proof. The proof involves a long calculation in components, which for reasons of space we
omit herel[] O

Definition 1.4.8. The dimensions of the (r,s)th-chomology groups are called the Hodge
numbers:

B (M) = dime (H2"(M)). (1.4.16)

"The reader is referred to [28]
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Definition 1.4.9. It is conventional to arrange these numbers in the Hodge diamond.
For a manifold of complex dimension 3, it looks like:

h0,0
hl,O h0,1
h2,0 hl’l h0’2
hS,O h2’1 h1’2 h0’3
h3’1 h2,2 h1’3
h3,2 h2’3
h3’3

Theorem 1.4.7. For a Ké&hler manifold M with dim¢ (M) = m the following relations
between Hodge numbers hold:

1. RS = pm—rm=s
2,07 =0T

Proof. 1. By theorem , we have an isomorphism between H7* and HJ™""7°. It
clearly follows that, by definition, dim¢(Hy") = h"™* = h™™"""% = dimc(H;™""").

2. Let a € Q™*(M) be harmonic, i.e. Aga = Aga = 0. Then, 0 = Aya = Aza, which
means that @ € Q%" is also harmonic. This shows a one-to-one correspondence between
harmonic (r, s)-forms and harmonic (s, r)-forms. It follows by defintion that h™* = h®".

]

Remark. Visually, the Hodge diamond of a K&hler manifold is symmetric about the vertical
and horizontal axes.

Definition 1.4.10. Let M be a Riemannian manifold with affine connection V. Consider
a point p € M, and the set of closed loops at p: s = {c(t) : 0 <t <1, ¢(0) = ¢(1) = p}.
Choosing any X € T,M and parallel transporting it along some curve c(t) € s, we obtain a
new vector X. € T,M. The set of all such transformations, for all possible closed loops, is
called holonomy group and denoted by H(p).

Theorem 1.4.8. Kéhler manifolds have U(n) holonomy, i.e. H(p) = U(n).
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Chapter 1. Ordinary Complex Geometry

Proof. This proof is based on a result in group theory that we will not showﬁ It is the
following;:

U(n) = 0(2n) N GL(n,C) N Sp(2n,R). (1.4.17)

It is known as the "2-out-of-3" rule, since the intersection of any two factors on the rhs
defines U(n).

Let X = X#0/0z" be a holomorphic vector at p, i.e. X € T,,(M)". If we parallely transport
it around a loop, we end up with another vector X"* = X*h * which must be holomorphic
(see theorem and the following remark). This implies that h,* € GL(m,C). It also
true that the length of a vector is preserved upon parallel transport, (see , which
imposes h,* € O(2m). These two considerations lead to the fact that elements h,* of the
holonomy group H(p) belong to GL(m,C) N O(2m) = U(m), according to the "2-out-of-3"
rule. O

Definition 1.4.11. We have proven (see theorem [1.2.8)) that the Ricci form is closed. How-
ever, it is not exact, and thus it can be a representative of a non-trivial cohomology class.
The cohomology class represented by the (scaled) Ricci form is called 1st Chern class:

R

=) (1.4.18)

C1 = [
Theorem 1.4.9. The first Chern class is invariant under a smooth change of metric ¢ —
g+dg.

Proof. Using the identity dlog(g) = ¢"0g,», we obtain:

SR = —6(i00log(g)) = —i0Dg" g, = %d(a — 9)g"6,u5. (1.4.19)
g""0g,5 is a scalar, making (0—0)g""6 guw is a well-defined one-form over the whole manifold.
Hence, R is exact and (R + dR) belong to the same cohomology class of R. Thus, ¢; (M)
is unchanged under g — g + dg.

0

8The reader is referred to [29).
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1.5 Calabi-Yau Manifolds

Calabi-Yau manifolds are ubiquitous to string theory. We present a number of equivalent
definitions, and illustrate how they are linked with each other. In order to do so, we introduce
some profound theorems in modern mathematics, which require long and complicated proofs.
For this reason, we will sometimes omit them or only provide a sketch of the argument. In
such cases, appropriate references are given. We also present some more special properties
of Calabi-Yau manifolds. For this chapter, we followed mainly [20] and [30].

Definition 1.5.1. A Calabi- Yau manifold M of dim¢ (M) = m is a compact Kéhler manifold
with one of the following properties:

1. Its first Chern class vanishes.
2. It admits a Ricci flat metric.
3. It admits a nowhere vanishing holomorphic m-form.

4. It has SU(m) holonomy.

Theorem 1.5.1. A compact Kéahler manifold with a Ricci flat metric has ¢; = 0.

Proof. Let the Ricci flat metric be g. Then, 2(g) = 0 by assumption, and thus by definition
¢; = 0 (i.e. all the elements of the cohomology class are reached by adding an exact form).
As we have shown in theorem [1.4.9] this result holds for any metric which can be obtained
by smooth variation. O

Theorem 1.5.2. A compact Kahler manifold with ¢; = 0 admits a unique Ricci flat metric.

Proof. This is one of the few results that we quote without providing a proof or a sketch of
it (and there is a good reason for it)ﬂ This follows from Calabi conjecture. [

Remark. Theorems [1.5.1] and [L.5.2] prove 1 <= 2.

9A proof can be found in [5]
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Theorem 1.5.3. Let M be a compact Kiahler manifold with a Ricci flat metric g and
dim¢g (M) = m. Then, the holonomy group is contained in SU(m).

Proof. The proof that we present here is not rigorous and complete, since it applies only
to simply connected manifolds. However, the statement above is true also for multiply
connected ones.|[19)

We already showed that Kéhler manifolds have U(n) (theorem [1.4.8). To prove that this
further reduces to SU(m) in the presence of a Ricci flat metric, we need to be more specific.
Let X be parallely transported along an infinitesimal parallelogram with sides given by €
and §. The resulting vector, still sitting at p, is given by (see :

XM = XF 4+ XORF g7 (1.5.1)
Hence, elements of the holonomy group take the form:
h = 8," + R*, 556707 (1.5.2)

Close to unity (which is the case we are considering, since we are taking the parallelogram
to be infinitesimal), U(m) is decomposed as SU(m) X U(1). At the level of Lie algebra,

u(m) = su(m) ®u(l), (1.5.3)

where su(m) are traceless elements and u(1) corresponds to the trace. For a Ricci flat metric,
by definition, the trace vanishes. Hence, the Lie algebra is just su(m) and the corresponding
holonomy group (assuming that the manifold is simply connected) is SU(m).

O

Remark. We have just shown that 2 — 4.

Theorem 1.5.4. Let M be a compact Kéhler manifold with dim¢(M) = m. If there exists
a nowhere vanishing holomorphic m-form, then ¢; = 0.

Proof. Let €, ,,, be the components of the nowhere vanishing holomorphic m-form on M.
Then, by antisymmetry, they must be proportional to the totally antisymmetric symbol, i.e.
given a set of coordinates {z*}:

Q.. opim (2) = f(z)%l...um, (1.5.4)
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1.5. Calabi- Yau Manifolds

where f(z) is clearly holomorphic and nowhere vanishing. Hence, we have:
T~ Feay g g = (3) Feroim, (155

where recall g = det(g;u,) = \/det(gmn). It follows that

1 — 11 im N
17 = — Q2 = [112(5) 7" (1.5.6)

Plugging this into the expression for the Ricci form (1.2.30)), we obtain:

% = i9dlog(||Q|?) = d( = 5)1og(||9||2)). (1.5.7)

_ 1

2
But this time, by hypothesis log(||Q2||?) is a coordinate scalar globally defined, and thus R
is exact. This proves that ¢; = 0. O

Remark. We have just shown 3 — 1.

Theorem 1.5.5. Let M be a compact Kéhler manifold with dim¢ (M) = m and with SU(m)
holonomy. Then, it admits a nowhere vanishing holomorphic m-form.

Proof. Assuming SU(m) holonomy, we can have a globally defined Hermitian metric of the
form g = dz' Adz'+.. . 4+dz" Adz™ (which is preserved by the holonomy group). This implies
that the associated Kihler form reads: ©Q = i(dz! Adz' + ...+ d2z™ A dz™). Constructing
Q™ and extracting the associated holomorphic volume form, we obtain ® = dz! A ... Adz™
(see definition and remark after that). ® is of type (m,0) globally defined and nowhere
vanishing. O

Remark. We have just shown that 4 — 3.
Thus, the chain of implications proved above reads 1 <— 2 — 4 — 3 =— 1. This
shows the equivalence of the four definitions. [[7]

Theorem 1.5.6. A Calabi-Yau manifold with non-zero Euler number has h'? = 0.

Proof. This proof relies on the fact that on a manifold with Euler number yx, any vector field
has at least || zeroes (see [31], for instance). We have that b! = 2h'° and hence b' = 0 if

and only if A? = 0. Since b' is a topological invariant, we can work with a Ricci flat metric

ONote that 1 <= 2 was not necessary in such a chain, but it was included for completeness since we
did not provide any proof for 1 = 2.
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(that we have shown is admitted on a Calabi-Yau) without loss of generality. Let o be a
harmonic 1-form, i.e. Aa = 0. Using the explicit expression for the Laplacian operator, and
after some algebra, we find:

-V'V,a, + R, a, = 0. (1.5.8)

Ricci flatness implies that the above equation reduces to —V*V,a,, = 0. Contracting with
ot and integrating, we obtain:

/M V9a'V'V oy = — /M VaV'a'V,a, = 0. (1.5.9)

Since the integrand is positive definite, V,a,, = 0. But, since we stated that o, must have
at least one zero and it is also covariantly constant, it vanishes everywhere. Thus, a = 0,
and A0 = 0. O

Theorem 1.5.7. The holomorphic m-form on a compact Kéhler manifold M with dim¢ (M) =
m is harmonic.

Proof. We need to prove that VQ = (dd' + d'd)Q2 = 0.

First, we show that d©2 = (0 + 9)Q = 0. Since Q is an (m, 0)-form, 92 vanishes trivially (by
antisymmetry). And given that it is holomorphic by assumption, 9 = 0.

d'Q2 = 0 should be shown in components (see :

1
(m—1)!
1

B _mgaﬁvﬁQam-.-um_ld'zm ARERRAY: Ciau (1.5.10)

dQ=— Vo Qoo A2 A A dzt

Then, we recall that the connection is pure in its indices, which means that the above
expression reduces to:

1 _
diQ = — 19705001 A2 A N dR =00, (1.5.11)

(m—1)
Thus, €2 is harmonic. O

Theorem 1.5.8. The holomorphic m-form on a compact Kahler manifold M with dim¢ (M) =
m is unique (up to a constant).
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Proof. This proof uses as standard result from complex analysis: the maximum modulus
principle (see [20]). In its simplest version, it states that the modulus of a function of one
complex variable holomorphic in some open set U cannot have a maximum or minimum at
a point in the interior of U unless it is constant on the whole U. This naturally extends to
the case of more variables, and implies that a holomorphic function (globally defined) on a
compact manifold must be constant.

The theorem quickly follows given this result. Let 2 and € both be holomorphic (m,0)-
forms, so that they are both proportional to the totally antisymmetric symbol. They can
differ from each other only by a (non-vanishing) holomorphic function: Q' = f(2)Q. Such
function, according to the above argument, must be a constant. This completes the proof. [J

Theorem 1.5.9. Let M be Calabi-Yau manifold with dime(M) = m. Then, A™% = 1.

Proof. We showed that a Calabi-Yau manifold has a unique holomorphic harmonic (m,0)-
form 2. This means that /™" > 1, with equality if such form is the only harmonic (m,0)-form
on M. We will show that this is the case.

Let € be a different harmonic (m,0)-form. Its closeness implies

dY = 0 + 0 = 0. (1.5.12)

Since 9§Y is trivially zero, we obtain 9’ = 0. The components of a (m,0)-form are simply a
scalar, so let f(z, z) be the ones of (. Then, we obtain 0, f(z,Z) = 0, which implies that f
is holomorphic. Thus, there is a unique harmonic (m,0)-form on M (the holomorphic one),
proving that A0 = 1. O

Theorem 1.5.10. Let M be Calabi-Yau manifold with dimg(M) = m. Then, h*0 = pm=P0.

Proof. To avoid a long and tedious calculation with indices, we prove the above statement
for the case m = 3. Exactly the same steps can be followed for any m, leading to the general
result claimed (see, for instance, [30]).

Let w be a (2,0)-form: w = w,dz*dz”. Then, we construct a (0,1)-form v using the
holomorphic volume element (specifically, its complex conjugate). Its components are defined
as:

Va — —Qaﬁl—,wuy. (1513)
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It follows from this definition that
_ _ 1= __ P __
va/l}& = gaﬁv,g(igaﬂpwuy) = gaﬁéﬂaﬂpv,gw’w = (1514)

o 1 ® v 1 ® v 1 ® v
gaﬂéQ@“ Vawy, = 595“ Vaw,, = 59'8” OpWy, (1.5.15)

where we used, in order, that: €2 is holomorphic, so €2 is anti-holomorphic; the connection
is pure in its indices; the covariant derivative of the metric vanishes; the connection is

symmetric in its lower indices. All these properties were derived in theorem [1.2.4] and [1.3.6]

This equality is saying (in the language of components) that dfv =0 <= 0w = 0.

Now we invert [1.5.13] to find:
. Qame

PP = — 5. (1.5.16)
122
Using this relation, and the same considerations listed above, we obtain:
Rpo
V,w” = V 0. (1.5.17)
g (o] Cne

This equality implies that Ofw =0 <= 0v = 0. Combining the two results, we have that
Ow=0 and Ow=0 <= dv=0 and J'v=0. (1.5.18)

In words, w is d-harmonic if and only if v is J-harmonic. Having shown (see theorem [1.4.6])
that on a Kahler manifold d-harmonic, d-harmonic and d-harmonic coincide, the proof is
completed: h*0 = pm=P0 for m = 3. O

Remark. Diagrammatically, the Hodge diamond for a Calabi-Yau manifold M with
dimc(M) = 3 looks like:

1
0 0
0 p1:t 0
1 h1’2 hl 2 1
0 h! 0
0 0
1
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Generalised Geometry

In this chapter, we introduce generalised geometry. Starting from the simple idea of extend-
ing the tangent bundle, we show how a completely new type of geometry emerges.

We start by a quick review of bundles from ordinary differential geometry in section 2.1.
They are crucial for understanding generalised geometry, which, at the simplest level, can
be described as an extension of the ordinary tangent bundle to include the cotangent bundle
at each point.

In section 2.2, which is the most important in this chapter, we define this new framework
and present its basic features. We introduce the natural canonical metric and its symme-
tries, the Dorfman bracket, the Courant bracket and its symmetries. We try to motivate the
interpretation of the latter two objects by referring to ordinary geometry.

Section 2.3 presents the concepts of a Lie algebroid and a Leibniz algebroid, which is are
crucial notions from a purely mathematical point of view, and the patching nature of the
generalised tangent bundle.

Finally, we derive the form of the generalised metric in section 2.4, and construct some sim-
ple generalised structures.

This section is based mainly on [19)] for the first section, and [13], [32], [33], [34] and [35] for
the rest.

2.1 Bundles and G-Structures in Ordinary Geometry

The concepts treated in this section all revolve around bundles. These mathematical objects
play a crucial role in the geometrical description of modern theoretical physics. In partic-
ular, we focus on tangent bundles and G-structures. The former is the starting point for
constructing generalised geometry. The latter is of great use when dealing with global tensors
and spinors. We present a significant number of definitions, but we try to avoid the presen-
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tation from being too abstract by providing relevant examples and giving a few "concrete"
theorems the end of the section. The main reference is [19], and examples are inspired by [35].

Definition 2.1.1. Let M, E be topological manifolds, and 7 be a continuous surjective map
7m: E — M. Then, the triple (E, 7, M) is a bundle.

Remark. We will denote such triple as £ = M.

/

Definition 2.1.2. E' =5 M’ is called a subbundle of E = M if E' C E and M’ C M are
submanifolds and 7' = 7|p.

Definition 2.1.3. Let E > M be a bundle and let p € M. Then, F, = 7~ }(p) is called the
fibre at p. Here 7! denotes the pre-image of 7.

Definition 2.1.4. Let E = M be a bundle and let F be a differentiable manifold. Let the
following properties hold: [

e Tl (p)=F,2F VYpe M.
e M is equipped with a set of open coverings {U;} with diffeomorphisms ¢; that obey:

¢i U X F — 7 (Uy) (2.1.1)
st. mogi(p, f)=p VfeFpelU,. (2.1.2)

¢; ' maps 7! onto U; X F, and is called local trivialisation.
e Fixing a point p € U;, i.e. ¢;,(f) = ¢i(p, f), we obtain a diffeomorphism ¢; ,(f) : F —
F,. For any non-trivial intersection U; N Uj, t;;(p) = gbl_; 0@, F'— Fis an element
of the structure group G. The maps t;; : U; N U; — G are called transition functions.

Finally, with these definitions, ¢;(p,t;;(p)f) = ¢;(p, f)-

Then, the collection (E, =, M, F, G) is a differentiable fibre bundle.

ITo be pedantic, we would first need to discuss coordinate bundles, and then present a fiber bundle as
an equivalence class of coordinate bundles. We are not pedantic.[19]
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2.1. Bundles and G-Structures in Ordinary Geometry

Remark. The second property is sometimes written as the commutativity of the diagram

Ui x F 224U, (2.1.3)
mwl
Ui

where proj; : U; X F — Uj; is the natural projection.
Fiber bundles are usually denoted by F — E 5 M. Since we will only be concerned with
fiber bundles, we will use the short notation £ =+ M instead.

Definition 2.1.5. Let £ = M be a fibre bundle. A smooth map s : M — FE such that
mos =1 is called a (cross) section.

Definition 2.1.6. The set of sections on M is denoted by I'(M).

Theorem 2.1.1. Let M be a differentiable manifold, and let TM be the disjoint union of
the tangent spaces at all points of M,

TM = UpenT,M. (2.1.4)

Define the map
7:TM — M (2.1.5)
T,M>Vi—=p Vpe M. (2.1.6)

Then, TM = M is a fibre bundle, called the tangent bundle.

Proof. We begin by identifying the fibre: F, = 77 (p) = T,(M) Vp € M. Let dim(M)=m,
then F,, 2= R™ = F.

Next, we consider an open covering {U;} on M. Let an arbitrary U; have coordinates {z*},
and constrcut the local trivialisation map as follows.

¢ Uy X F— 7 1(U;) (2.1.7)
0

0.V SV =V, (2.1.8)
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Chapter 2. Generalised Geometry

where V# € R™ and p € U;. By construction, 7 o ¢;(p, V) = p, as required.
Consider a non-trivial overlap of U; with a second chart, U;, with coordinates y®. Then, the

transition function given by t;;(p) = l_; o ¢;, takes the form
~ ~ ~ -0 0
-1 -1
VE = 13 (0)(VH) = iy 0 05 (p, V) = ¢, (V = Vﬂa_yu"’ = Vi lb) =V* (21.10)

It is known that the components of a vector in two different coordinate frames are related

by V# = f/“gyig, where gz—g € GL(m,R). Thus, t;;(p) are elements of a group, GL(m,R),
which is the structure group for this fiber bundle.
Finally, for completeness, we point out that sections of the this fibre bundle, i.e. maps of

the form M — T'M, are vector fields. m

Remark. An analogous construction shows that 7*M = M is a fibre bundle, where
T"M = UpenT; M. (2.1.11)

Example 2.1.1. An interesting example (which, to be precise, involves a slight modification)
is given by almost complex manifolds. Let us consider replacing 7,,M with the complexified
tangent space T, M € in the above construction. Then, with appropriate modifications (the
basis becomes the complex one, for instance), all the arguments still apply. Thus, we have
obtained what is called the complexification of the tangent bundle. We know from theorem
m that the T, M® splits into two disjoint subspaces at every point p of the manifold,
ie. T,M® =T,M* & T,M~. It is easy to check that TM* = U,y T,M" and TM~ =
Upen T, M~ define two subbundles of TM = U1, M, with projection define by the same
7 as for TM 5 M.

Definition 2.1.7. Let £ ™% M' and E? 2% M? be fibre bundles. Let f’ be a smooth map
f'+ E* - E'. If for any given fibre F? of E? we have that f'(u) € F} Yu € F for some fibre
Fq1 of E', f"is called a bundle map. Then, f’ induces a map M? — M" such that f(p) = q.

Remark. Note that the following diagram commutes:

Jopa o) (2.1.12)

4

M2 f Ml
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2.1. Bundles and G-Structures in Ordinary Geometry

Definition 2.1.8. A fiber bundle £ =5 M whose fiber bundle is a vector space is called a
vector bundle.

Definition 2.1.9. Let £ = M be a vector bundle with fibre R”. For any given chart U;,
we can choose n linearly independent sections over it: {e1(p), ..., e,(p)}. This set is called a
frame over U,.

Example 2.1.2. Consider the tangent bundle TM = M. Let U; be any chart with coordi-
nates z#. Then, the set {52:} is a frame over Uj.

Definition 2.1.10. Let E = M be a fiber bundle. If its fibre F is the same as the structure
group G, it is called a principal bundle.

Theorem 2.1.2. Consider the tangent bundle TM = M, with dimg(M) = m. We define:
LM = Uyen Ly(M), (2.1.13)

where L,(M) is the set of frames at p. Then, LM = M is a principal bundle (with 7 to be
defined).

Proof. Let U; be a chart with coordinates {2} and corresponding frame {32:} over U;. Any
frame at p, A={ay,...,an} = {a,}, can be written as

0
a, :Wﬁﬁb, (2114)

with v# € GL(m,R). Thus, any frame at a given point is labelled by an element of GL(m, R).
We define the projection map as follows:

m: LM — M
A—p for Ae L,(M). (2.1.15)

Thus, the fiber at p is the set of frames at p, which, according to the result above, can be
identified with GL(m,R). Hence, the natural definition for the trivialisation map is:

¢i : Uy x GL(m,R) — 7~ Y1)
(P ) = {av}, (2.1.16)
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Chapter 2. Generalised Geometry

where the elements of the frame {a,} are given by . They clearly satisfy the properties
in definition 2.1.4

Consider a non-trivial overlap of U; with a second chart, U;, with coordinates y*. Then, the
transition function given by t;;(p) = (b;’; o ¢, takes the form

. - _ - _ 0 0
=t (p) () = iy © 050, ) = ¢, (V = vﬁa—yulp =Ygl =7 (21.17)

Again, we have that the components in the two frames are related by v* = :y,‘}gyiz, with
g% € GL(m,R). Thus, the fiber coincides with the structure group. O

Definition 2.1.11. LM 5 M is called the tangent frame bundle.

Definition 2.1.12. Let M be a differentiable manifold with dimg(M) = n and let G C
GL(n,R). M has a G-structure if it is possible to reduce the tangent frame bundle such that
it has structure group G.

Remark. A very common way of describing G-structures consists of imposing the existence
of G-invariant tensors (or spinors) globally defined on the manifold. To see the equivalence
of such descriptiond’] consider a tensor which takes the same form in all patches (this is
what globally defined means). This implies that we are not free to use arbitrary frames, but
only those which allow the tensor to be written in a specific form. It follows that we are
not allowed to use arbitrary transition functions either, but only those that leave the tensor
invariant. These define the group G of the G-structure.

The G-invariant tensors can be found using representation theory. For a real manifold, we
decompose the representation of GL(n,R) in which the tensor transforms into irredicible
representations of G. If a singlet is present in the decomposition, then the existence of such
tensor, globally defined on the manifold, imposes a G-structure.

Theorem 2.1.3. An almost complex manifold M with has with dim¢(M) = m has a
GL(m, C)-structure.

2Strictly speaking, it is not an equivalence. A globally defined non-trivial tensor implies the existence of
a structure. But the inverse is not true, although the counter-examples are very rare (orientation is one of
them).
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2.1. Bundles and G-Structures in Ordinary Geometry

Proof. Let M be an almost complex manifold with dim¢(M) = m and with almost complex
structure J. As we have shown in theorem [[.1.5] holomorphic vectors are such in any
chart. In terms of LM 5 M, this means that the transition functions are not elements
of GL(2m,R), but they belong to GL(m,C) instead (note that this is consistent with the
requirement of m being even, i.e. theorem[1.1.2)). In other words, (anti-)holomorphic vectors
in each chart are mapped to (anti-)holomorphic vectors in any overlapping chart. Thus,
the structure group is reduced to GL(m,C). This statement clearly holds at the level of
basis vectors as well, hence the structure group of the associated tangent frame bundle is
GL(m,C), and M has a GL(m, C)-structure. O

Theorem 2.1.4. A Riemannian manifold M with dimg(M) = n and metric g has a natural
O(n)-structure.

Proof. Let g be the Riemannian metric: a globally defined, postive-definite, symmetric ten-
sor. We can define orthonormal frames in each patch of the manifold, such that g,, = d,,
everywhere on the manifold. Let us show how this corresponds to a O(n)-structure. Consider
a point p in the overlap between two patches U; N U;. Let {e,} be the basis for U; at p, and
{é,} be the basis for U; at p. In general, the two are related by a GL(n,R) transformation:
e, = A e, with A € GL(n,R). But the existence of the globablly defined metric above
imposes:

glepsen) = 0 = g(éu, &) (2.1.18)
Using ¢, = A e, we get:
v = g€, 6,) = A,%APg(ea,e5) = A, %A% (2.1.19)

Hence, the transition functions of the tangent frame bundle are elements of the set O(n) =
{A e GL(n,R) : AAT =1,,}. O

Remark. If the form of the globally defined metric were the Minkowski metric with signature
(p,q), then clearly the resulting manifold would have been an O(p, q)-structure.

Theorem 2.1.5. A Hermitian manifold with dim¢(M) = m and metric g has a natural
U(m)-structure.

Proof. This proof is very similar to the one for theorem [I.4.§]
Let M be a Hermitian manifold with dim¢(M) = m and almost complex structure J. By
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Chapter 2. Generalised Geometry

definition, M is also a Riemannian manifold with dimg(M) = 2m. We have shown that
this reduces the structure group to O(2m). We have also shown that the existence of an
almost complex structure J on the manifold gives a GL(m, C)-structure. According to the
"two-out-of-three" theorem, and since by definition M admits a Riemannian metric and an
almost complex structure, M has a U(m)-structure. O

Example 2.1.3. Let M be an orientable Riemannian manifold with dimg(M) = 6. We
showed above that it has naturally an SO(6,R) structure. The double cover of SO(6,R)
is Spin(6), which is isomorphic to SU(4)| Suppose we want to find the condition for an
SU(3) structure in terms of globally defined spinors. As discussed above, we decompose
the representation under which a general spinor transforms, i.e. SU(4), into irreps of its
subgroup SU(3). The result is 4 — 1 + 3. This is easy to see if we consider the embedding
of SU(3) into the fundamental rep of SU(4) (see [30]):

SU@B) |0

SU(3) Cc SU(4) : — singlet : (2.1.20)

_ o O O

0 1

Thus, we see explicitly that the existence of a globally defined spinor which is a singlet of
SU(3) € SU(4) is equivalent to having an SU(3) structure on the manifold.
We will return back to this example in section 1 of chapter 5.

2.2 The Basic Objects in Generalised Geometry

In this section, we develop a new mathematical framework. The starting point is the idea of
extending the tangent bundle to a generalised tangent bundle, which consists of the tangent
space plus the cotangent space at each point of the manifold. We study the basic structures
that emerge directly from this assumption: a natural canonical metric and two brackets.
Since the number of results presented is quite large, we provide full calculations only for
the most important ones. For the others, we give a sketch of the derivation. The theorems
regarding the properties of the brackets are relevant for the next section, where they appear
in a more formal context.

31t is not always possible to lift a SO(n) bundle to a SPIN(n) bundle. However, in this dissertation,
we will not deal with this subtlety. See [I9] for more details.
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2.2. The Basic Objects in Generalised Geometry

The resources for this section are [13], [33] and [34].

Remark. For the rest of the chapter, we assume to be dealing with a manifold M with
dim¢c = n/2 (and therefore dimg = n).

Definition 2.2.1. We define the generalised tangent bundle as the sum of the tangent bundle
and cotangent bundle:

E = UpenTyM & T M. (2.2.1)

Remark. We anticipate that this is a very convenient definition, but not a rigorous one.
We will provide a flavour of how E should be really thought of in the next section.

The most rigorous and concise definition involves short exact sequences, which we do no deal
with in this dissertation.[13]

Definition 2.2.2. The sections of the generalised tangent bundle are called generalised
vector fields (or just generalised vectors, for short), and they are a (formal) sum of a vector
field and a one-form, which we can also write as a column vector:

X=X+¢= (X

5) e I'(E), (2.2.2)

where X € T(T'M) and & € T(T*M).

Remark. We will use both of these equivalent notations in what follows.

Definition 2.2.3. Let X = (f) Y = (Y> € I'(E). Then, there exist a natural canonical
n

metric on the generalised tangent bundle, which acts on its sections as:
1
(X, Y) = 5(€(Y) +n(X)). (2.2.3)

In matrix notation, can be written as:

I(X,Y) = ()g() % (1 ]l) C;) = XMZ YV, (2.2.4)

where we introduced "generalised" indices M, N =1, ..., 2n.
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Chapter 2. Generalised Geometry

Remark. It clearly follows from that the natural canonical metric has components
given by the matrix:

1 1
Tun = - . (2.2.5)
2\1 )

Then, we denote the components of the inverse matrix by:

MY
TN =2 ( ) : (2.2.6)
1
By definition, the matrix multiplication of the two yields 1g,.

Definition 2.2.4. The group O(n,n) is defined as:

O(n,n) = {A € GL(2n,R) : A" ( ]10n ]10") A= <10n 10")}. (2.2.7)

Remark. It is clear that, by definition, O(n,n) is the group of symmetries of the natural
canonical metric.

We will now study its features, not in the general setting of linear algebra, but in the context
of generalised geometry. Concretely, we think of O(n,n) elements as acting on generalised
vectors, not general 2n-dimensional vectors []

Theorem 2.2.1. Generators of O(n,n) at a given point take the form:

(Z‘; _iT) , (2.2.8)

with
e o being an endomorphism on the tangent bundle, i.e. a: TM — T'M.

e B being a skew symmetric map from the tangent bundle to the cotangent bundle (a
2-form), i.e. B:TM — T*M.

4There is a subtle point that is worth emphasizing here. TM @& T* M is associated to a GL(n) principal
bundle (according to theorem [2.1.2]). However, since we introduced the metric Z, we can conveniently think
of the natural structure group as being O(n,n) (analogously to theorem [2.1.4) See [L3].
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2.2. The Basic Objects in Generalised Geometry

e [ being a skew symmetric map from the cotangent bundle to the tangent bundle, i.e.

B:T*M — TM.

Proof. We write g € O(n,n) close to the identity as

B a b 9
g—]l+€<c d>+0(e ),

with € < 1. Then, we impose

which to order € yields:

We can make the redefinitions b = 8, ¢ = B to obtain exactly [2.2.8|

Definition 2.2.5. We define three subgroups of O(n,n) as follows.

1. B-transformations.

(2.2.9)

(2.2.10)

(2.2.11)

These elements are obtained by exponentiating the generators with a = 0 and g = 0.

They are of the form:

exp

(5 1)

(5 1)

(2.2.12)

To ease the notation, these transformations are usually written as e®. This acts as a

shear in the T*M direction:
X=X+ X =X+ (£ —ixB).
We will refer to this subgroup as Gp.

2. B-transformations.

(2.2.13)

These elements are obtained by exponentiating the generators with a = 0 and B = 0.

They are of the form:

=3 9)]=6 1)
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Chapter 2. Generalised Geometry

To ease the notation, these transformations are usually written as e”. This acts as a
shear in the T'M direction:

X=X 46X = (X486 +¢. (2.2.15)

3. GL(n)-transformations. These elements are obtained by exponentiating the generators
with B =0 and g = 0. They are of the form

em)[(g _2T)] = (il &£9y4> = (é (A£y4>' (2.2.16)

We will write these transformations symbolically as e® (this is one of the few instances
of us using a notation that is not commonly employed). This subgroup is an embedding
of GL(n) inside O(d, d). We will refer to this subgroup as GL(n,R).

Remark. The above result has a very interesting interpretation. The natural structure
group of the generalised tangent bundle can be thought of an "extension" of the structure
group of the tangent bundle (GL(n,R)) by two other transformations (B and ).

Remark. B-transformations are more fundamental than (-transformations, both mathe-
matically and physically. From the abstract point of view, 8 € J2(M) and thus it cannot
be a connection. Conversely, B € Z,°(M), and therefore it can be a connection. Physically,
the B field is intimately related to the 2-form B that appears in the NSNS sector of Type
IT supergravity, as we will show in chapter 5.

Definition 2.2.6. The map

X+ X (2.2.18)

is called the anchor map.

Remark. We will show the role of this map inside a bigger, more formal picture in the next
section. For now, we only point out that is a very natural projection map in the setting that
we are describing.
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2.2. The Basic Objects in Generalised Geometry

Definition 2.2.7. Let X = (X +¢), Y = (Y +n) € I'(E). Then, the Dorfman derivative of
Y wrt X is defined as
L:T(E) x [(E) — ['(E)

(2.2.19)

(X,Y) — LxY = ( ExY )

Lxn —iyd§

Remark. The operation just defined is sometimes called Dorfman bracket, and the notation
[, -] is used instead of L(.y(-). It is just a matter of convention, and our choice is consistent
with the interpretation (not yet motivated) of the Dorfman derivative as a generalisation of
the Lie derivative.

Theorem 2.2.2. Let X|Y,Z € T'(E), f € F(M) and a, b be constants. Then, the Dorfman
derivative satisfies the following properties.

1. Bilinearity:
Lx(aY +bZ) = aLxY +bLxZ and LgxiwZ = alLxZ + bLyZ. (2.2.20)
2. "Adjoint Leibniz" rule:
Lx(LyZ) = L7 + Ly(LxZ). (2.2.21)
3. Failure of skew symmetry:
LxY + LyX = 2d(Z(X,Y)). (2.2.22)
a. "Projected" Leibniz rule with a function:

Lu(fY) = FLxY + mrar(X)[f]Y. (2.2.23)

b. "Projected" reduction to directional derivative
Lx(f) = mrm (X)[f]. (2.2.24)

c. "Projected" reduction to Lie derivative
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Proof. These facts follow from direct computations starting from [2.2.19

Property 1. follows quickly from the linearity property of the interior product and of the Lie
derivative.

Property 2. is the less straightforward to prove. The vector part is obtained by using the
"adjoint Liebniz" rule [A.T.14] The form part is obtained by means of [A.1.14] together with
Cartan’s "magic" formula |[A.1.31| and |A.1.33| (remembering that d* = 0).

The proof of property 3. is a one-liner if one uses Cartan’s "magic" formula [A.1.31]
Property a. follows from [A.1.18

Property b. is a special case of property a., where we let Y be unity and omit it.

Property c. is true by the definitions of anchor map and Dorfman derivative. O]

Remark. We can compare 1., 2. and 3. with|[A.1.13] [A.1.14) and |A.1.15] respectively. Skew
symmetry is violated, which might suggest that the Dorfman derivative is not a suitable

generalisation for the Lie derivative. However, as explained in the appendix, the fact that
the Lie derivative coincides with the Lie bracket is not an a priori requirement, but rather a
coincidence. Thus, the failure of the Dorfman bracket to be a Lie bracket is not a fundamental
issue. To see why the Dorfman bracket generalises the Lie derivative, we review the properties
denoted by letters. Those are the ones that involve the anchor map, and thus they are
identities of a new kind with respect to the ones of ordinary geometry. We see that a.,b. are
generalisations of [A.T.18] [A.1.17] Moreover, c. includes the Lie derivative as a "special case"
of the Dorfman derivative. From these considerations, we are led to think that the Dorfman

derivative can be though as a generalisation of the Lie derivative.

Definition 2.2.8. We provide an embedding of the partial derivative operator into the
generalised tangent bundle with the operator 0y, defined as follows:

0, for M =p+d
= TR, = (a“) . (2.2.26)
0 for M = p 0.

Theorem 2.2.3. The Dorfman derivative can be alternatively written as:
(LxY)M = XNonYM — YNONXM + YoM XY, (2.2.27)

where the indices in the last term are raised and lowered using the natural canonical metric

(see 25 and [:2:5).
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Proof. We analyse the three terms separately, then it will be explicit that the result follows
from their sum. Let X = X 4+ ¢ and Y =Y + 7. Then,

M e} M
XVoNYM = X9, (Y ) = (X Ou ) ,

Ny X0y
XH Yo, XH
—YNoNXM = —Yaaa( ) = ( “ ) . 2.2.28
N 5/1 _Yaaaéu ( )
Hence,
LxY)H
XVONYM — YN XM = (£x . 2.2.2
8N aN <Xaaa7],u - Yaaaf,u ( 9)

The first /vector component already matches the Dorfman derivative definition (2.2.19)). Fi-
nally, recalling that Z and Z~! exchange the first n rows with the last n, and have numerical
factors in front that multiply to one, we have:

N
0\ /X 0
YoM XY = YT, nOR TEMXN = <”) ( >( > :( ) 2.2.30
N LK Y)  \0./) \ ¢ Na0, X 4+ Y?0,£, ( )

Summing the above with [2.2.29, we see that the bottom/form component reads:

XNy + 100, X = Y08, + Y080 = (Lxn), — (iydE),. (2.2.31)
This part also matches [2.2.19 ]

Remark. This way of writing the Dorfman derivative might seem less elegant and more
cluttered, but it is convenient for calculations and provides an easy generalisation for its
action on generalised tenesors (see next definition).

Moreover, it shows the intimate connection between generalised geometry and double field
theory (see chapter 6, section 4).

Definition 2.2.9. The action of the Dorfman derivative wrt a generalised vector X on a

generalised tensor (field) T of type (p,q) is given by:

(LxT)n - nr = XNoy Ty + (0M XN — oNXM) T 23 + . (9 XN — oVxMe) Ty
— (OnXn, — O, Xar) TV 07 — o = (O Xy, — O, Xar) TN

(2.2.32)
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Remark. It is immediate to check that such definition reduces to for the case of a
(1,0) generalised tensor.

Theorem 2.2.4. The Dorfman derivative of the natural canonical metric vanishes.
Proof. Let X € I'(E). Then,
(LxT) v = XEO0x Tarn — (0xXar — OuX )Ty — (0 Xy — OnXg)L, . (2.2.33)

The first term vanishes since Zy;y is a constant. By definition of ZMY and Zy,y (2.2.5) [2.2.6)),

7,/ and I% are just 6%;. Thus, the last four terms cancel in pairs. O

Definition 2.2.10. Let X = (X +¢), Y = (Y + 1) € I'(£). Then, the Courant bracket
[X,Y] is defined as the anti-symmetrisation of the Dorfman derivative of Y wrt X:

[X,Y] = %(LXY ~ LyX). (2.2.34)

Theorem 2.2.5. The explicit expression for the Courant bracket is:
(X, Y] )
X, Y] = . . : 2.2.35
[[ ]] (LXTI — Ly§ — %d(lxﬁ —iy§) ( )

Proof. The vector part follows immediately by recalling that £LxY = [X,Y] and [X,Y] =
—1Y, X] (see Appendix, |A.1.28 and |A.1.26). The form part is obtained by using Cartan’s
"magic" formula to rewrite the terms i1y d§ and 7xdn. O

Theorem 2.2.6. Let X,Y,Z € I'(E). Then, the Courant bracket satisfies the following
properties:

1. Bilinearity:
X+Y,Z] =[X,Z] +[Y,Z] and [X Y +Z]=[X Y]+ [X Z]. (2.2.36)

2. Skew symmetry:
[X,Y] = —[Y, X]. (2.2.37)

3. Failure of the Jacobi identity:

[IX, Y], Z] + [[Z,X], Y] + [[Y, Z], X] = %d(Z([[X, Y], Z) + Z([Z,X],Y) + Z([Y, Z], X)).
(2.2.38)
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a. "Projected" reduction to Lie bracket:
v ([X, Y]) = [ (X), 7 (Y)]. (2.2.39)

b. Failure of "projected" Leibniz rule with a function:

[X, fY] = fIX, Y] + 7rm (X)[f]Y — Z(X, Y)df. (2.2.40)

Proof. Property 1. was already proven for the Dorfman derivative, hence it holds for the
Courant bracket.

Property 2. is true by construction.

Property 3. involves a long calculation, which we do not present here, but can be found in
[13].

Property a. follows immediately from the definitions of anchor map and Courant bracket.
Property b. can be obtained via direct calculation. The identities that need to be used are
[A.1.18] [A.1.35] and the Leibniz rule for the exterior derivative. O]

Remark. Property 2. is the crucial one, since it states that the Courant bracket is skew-
symmetric by construction (just as any bracket over a Lie algebra). We see from a. that the
Courant bracket reduces to the Lie bracket upon projection by the anchor map. However,
it fails to obey the "projected" version of the Liebniz rule with a function. This, together
with property 3., suggests that the Courant bracket should not interpreted as a derivation
(a generalisation of a differential operator), but as the generalisation of the Lie bracket in
the context of generalised geometry.

An additional property that confirms this interpretation is the following, which should be

compared with [A.T.30]

Theorem 2.2.7. The Dorfman derivative and Courant bracket satisfy the following property;,
for XY, Z € I'(E):

Lx(LyZ) — Ly(LxZ) = LixyZ- (2.2.41)

Proof. The calculation is very similar to the one that leads to [2.2.21] If we assume [2.2.21],
it just consists of showing that LyxyjZ = Lp,yZ. The vector part is trivially true. For the
form part, using Ly & = iyd€ + diy€ and d? = 0 yields the result. m

Remark. We tried to motivate as much as possible the interpretations of the Dorfman
derivative and Courant bracket by comparing them to the operations in ordinary geometry.
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The results provided strongly suggest that our interpretation is correct, but clearly they do
not prove it. To show formally that L¢)(-) and [-,-] in generalised geometry play the same
roles as Ly(-) and [, -] in ordinary geometry, we need to introduce the notion of derived
brackets. This is far too abstract for the aim of this dissertation, but the interested reader
can consult [37] and [38].

Theorem 2.2.8. The Courant bracket is invariant under the GL(n) transformations, i.e.
given X|Y € I'(E):

[e°X, e*Y] = e[ X, Y]. (2.2.42)

Proof. We will save ourselves a lot of indices and matrices by showing this statement in a co-
ordinate independent way. Let f be a diffeomorphism of the manifold. Then, its embedding
in the generalised tangent bundle is given by

fee = (J; (f*o)_l) : (2.2.43)

which acts on generalised vectors. At the level of components, this is nothing but [2.2.16] It
quickly follows from [A.1.36] [A.1.37 and [A.1.38]| that

[fecX, facY] = fac[X, Y], (2.2.44)

which is equivalent to [2.2.42] once a choice of coordinates is made. O

Theorem 2.2.9. The B-transformation is a symmetry of the Courant bracket if and only
if B is closed, i.e.

[ePX, Y] = P[X, Y], (2.2.45)
for Bst. dB=0and X,Y € ['(E).

Proof. Let X = (X +&),Y = (Y +n) € ['(E). Then, we have that e®’X = X + (£ —ixB))
and €Y =Y + (n — iy B)). The vector parts of the two generalised vectors are unchanged
under the B-transformation. This implies that the first component of the Courant bracket
between the transformed vectors is the same as the first component of the Courant bracket
between the original ones. All the transformation takes place in the form part. Explicitly,
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the Courant bracket of the transformed generalised vectors reads:

1 1

[ePX, ePY] = [e®X,ePY] — LxiyB + LyixB + 5d(z’XiYB) - 5d(@'wXB) —

[[GBX, BBY]] — ,CX’in + lyd(’LxB) :[[GBX, GBY]] - Z.[va}B - iyﬁxB + Zyd(le) =
[e”X, Y] — ipxy1B — ivixdB (2.2.46)

where in the first step we just expanded out, in the second one we used the antisymmetry of
B to sum the last two terms and then used Cartan’s "magic" formula [A.1.31] the third one
was obtained through and finally led to the final expression. If dB = 0, then

[e”X,ePY] = [7X, e”Y] — ixv B = e’ [X, Y]. (2.2.47)
0

Theorem 2.2.10. The S-transformation is not a symmetry of the Courant bracket.

Proof. Let X = (X +¢€),Y = (Y +n) € ['(E). Then, we have that e’X = (X +3-£) + ¢ and
e’Y = (Y + 8 -n) +n. Taking the Courant bracket of the transformed generalised vectors

reads:
et el =l ( Lot = Lon€ — bdlinen — ignt) 2249
Comparing this with
CIEY] = XY+ 8- [Lxn — £y€ — Sdlixn — ivE)]. (2.2.49)

we see that they do not match in general. One easy way to explicitly confirm that is to look
at the second component of 2.2.48] use Cartan’s "magic" formula and obtain the sum

of two terms that do not cancel in general. O

Remark. Thus, we have shown that two subgroups of O(n,n) out of three are symmetries
of the Courant bracket. Hence, we have shown the following theorem.

Theorem 2.2.11. The symmetries of the Courant bracket are given by:
Ggendiff = GL(H,R) X GB,closedy (2.2.50)

where G, ciosea 15 the subgroup 1. in definition [2.2.5] with dB = 0.
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Remark. The above notation (semidirect product) means that any of the elements of
Ggendiff can be written as:

. <A (AT)‘I) N (119 1) (A (AT)—1> = (BAA (AT)_1> - (2.2.51)

2.3 Some Formal and Subtle Aspects

In this section, we try to give an overview of what generalised geometry formally is. We
introduce the concepts of Courant algebroid and Leibniz algebroid, and study the local na-
ture of the generalised tangent bundle E. The former two are introduced for completeness,
but they will not play a role in the rest of the dissertation. The latter is an analysis which
will reveal important connections with the physics in chapter 5, section 2. To improve the
readability and allow for a large number of comments, we will insert all the discussion about
the generalised bundle into a single, long, remark. For the first part of the section, we follow
[13] and [39]. For the second one, we refer the reader to [15], [40], [33] and [34].

Definition 2.3.1. A Courant algebroid is a collection of objects:

e A vector bundle, E.

A nondegenerate symmetric bilinear form, Z.

A smooth bundle map 7y : E — T.
e A skew-symmetric bracket, [-,-].

This induces a natural differential operator d : F(M) — I'(E) defined by Z(df,X) =
srm (X) f for any f € F(M),X € I'(E). The above objects must also satisfy:

Loy ([X, Y]) = [rrar (X), s (Y)]
2. [[X, Y], Z] + [[Z. X], Y] + [[Y. 2], X] = Ld(Z([X, Y], Z) + Z([Z. X], Y) + Z([Y, Z], X))
3. [X, £Y] = fIX, Y] + mrne (X) [/]Y — Z(X, Y)df.

4. I(df,dg) =0 Vf,g € F(M)
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5. mra(X)Z(Y, 2) = Z([X, Y] + dZ(X,Y),Z) + Z([X, Z] + dZ(X,Z),Y) VX,Y,Z ¢
[(E).

Theorem 2.3.1. The collection (E,Z, w7y, -]), where the symbols correspond to the ob-
jects defined in the previous section, form a Courant algebroid (with the induced differential
operator being the usual exterior derivative d).

Proof. Properties 1., 2. and 3. have already been proven as properties of the Courant
bracket. Property 4. clearly follows from the form of the natural canonical metric. For
property 5., we refer to [13]. ]

Definition 2.3.2. A Leibniz algebroid is a collection of objects:
e A vector bundle, E.
e A bundle ma 7y : R — T.
e A bilinear map L : I'(F) @ I'(E) — I'(E).
They must satisfy:
1. Lx(LyZ) = LpvZ + Ly(LxZ).
2. Lx(fY) = fLxY + mrp (X)[f]Y.

Theorem 2.3.2. The collection (E, 7rar, Liy(-)), where the symbols correspond to the ob-
jects defined in the previous section, form a Leibniz algebroid

Proof. We showed bilinearity, 1. and 2. in the previous section (see theorem [2.2.2)). O

Remark. So far we have always be been working with £ = T'M & T*M. This is a useful
simplification, which we will show to be valid, but it is not rigorous. We now try to explain
what E really is, its isomorphism with T'M @ T*M and the role of the B-transformation.
Consider a manifold M with open covering given by {U;}. Let X be a global section of
TM@T*M, i.e. asum of a vector field X and a one form ¢ defined smoothly over the whole
manifold. For a point p inside some patch U;, we can write X as:

X(p) = Xi(p) + &(p), (2.3.1)

71



Chapter 2. Generalised Geometry

where the roman subscript specifies the patch chosen. For a point p € U; NU;, we have that:

Xi(p) + &(p) = X;(p) + &(p). (2.3.2)

This holds for all patches and all intersections, and it can be used as a way to define T'M ¢
T*M from a local point of view.
Analogously, we now try to define F from a local point of view. We start with X defined
only in some patch U;, as before:

X(p) = Xi(p) +&(p) VpeU. (2.3.3)

But for the patching, we make a small modification. We have shown that, in addition to
diffeomorphisms, the Courant bracket is invariant under B-transformations with B closed.
Therefore, we try to include them into our patching rules. And since we are working at the
level of patches, we assume that the globally closed B-form is (locally) exact. With this in
mind, we define F/ by requiring that, in the intersection between U; and another patch Uj,
the following holds:

Xi(p) +&(p) = X;(p) +&(p) — ix;p)dAsj(p). (2.3.4)

As mentioned above, {A;;} is a set of one forms defined in the intersections, which locally
satisfy B = dA;;. We also see (by simply moving —ix, ,)dA;;(p) to the lhs) that Ay = —Ay;.
Everything so far is coordinate-free. But if we were to work in components, the above would
read:

X = (A" (X)) (j is not summed over), (2.3.5)

7

Cin = (Aiy), " (&)v + (X;)"0p(Aij)y  (J is not summed over), (2.3.6)

where A is the usual Jacobian matrix for diffeomorphisms. We emphasize that the patching
rules for the vector part define an ordinary section of T'M, while the form part does not
correspond to a section of T*M. We will shortly see how to deal with this. But before, one
needs to consider a second condition, in addition to [2.3.4] regarding in triple intersections. In
an intersection between three patches U; N U; N Uy, the one-form part of X reads (according

to E3):

§i(p) = &5(p) — ix;(dNi;(p) = &(p) — ix,mdNir(p) = (2.3.7)
(gj (p> - ZX](p)dAkj(p)) - ZXk(p)dAzk(p)a
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where in the last step we wrote £;(p) in terms &;(p). Since the vector part is unchanged from
patch to patch, the above yields:

which implies
Agj + Njie + Ay = dAyji, (2.3.10)

for some function A;jj. It is common to define g;;x = exp(i/;j;), so that the above condition
becomed|

ANijj+Nji + Ay = —z’gi;,lcdgijk (no sums). (2.3.11)

This completes the construction of E from the local prospective. It is definitely different from
TM & T*M, because of how the form part is patched. However, it is possible to construct an
isomorphism between the two. To do so, we introduce a set of two-forms defined patchwise:
{B;}, where B; is defined on U;. We define them so that they obey:

B; — B; = dA; (2.3.12)

in all overlaps. This clearly respects the antisymmetry of A;;. The collection {B;} defines a
global closed three form H, where H restricted to U; is given by dB;. Specifically, H; = H;
in the overlap U; N U; thanks to [2.3.12] With these new ingredients, [2.3.4 now reads:

Xi(p) + &(p) = X;(p) + &(p) — ix;0dNi5(p) = X;(p) + &(p) — ix,0) Bi + ix;0) Byi»
(2.3.13)

where we used X;(p) = X,(p). It is now clear that we can define a new section X', given by
Xi(p) + &(p) + ix,(pBi on U;, which will take the same form in all other patches:

Xi(p) +&(p) +ix,mBi = X;(p) +&(p) + ix,0) By (2.3.14)

for p € U; N U;. Thus, we obtained a section of TM @& T*M defined on a single patch,
which matches with other patches on the intersections, just as We have therefore
"constructed" TM @& T*M.

5This defines a connective structure on a gerbe. For more details, in the context that we are studying,
see [41].
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Summarising, we see that there exist an isomorphism between E and T'M & T* M, which,
however, relies on the choice of {B;}. Hence, it is not canonical. We note that X' is related
by X by a B-transformation, i.e. X' = exp(—B)X. Sometimes FE is referred as the "twisted"
version of T'M & T* M, and the procedure we have just performed is known as "untwisting"
E.

We labelled this derivation as a remark because although being really instructive, it is not
very formal. To be completely rigorous, one should consider the isomorphism not at the level
of E and TM & T*M, but at the level of algebroids (introduced earlier in this section). One
needs to introduce the "twisted" version of the operations described in the previous section.
Given a three form H, and X = (X +&),Y = (Y + 1), the "twisted" Dorfman derivative is
given by

LQY == ,CXy + £X7] - Zydg - iyixH, (2315)
and the "twisted" Courant bracket is given by:
IX,Y]g = [X, Y] + ixiy H. (2.3.16)

Then, the isomorphism defined by H is the following: the "twisted" generalised vector bundle
FE together with the "untwisted" operations is isomorphic to the "untwisted" TM & T*M
together with the "twisted" operations (that we just defined).[42]

The above discussion on the local nature of E will be relevant for section 5.2, where we will
show how the NSNS sector of type II supergravity resembles the above construction. The
parenthesis on isomorphisms will appear again in section 1 of chapter 6, where we will work
with twisted structures.

2.4 Generalised Metric

In this section, we find the form for a generalised metric living on F. The construction
will be motivated by the analogy with ordinary geometry. In such framework, the struc-
ture group is naturally GL(n,R), which is reduced to its maximal compact subgroup O(n)
by introducing a metric. In generalised geometry, the natural starting point (given the
natural canonical metric) is an O(n,n) structure group. Its maximal compact subgroup is
O(n — p,p) X O(p,n — p). We therefore want to construct an object which reduces the
structure group from O(n,n) to O(n — p,p) X O(p,n — p), and then call it the generalised
metric.
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The relevant references are [13], [34] and [35].

Theorem 2.4.1. The maximal compact subgroup of O(n,n) is O(n — p,p) X O(p,n — p).
Proof. This can be found in [I3], and we do not prove it here. O

Theorem 2.4.2. Reducing the structure group O(n,n) to its maximal compact subgroup
is equivalent to splitting the generalised tangent bundle into two n-dimensional subbundles
Cy,C_ with metric of opposite signature.

Proof. We anticipate that this proof is quick and sketchy.
We define the two subbundles starting from their frames. We define the two sets of "ordinary"
frames {E+} and {E;} (a,a = 1,...,n) such that

A A A

L(Ef E) =nw,  I(E; E;)=-ng,  I(ES,E7)=0, (2.4.1)

where 14, 15 are two (identical) flat metrics with signature (p,n — p). From this, we build
a set of frames for the generalised tangent bundle as

. Ej for A=a
(2.4.2)

Er=2< .
E; forA=a+n

This construction makes the O(n—p, p) X O(p,n—p) evident: the first factor acts on E; and
the second on £, i.e. O(n —p,p) X O(p,n — p) simply rotates each set of frames. Letting
{E;"} specify the subbundle Cy and {E; } the subbundle C'_, we have that £ = C, &C_. [

Remark. To continue the analogy with ordinary geometry, this proof should be compared
with theorem [2.1.41
Generalised frames will be developed more in detail in chapter 6.

Definition 2.4.1. We define the metric-projection operators 11, and I1_ as
1, N 1
Theorem 2.4.3. 11 are well-defined projection operators if they satisfy:

P? =1,,. (2.4.4)
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Proof. Assuming that P? = 1,,, we have:

1 1
I, +11 =1y, I = 1(11% +2P + P?) = 5(]12,1 + P) =1l (2.4.5)
1
I, 11 = Z(n% — P =0=11_I1,. (2.4.6)
Thus, I14 are projection operators. O

Remark. We have just constructed two projectors, which take generalised vectors into two
disjoint subbundles of the generalised tangent bundle. We have seen that reducing the
structure group of the generalised tangent bundle to its maximal compact subgroup splits
it into two subbundles. The motivation for proceeding in the study of the projectors is the
hope that they project generalised vectors exactly into those subbubdles.

Definition 2.4.2. We define the generalised metric as
Gun = P,/ Ixn <— G =PI, (2.4.7)

satisfying QMN = QNM.

Theorem 2.4.4. The generalised metric has the form:

g—Bg™'B Bg!
( g gt ) (2.4.8)

where B is antisymmetric and ¢ is symmetric.

Proof. Since this is a crucial result, we provide a constructive proof. We let the generalised

G= (‘C” Z) , (2.4.9)

with all of its components be invertible. The condition in terms of the generalised
metric can be written as

a b 0o 1, a b\ [ac+ba ad + b? _1 0 1, (2.4.10)

c d)\1, 0 c d) \+da cd+db) 4 \1, 0)° o
The symmetry condition implies d = d, a = a’, ¢ = b". We define d = g~', where
g is symmetric. We also define B = d~!c. The bottom-right equation of [2.4.10| reads:

metric take the generic form
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dc’ = (ed)” = —cd. Using this and the fact that d is symmetric, we can quickly see that B
is antisymmetric:

dBTd = (dBd)" = (cd)" = —cd = —dBd. (2.4.11)
The bottom-left equation of in terms of B yields:
dBdB + da = % A, = a= id‘l — BdB = ig — Bg™'B. (2.4.12)
Also,
b=c"=(dB)' =B'd=-Bd=—-Bg ' = c=g"0b (2.4.13)

Hence, by simply scaling g — 2g, we obtain

1 (g—Bg'B —Bg!
— . 2.4.14
i 2414)

]

Remark. Now, we introduce generalised structures on the manifold inspired by the con-
structions in ordinary complex geometry that we presented in the previous chapter. We will
restrict ourselves to the Riemannian metrics for the rest of this section.

Definition 2.4.3. A generalised almost complex structure is a map J : E — FE, which

satisfies:
m(JIX) = 71(X)
j2 - _112n
Z(IX,TJY) =Z(X,Y). (2.4.15)

The underlying manifold is called an generalised almost complex manifold.

Remark. The first condition means that the map preserves the bundle structure. The second
one is exactly the requirement we imposed for an almost complex structure (cf. definition
1.1.10). The third one is the hermiticity condition of the natural canonical metric wrt the
generalised almost complex structure (cf. definition .

Just as in the case of ordinary geometry (see theorem , a generalised almost complex
structure defines two subbundles: E* C (E)®, with fibers being the (+i) eigenspaces defined
by J at each point. The reduction of the associated structure group to G L(n,C) also follows
by the same argument as in the ordinary case.

7



Chapter 2. Generalised Geometry

Theorem 2.4.5. The structure group of a generalised almost complex manifold is U(n/2,n/2).

Proof. The proof follows directly from a result in group theory, which we are not going to
prove:

U(n/2,n/2) = O(n,n) N GL(n,C), (2.4.16)

provided that n is even. This can be found in [13], for instance.

O(n,n) is the structure group that preserves the natural canonical metric, and GL(n,C)
is the structure group associated with the generalised complex structure (defined by its
eigenspaces). O

Example 2.4.1. Let M be an almost complex manifold with almost complex structure J.
Then,

-J 0
(Tr)mn = ( 0 JT) (2.4.17)
MN
define the components of a generalised complex structure. This is true since:
O A (2.4.18)
(T2 = Tl d " = =6, (2.4.19)

Example 2.4.2. Let M be a manifold admitting a non-degenerate 2-form €). Then, it is
clear that

(Ja)un = (_OQ Qol>MN (2.4.20)

define the components of a generalised complex structure.

Definition 2.4.4. An generalised almost complex structure is called integrable (or simply,
we remove the "almost") if the Courant bracket of two holomorphic generalised vectors is
an holomorphic generalised vector.

Remark. Note how this definition is analogous to definition [1.1.11], but with the Courant
bracket playing the role of the Lie bracket in ordinary geometry (as we anticipated).

Definition 2.4.5. Let M be a manifold that admits a two commuting generalised complex
structures, J; and J>. Then, if G = — 7,7, is a positive-definite metric on E, the pair
(J1, J2) is called a generalised Kdhler structure and M is a generalised Kdhler manifold.
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Example 2.4.3. This example justifies the above definition. Let M be a Kéhler manifold
with almost complex structure J, Kéhler form €2 and Kéahler metric g. Let J; and Jqo be
the two generalised complex structures constructed as in the previous two examples. Then,
we have that

/ 0 971
G =-TJ;Jo=—-JoT; = g 0) (2.4.21)

This is a positive-definite metric on E, showing that a Kéhler manifold is a special case
of a generalised Kéhler manifold. Note that [2.4.21] follows from:

0 JOQ ! 0 Q1T
—T1Ja = (JTQ 0 ) , —Jads = (—QJ 0 ) : (2.4.22)

together with the following calculations in components:

(JTQ)mn = Jthnt = Gnm,;
() n = =, = Qo = G = Grums
O e A

QLT = Q= T, = g = g (2.4.23)

Theorem 2.4.6. By applying a B-transformation to the generalised Kéhler metric, we
obtain %Iflg.

Proof. Using [2.2.12], we have that

_ —1B -1 1
eBGle P = (g _ngl 5 ggl> =176 (2.4.24)

Theorem 2.4.7. A generalised Kahler manifold has a U(n) X U(n)- structure.

Proof. The result is quickly obtained by considering that a generalised Kahler manifold has a
U(n/2,n/2)-structure associated with the generalised complex structures and a O(n) X O(n)
strucure coming from the generalised metric. The intersection is given by ([13]):

U(n/2,n/2)NO(n) X O(n) =U(n/2) x U(n/2). (2.4.25)
O]
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Strings and Superstrings

This is a very brief review of string theory and superstring theory, which is aimed at in-
troducing the conventions used and presenting the known results that will be used in this
dissertation. We assume that the reader is already somewhat familiar with bosonic string
theory and very familiar with Quantum Field Theory (QFT).

In section 1, we introduce the classical bosonic string. We present the Polyakov action,
describe its properties and derive the dynamics of classical closed bosonic strings.

Section 2 shows how to quantise the bosonic string via canonical quantisation, in analogy
with QFT. This section is only illustrative, and should be regarded as a preparation for the
following one.

In section 3, we quantise bosonic string theory via light-cone quantisation. The massless
spectrum of closed strings is derived and the critical number of dimensions is determined.
Section 4 presents classical superstring theory (RNS formalism) and the basic features of its
dynamics.

In section 5, we describe the quantisation of closed superstrings. The massless spectrum of
type IIA/B theories is derived.

String theory is such a vast subject that we feel the need to list the many fundamental con-
cepts that we do not treat in this quick review. What you will not find in the following pages
is: details on conformal field theories, operator product expansions, path integrals, partition
functions, open strings, branes, interactions, vertex operators, scattering amplitudes, het-
erotic strings, type I supestring theory. These topics were (hopefully always) deliberately
avoided to keep this work self-contained, reasonable in length and tailored to the applications
discussed in the rest of the dissertation.

For extensive and complete discussions about the topics that we are about to present we
refer to [21], [43], [44], [45], [46], [47] and [48] which inspired this review.



Chapter 3. Strings and Superstrings

3.1 Classical Bosonic String Theory

We now study string theory at the classical level. By analogy with the particle case, we
introduce the action for strings moving in space time (Nambu-Goto). We then find an
equivalent action, the Polyakov action, which is more convenient for quantisation. We study
its equations of motion, symmetries and associated conserved quantities. Finally, we pro-
vide boundary conditions for closed strings, and give a general solution to the equations of
motion.

For this section, we followed all of the sources mentioned above.

We take the Minkowski metric to be 7, = diag(—1,1,1,1). A particle sweeps out a
line in Minkowski space, called worldline. A string is an extended one dimensional object.
Thus, it sweeps a surface, called worldsheet. This can be parametrised by two parameters.
The first one is the usual time-like coordinate, 7, which is the only one we would need if we
were to consider a particle. Since strings are extended objects, we need to choose a second
space-like coordinate o. Let the string have length [, then o € [0,[] simply tells us where
we are along the string. We anticipate that we will be interested in closed strings, i.e. those
that do not have separated ends (one can go around them).

A (point-)particle’s trajectory in Minkowski space is specified by X#(7), where u = 0,1, 2, 3.
We can think of a string as a collection of point(-particle)s glued together, so it follows that
its motion will be described by X*(7,0), where o labels which point of the string we are
looking at.

The action for a particle moving in Minkowski space is given by the integral of its line
element:

S X (1) = =m [ ds = [ dr[Xo(0) X" (3.1.1)

When trying to generalise to a string, we follow the above considerations and replace
1. The single integral with two integrals
2. The line element with the area element

In doing so, we obtain the Nambu-Goto action, which reads:

Sne|X(7,0)] = /dUdT —det(hap), (3.1.2)

2ma’
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where we used the compact notation
hap = 0, X" (1,0)0, X" (T,0)0w, a,b=0,1 and 0, = (0-,0,).

We will also often use the shorthands X? = X*X,, = X*X",, and ¢* = (7,0). From now
on, we will keep the number of dimensions of space-time general. We will denote it by D, so
that p,v =0,...,D — 1.

The square root in the Nambu-Goto action is not suitable for path integral calculations.
Thus, we introduce the equivalent Polyakov action, which is given by:

1
Ve

Sp[X,7] = /dadﬁ/—vvab@aX“Oqu, (3.1.3)

where v = det(74). The equivalence is quickly shown considering the equations of motion
obtained by varying v,,. They yield:

1 1 1
Tab = hab — §’Vab70dhcd =0 = hab(—h)7§ = ’yab(—’}/)ig, (314)

where we defined the stress energy tensor Tp;, and h = det(hy). Substituting the second
identity into the action yields back the Nambu-Goto action. Varying X* we get the other
set of equations of motion:

Ou(/ =70, XHM) = /=7 VEXH = 0. (3.1.5)

These are non-linear equations, very difficult to solve. In order to make progress, we consider
the symmetries of the Polyakov action. They are:

1. Poincare. Under this symmetry, fields transform as:

Xt = A", XY +a", with A", € SO(1,D —1), and ~* — . (3.1.6)
2. Reparametrisation. Under this symmetry, fields transform as:
do* Dot
o = a%(d"), Ya — Lé%d and X" — X" (3.1.7)
06 0a®

3. Weyl. Under this symmetry, fields transform as:

Yap = 2 (0") Y and  X* — X, (3.1.8)
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Chapter 3. Strings and Superstrings

Using our gauge freedom from 2. and 3., we can set 7,, = 77abE| Then, the action simplifies

to
1 .
/dadTnagﬁaX“ﬁﬁXu = — /OlcrdT(X2 - X"?), (3.1.9)

S =
Ve

Ve
with EoM for X* that become linear:

X -X"=0. (3.1.10)

However, we still need to ensure that the vanishing of the stress energy tensor (3.1.4) is
satisfied. This gives two constraints:

X X' =0,
X2 4+ X2 =0. (3.1.11)
Now we make a quick analysis of the classical quantities associated with this action. The
canonical momentum conjugate to X* is:
S 1
S Xk 2ma!
As we saw, Poincare is a global symmetry of [3.1.9] thus it leads to conserved quantities.

Infinitesimally, it takes the form d.X* = e X" + €, with €,, = —¢,,. The Noether currents

associated to this symmetry are:

IT#

XH, (3.1.12)

1
Pt = — 9, X" 3.1.13
* 2 ( )
JH = XFO, XY — XV0,XH), 3.1.14
= ) (3.1.14)

where the first one corresponds to translations and the second one to Lorentz transformations.
Note that B}’ = I1*, as expected. The Hamiltonian is then

H= /Ol do(X*', — L) = ﬁ do(X? + X7). (3.1.15)
Coming back to the dynamics, we have to solve [3.1.10] subject to the two conditions [3.1.11]
In order to do so, we first provide the boundary conditions for the closed string:
XH(1,1) = XH(T,0),
97 XH (7, 1) = 07 X"(7,0),
Yan(T: 1) = Yap(7,0). (3.1.16)

We are (reasonably) assuming that there are no topological obstruction.
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3.1. Classical Bosonic String Theory

We point out a small detail just for completeness. When varying the action to obtain [3.1.10]
we discard a boundary term after integration by parts. These boundary conditions ensure
that such boundary term really vanishes.

The final step before solving the dynamics is to define "light-cone" parametrisation for the
world-sheet, i.e.

ot =740 and o =7—o0. (3.1.17)

This choice is common to [44], [21], [46] and [45], while in [43] it is 7 that changes sign.
Accordingly, we define 04+ = %(87 + 0,), which lead to:

EoM: 8,0_X* =0, (3.1.18)
8+XM8+X“ - 07

(3.1.19)
O_X"9_X, = 0.

Counstraints: {

With these definitions, the most general solution to the EoM consistent with the boundary
conditions reads:

X¥(r,0) =X o")+ Xh(o), (3.1.20)
with
Xtot) = lx“ + zo/p“crJr + 4/ o Z ld“exp(—i27rn(7+/l) (3.1.21)
L 2 l 2 mordll " ’ o
Xh(o™) = lx“ + Zo/p“af + 14/ o Z loﬂexp(—i%ﬂw’/l) (3.1.22)
f 2 [ 24n " ' .

The subscript L stands for left-moving, while R stands for right-moving. We can regard this
as a simple Fourier expansion, justified by the periodic boundary conditions, where o and
&* are the Fourier coefficients. The choice of the symbol p* for the coefficient of o/~ is not
a coincidence: it really is the total momentum of the string. Substituting this expansion
into the expression for the momentum (with @ = 0) and integrating along the string
yields exactly p#. The same is true for x#, which is the classical centre-of-mass position.
This is the most general ansatz, as found in [45)]. It agrees with [44] and [46], where [ = 27,
and with [21I], where | = 7.

Having found the most general solution to the EoM, we now need to impose the constraints.
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Chapter 3. Strings and Superstrings

To simplify the calculations, we define aff = af) = \/%’p“. The constraints then read:

> Luexp(—i2rno™ /1) =0 = L, =0, (3.1.23)
> Luexp(—i2mno™ /1) =0 = L, =0. (3.1.24)
where we defined
1
Ln=5 Zm: Cnm * Oy (3.1.25)
~ 1 5 B
L, = 3 Qppmm * Oy (3.1.26)
Since p? = —M? we have the following two equations (level matching conditions):
4 4 .
JZan-a,n:MQZJZaWa,n (3.1.27)
n>0 n>0

3.2 Canonical Quantisation of the Bosonic String

In this section, we quantise bosonic string theory following the canonical procedure from
QFT. We identify two sets of harmonic oscillators and construct the Fock space. Then, we
show the existence of negative-norm states and describe how to impose the physical condi-
tion on the Fock space. We mainly follow [21], [44] and [47] for this section.

In analogy with the usual QFT quantisation, we impose the Equal Time Commutation
Relations for the fields X* and II, = (1/27a/) X* (the conjugate momentum):

[(X*(1,0),11,(1,0")] = id(c — o’)d,
[XM(T7 0)7 XV(Ta U,)] =0,
[, (r,0),IL,(r,0¢")] = 0. (3.2.1)

Using the mode expansions |3.1.21 and [3.1.22] these imply:

[xuapu] = 7/557
[OéZ7 ayyn] - nnm/(sm—l—n,Oa
[&ﬁ7 &Z@] = nnuuéern,Ou

All others zero. (3.2.2)
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3.2. Canonical Quantisation of the Bosonic String

Using these commutators, one can show that:

D
(L, Ln) = (m — 1) Lypin + oM (m* = 1) Gimn 0, (3.2.3)

where D is the number of space-time dimensions.

Again, in analogy with QFT, we interpret o and a# (scaled by n) as two sets of cre-
ation/annihilation operators. We let those with n > 0 (n < 0) be annihilators (creators).
The construction of the Fock space is then the usual one. We define the vacuum state to
obey:

ah0,p) =ak|0,p) =0 for n >0, (3.2.4)

where p labels the momentum eigenvalue. It is evident that the vacuum of string theory is
not the same object as the vacuum state of space-time from QFT, see [44] for a clarification
on this point. The most general state is obtained by acting creation operators on |0, p):

(o)™ (a2)™2 .. (a™)™ (a7%)"™ ... |0, p). (3.2.5)

The Fock space that we just constructed, unfortunately, has negative norm states. For
instance, a®, |0, p) is an evident example. To eliminate those, we introduce a condition for
physical states (cf. Gupta-Bleuler quantisation). This is nothing but the quantum version
of the constraints [3.1.23] and [3.1.24, We require

L, |phys) =0 for n >0, (3.2.6)

where |phys) is any physical state of the theory. We restricted to n > 0 since, when per-
forming quantisation, there is an ambiguity in the ordering of the operators appearing in L.
Thus, we let Lo = Y_>" | oy, - iy + 303 and Lo=3" G -Gy + :ad (i.e. they are normal
ordered), and then add an undetermined a in the constraints:

(Lo —a) [phys) =0 and (Lo — a) [phys) = 0. (3.2.7)

Defining N = 3 a_,, -, and N = 3% G_,, - &, we also have:
a/
N—a= ZM2 =N —a, (3.2.8)

and using [3.2.7] we obtain

(Lo — Lo) [phys) =0 = N = N, (3.2.9)
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Chapter 3. Strings and Superstrings

which is the level-matching condition.

We will fix the constant a, together with the number of dimensions D, at the end of the next
section. One of the options for doing that is to look at spurious states (see [2I]), but such
approach would introduce more definitions which are not relevant for our next discussions.

3.3 Light-cone Quantisation

In this section, we present an alternative approach to quantisation, starting from the clas-
sical theory again. This approach is better than canonical quantisation in the sense that it
makes the dynamical degrees of freedom evident. We start from the free theory again and
develop a specific solution where the residual gauge symmetry of the theory has been fixed.
Only at that point, we quantise and discuss both the ground state and the first excited
state. Finally, we fix the number of space-time dimensions and the ordering constant a to
ensure consistency of the theory. The relevant resources for this section are [21], [44] and [46].

We start by recalling that we used symmetries 2. and 3. of the Polyakov action to set
Yab = Nap, 1.€. ds* = —dr? + do*. However, there is still some remaining symmetry, which is
evident in the "light-cone" parametrisation [3.1.17] If we make the transformations:

ot =o't (e?) and o — 5 (07), (3.3.1)

then ds* = —doTdo™ is changed by an overall factor. By Weyl symmetry (3. in our list),
this change is irrelevant. This symmetry is a "set of measure zero" of the full symmetry,
this is why it is still present after gauge fixing (see [44]). To exploit the full power of this
remaining symmetry, we introduce light-cone coordinates for space-time:

+_ L o b1
X = (XX, (3.3.2)

We will refer to the other coordinates as the transverse coordinates X%, i =1,...,D —2. The
equation of motion [3.1.18 imposes, as before, XT = X} (67) + X} (07). We now use the
residual symmetry mentioned above to set:

1 1
Xz' = §x+ + %a/p—"g—" , XE = §$+ + %a/p—i—d—. (333)
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3.3.  Light-cone Quantisation

For X, we again use the EoM to write X~ = X[ (¢7) + X;(07). And then, we look at the
constraints [3.1.190 The first of those, using the light-cone coordinates, reads:

D—2
20, X 0. X" => 0, X0, X" (3.3.4)
=1
Using |3.3.3], this becomes
] D2
0, X; = pr—— ; D, X0, X" (3.3.5)

Similarly, the second constraint in [3.1.19 becomes:

I D—-2

X5 = Za Xio_X". (3.3.6)

2ma! pJr

Then, we see that X and X~ are not degrees of freedom of the theory. They are fully
specified: the first one by the surviving reparametrisation symmetry, and the second by the
constraints. The dynamical variables are the transverse coordinates X*.

As the last thing before quantising the theory, we look at the level-matching conditions. We

start by writing X~ as a general solution of the wave equation (cf. [3.1.21| and [3.1.22)):

1
X7 (oF) = QI + Ozp ot +iy/— Z—a exp(—i2mno ™t /1), (3.3.7)

n;éO

1 /
Xp(07) = 5%+ ap o +iy)— a Z—a exp(—i2mno~ /1). (3.3.8)

n;éO

As we discussed, everything that appears in those solutions is determined in terms of X°.

Specifically, if we define oy = &, = \/%p*, the constraints [3.3.5| and |3.3.6| imply:

o'p | D=2
— K
_%ﬁ ( a'p'p +Zaoz ), (3.3.9)

n#0

ao'p” 1 21
= 3t 2 (éo/pzp’ + Z a;o/‘_n> : (3.3.10)
n#0
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Chapter 3. Strings and Superstrings

respectively. Then, p? = —M? gives the level-matching:
2 +0= i 4 i i 4 ~i o~
M*=2p"p — pr == Z Zoz_nozn =— al, o, (3.3.11)

Another confirmation that X* are the only physical excitation of the string.
Having identified the real degrees of freedom, we proceed to quantise exactly as in the

previous section, but restricting to the transverse coordinates and their associate quantities.
In practice, equations from to still hold, but now with:

4 D2 o o4 b2 o
N = > E E a',a;, and N = > E E al,a;. (3.3.12)
1=1 n>0 =1 n>0

The Fock space is constructed exactly in the usual way, and we will now study its lowest
state. We note that the ground statg |O,p> has a mass M? = —i—?, according to m The
first excited state is given by acting o’ ;&' | (recall that creation operators must always come
in pairs, according to the level-matching condition [3.2.9)). We write it as:

07 (p) = a’,a’, |0,p). (3.3.13)

Since 7,7 = 1, ..., D — 2, this state forms a representation (module, if one wants to be precise)
for SO(D —2). In words, it is a tensor of type (0,2), on which SO(D —2) acts via its (D —2)?
dimensional representation. As always, we can split Q¥ into its irreps by considering the
symmetries of the indices. We have the following decomposition:

0 — o ZQkkéz] + Q[l]} +( Q(l]) _ kakézg ) (3314)
N~————— =Bij ~ ~~ -
= =G

More in detail:
e The trace part of Q% defines a singlet scalar field, which we call dilatino.

e The antisymmetric part of Q¥ defines an antisymmetric (0,2) tensor B;;, which we call

B-field (more correctly the Kalba-Ramond field).

77

e The traceless symmetric part of QY defines a traceless symmetric (0,2) tensor Gj;
which we call graviton.
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3.4. Classical Superstring Theory

Finally, let us conclude this section by fixing the constants a and D. We have just determined
that the first excited states corresponds to a representation of SO(D — 2). This is the little
group for massless particles in D dimensions, and hence we require this state to have zero
mass. According to this yields %’M 2 = 1—a = 0. Therefore, for consistency, we
impose a = 1. Now recall how a was defined: it was introduced to account the ordering
ambiguity of L, after quantisation. Choosing to bring L, to normal order yields:

1 D—2 +o0 1 D-2 +oo 1 00
52 > aina;=§ > :aina;:+§(p—2)zn, (3.3.15)
i=1 n=—00 i=1 n=—0o0 n=1

g
—a

where we split the sum into n > 0 and n < 0 pieces, used on the n < 0 one and
then combined them into a single one again. The term >~ n is divergent, so it must
regularised. The quickest way of doing this is to use zeta function regularisation, which gives
Yo n= —%. Hence, —a = —%, which using a = 1 yields D = 26. This is called the
critical dimension for bosonic string theory.

3.4 Classical Superstring Theory

In this section, we introduce classical type II superstring theory. To prevent this dissertation
from becoming a book, we do not give an introduction on supersymmetry, even though it is
required to derive carefully the action for superstrings. We instead take it as our starting
point, with some justification on why it is the correct one. Then, we discuss the boundary
conditions and general solutions of the theory.

For this section, we mainly refer to [21], [46] and [45].

Our starting point is the action:

1 _
S = ~5r /dza(&XX“@O‘XM +YHp* 01, — B”BM), (3.4.1)
where
T @Dﬁ 7y — of,T5 /0
) _(u)’ v =1lip°. (3.4.2)
(s
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and p°, p! are the Dirac matrices in two dimensions. They satisfy {p®, p°} = 21n?°. They can

P’ = (? _01) . pl= ((1) é) . (3.4.3)

The action defines the so-called RNS formalism, and it is obtained very naturally from

be explicitly chosen to be:

the Polyakov action. Since our aim is to include fermions, we simply add the standard
Dirac action for a free fermion 1*: *p®d,1,. Then, the extra term is added to make
the supersymmetry manifest with the superspace formalismﬂ We now define the usual

coordinates o7 = 7+ ¢ and 0~ = 7 — ¢ and adopt the notation 0, = 8{% and 0_ = 8%.
Then, the equations of motion are given by
a+a_X” - 0,
8+¢ﬁ = 07
o_yi = 0. (3.4.4)

By construction, the first one is exactly the same as for the case of the bosonic string. Before
proposing a general solution for v, we need to establish the boundary conditions. In varying
the action and integrating by parts, we obtain the following boundary terms in the fermionic
sector:

/ dr [y - Sy — - d0_]L, (3.4.5)

which must vanish. This happens if, at each end of the string, we have that ¢, = 4¢_. The
overall sign between ¢, and 1_ leads to a simple redefinition, but what encodes the real
physical difference is the relative sign between the two ends. This leads to two possibilities.
Given the conventional choice ¥ (7,0) = ¢*(7,0), we can have:

1. Ramond (R) boundary conditions, which read: ¢! (7,1) = " (7,1).
The solution to the EoM consistent with these boundary conditions is (cf. |3.1.21 and
3.1.22)):

V(T 0) Z d“exp( (T — 0)) (3.4.6)

neZ

Y (T, 0) Zd“exp( (T + O’)). (3.4.7)

nEZ

2We do not provide the supersymmetry transformations here, since they are not relevant for our discus-
sion. They can be found in [21].
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3.5.  Quantisation of the Superstring

2. Naveu-Schwarz (NS) boundary conditions, which read: % (7,l) = —¢"(7,1). The so-
lution to the EoM consistent with these boundary conditions is:

Y (1, 0) = % Z bfjexp( — ZU%(T — U)), (3.4.8)

P (r,0) = % Z bﬁexp( — w?(T + 0)). (3.4.9)
uGZ-ﬁ-%

We have not assumed that the strings are closed so far, but we are about to do it.

This time we are dealing with fermions, not bosons, and thus we have more freedom on our
boundary conditions. Since fermionic quantities are not observables, but only their bosonic
products are, we can choose periodic or anti-periodic boundary conditions for closed strings.
If we let 0 and [ label the same point, we find that ¢, and v_ are not related anymore. In
other words, given

Yy (1,0) =Y, (7,0) and Y_(71,0) = tY_(7,1), (3.4.10)

we can choose the signs independently, and still ensure that the boundary term vanishes.
Thus, we have two options for the right-moving solution:

\/Li D ncZ dﬁexp( —in% (1 — 0)) (R) or

v(1,0) =19 , (3.4.11)
%Zuemé bﬁexp<—2u§(7—0)> (NS),
and, independently, two options for the left-moving one
L Tz diexp( —in¥(r+0))  (R) or
Yi(r,o) = VP : (3.4.12)

75 Duezi EﬁeXp( — ul (1 + 0)> (NS).

It is not surprising that, according to the four possible choices of boundary conditions, we
divide the theory into four sectors: (R, R), (R, NS), (NS, R), (NS, NS).

3.5 Quantisation of the Superstring

We now move onto quantising this theory. To do it, we follow the canonical quantisation
procedure. We initially focus only on one sector at a time, either R or NS. States in the
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closed string theory are obtained from tensor products of the above. The massless spectrum,
which defines the low energy limit of the theory, is derived.

This is the most important section of the chapter, hence it deserves many references. They
are: [21], [46], [48], [45], [49], [50] and [51].

For the bosonic part, we have the same result as before:

[Oé‘;i, O‘lr/n] = nnuuéern,Ou
[&Za de] - ”77W5m+n,0- (351)

For the fermionic sector, as usual, we require the equal time anti-commutation relation

{WIL(T; 0)7 wll;(T7 OJ)} = léaer,O(s(O- - OJ); (352)
which implies:
{0h, 0} = 1" 0urwpo (NS), (3.5.3)

{dh, dy} = 0" 0mino  (R).
The ground state of the R sector is given by:
akl|0gp >=0=4d"|0g > for m >0, (3.5.5)
while the ground state for the NS sector obeys
ak|0gp >=0="0b0g > for m,u > 0. (3.5.6)

Also, we have that for the R sector:

1 1 n
Ln = 5 : Z Opim " Ot +§ Z(m + 5) : dner : dfm : (357)
meZ meZ
and
Fo=> oy dym (3.5.8)
meZ

For the NS sector:

1 1 n
L, = 5 : Z Olpgm * Oy - +§ Z (U + 5) : bn+u by (359>

meZ ueZ-i—%
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and

Gu= 10 bopsy:. (3.5.10)

ne”Z

We point out that the only normal order ambiguity arises in Lg, while normal ordering can
be removed from all other quantities. To flag this problem, we add appropriate constants in
the definitions above, as in the bosonic case. We include ag in the rhs of (for n = 0)
and ayg in the rhs of (for n = 0). Then we have the following two algebras. For the R
sector:

D
[Lim, Ln] = (m — 1) Ly + §m35m+n,07

(L, Fy] = (% _ n) Foin,
D -,
For the NS sector:

D
[Lin, L] = (m —n) Ly + gm (m2 — 1) Ormtn.0

m
[Lmu Gr] = (5 - T) Gm+T7
{Gr; GS} = 2[/7»4,3 + g (7”2 — i) 57«4,3’0. (3512)

We are now (almost) ready to describe the spectrum for each of the two sectors. We first
need a small parenthesis on light-cone coordinates.

Exactly as in the bosonic case, the degrees of freedom are less than one might be tempted
to think, and they correspond to the transverse modes. For the bosonic sector, the same
argument presented in the previous section applies, leaving only X* as the dynamical fields
(where i = 1,..., D — 2). The same is true for the fermionic sector, where, if one introduces
light-cone coordinates, )" can be fixed by a residual symmetry and 1~ is determined in
terms of the transverse fields 1)".

Now it is time for building the quantum theory.

Let us start with the NS sector. As we just argued, the ground state satisfies:

al |0;p) =0 for n >0,
b: 10;p) =0 for r > 0. (3.5.13)
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The physical state conditions reads:

G |phys) =0 for u >0,
L, |phys) =0 for n >0,
(Lo — ans) |phys) =0, (3.5.14)

where ayg is the constant introduced before to keep track of the order ambiguity upon
quantisation. From the last equation we obtain the mass formula:

o/ M? = Z ol al + Z ub’ b, — as. (3.5.15)
n=1 u:%

As usual, the first excited states are obtained by acting the raising operators on the vacuum.
The smallest excitation above the ground state is given by

b1 [0;p). (3.5.16)

This state naturally belongs to the vector representation of SO(D — 2), since i labels the
transverse coordinates. This is consistent with a massless vector in D dimensions. Hence,
we see that o/ M? = % —ang Imposes ays = % We immediately infer from this equation and
3.5.13| that the ground state is tachyonic, since o/ M? = —%.
All the other states obtained by the action of raising operators will be massive, so we have
exhausted the massless states for this sector.

Before moving to the spectrum of the R sector, let us determine D. We will do it analogously

to the bosonic case. According to [3.5.9] ays has two contributions. One comes from the

a’s and it is the same as the bosonic case, i.e. %. The second one, from the b’s, can be
obtained analogously using regularisation, and it turns out to be D4—g2 (see [45]). Hence, from
the condition on ayg that we just derived, we have —1 = —(D — 2)(&; + &) = —£22 which
gives D = 10. This is the critical dimension for superstring theory.
Moving now to the R sector, we take the vacuum to satisfy:

F,|0;p) =0 for n >0,

L,|0;p) =0 for n >0,

(LQ — CLR) |O,p> = 0. (3517)

Note that the last equation is the same condition as the one in [3.5.13] but Ly here refers
to the operator in the R sector and so we have a different constant for the order ambiguity.

98



3.5.  Quantisation of the Superstring

This time, it can be determined immediately. It follows from that Ly = F}. Hence,
the first equation above implies ag = 0.

Defining the ground state is not as trivial as in the NS case. The reason has to do with the
first relation in 3.5.4k

{ds,dy} = ™. (3.5.18)

If we let dff = \%F“, then we recover the Clifford algebra {I'*, I} = 2n*” (see appendix A2).
Thus, these operators form a representation of the Clifford algebra. This implies that states,
which are acted upon, must be spinors. The ground state is no exception. We will now build
explicitly a suitable space (of ground states), starting from the definition of an appropriate
ground state. Firstly, we recall that the number of independent operators is D — 2. We can

combine them in the following way:

) 1 . )
D' = E(d?ﬁ +idg ),
i 1 i g2i— : D—-2
D' = E(dg —idy' ") for i= 1’2"”’T‘ (3.5.19)
They satisfy:
{D', D7} = 4", (3.5.20)
{D", D’} =0={D", D7} (3.5.21)

Hence, we have obtained a set of D — 2 fermionic creation and annihilation operators.|[4§]
We then follow the usual procedure from quantum field theory. We define the ground state
(of the ground state) |¢) such that D*|() = 0. Then, we construct the space of (ground)
states by acting the operators D’ on it in all possible ways, with each D’ appearing at
most once. This gives 2(P~2/2 states. For D = 10, we can label the ground states as
|4, &, &, &+ >, where + (=) in the i*! entry means that D is (not) acting on [¢). In this
notation, |() = |—,—,—,— >. The space that we constructed is actually made of two
smaller spaces that do not "talk to each other", i.e. the representation is reducible (see A2).
Specifically, states with an even number of +’s do not mix with states with an odd number
of +’s under a Lorentz transformation, i.e. chirality is preserved. Thus, we have two sets of
ground states, each being 8-dimensional if D = 10.

So far we carefully explored the nature of the ground state, which is the only one we will
need for this discussion. The other states of the spectrum can be obtained by applying the
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Chapter 3. Strings and Superstrings

raising operators on the ground state, as usual.

There are two undesirable features in the spectrum obtained so far. The first one is the
presence of the Tachyonic mode. The second one is the absence of space-time supersymmetry.
We can solve both problems in one go by eliminating some states in the spectrum, with a
mechanism called GSO projection.

We define the GSO projection operators as follows:

Pyg = (—1)F = (=1)>u=1r2 bt for the NS sector, (3.5.22)
Prp = (—1)F =Ty (=1)Zn=1dndn for the R sector, (3.5.23)

where T'y; = Ty...['g. The action of (—1)¥ on the NS sector is simple: it counts the number
of b-excitations (plus one). What we require is that states must satisfy (—1)¥ = 1. In other
words, they must have an odd number of b-excitations. We immediately see that the tachy-
onic state is removed from this spectrum this way.

The GSO operator on the R sector has a simple interpretation as well: imposing (—1)f = £1
requires the spinor to be chiral. Which specific sign we choose is irrelevant at this point, and
it is just a matter of convention.

Hence, in summary, the effect of GSO projection is to remove the tachyon mode in the NS
and pick a definite chirality ground state in the R sector. We are left with a bosonic vacuum
with 8 DoF in the NS sector and a fermionic vacuum with 8 DoF in the R sector. Although
we will not repeat this analysis, the same happens for the massive states: fermionic and
bosonic DoF match for every state. This is a necessary condition for supersymmetry, which
is a strong suggestion that supersymmetry holds. A full proof requires a different formalism,
which can be found in [46], [21].

Up to now, we have focused on open strings, which only have the two sectors R and NS.
As we saw, for closed strings we have two independent choices of boundary conditions, since
there are two independent set of modes. Thus, a general state in the spectrum of closed
superstring theory is constructed from the tensor product of two states: one left-moving and
one right-moving. This implies the need for a classification, which we will now explain.
The GSO projection selects a ground state for the R sector with a definite chirality. The
choice of which specific chirality is irrelevant for open strings, since both lead to the same
spectrum. Now however, we have to choose the chirality twice: once for the left-movers and
once for the right-movers. If they are the same, the theory is said to be of type IIB (this
is equivalent to requiring (—1)" = 1 for both R sectors). If they are different, it is of type
ITA (this corresponds to choosing (—1)! = 1 for the right-moving R sector and (—1) = —1
for the left moving one,or vice-versa). With this clarification made, we can now analyse the
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spectra of these two theories.

1. Type 1IB
We choose a ground state of definite chirality, say |1y ), for the R sector of both right-
movers and left-movers. The massless spectrum is then:

NS-NS : 61% 0) ® bj_% |0)

NS-R: b400)@ [0y)

R-NS: [¢y) ® bi_% 10)

R-R: [¢i)® |vy). (3.5.24)

We now carefully study its field content.
e NS-NS: The state consists of a vector times a vector, i.e.
b . b, |0,0) = AY. (3.5.25)

As a representation of SO(8), it decomposes as usual according to

. 1 . . . 1 .
AV = —AMRGT 4 AW (AU — - ARRGIT ), (3.5.26)
64y — 28y ~ ~~ -
1 35y

The subscript V emphasizes that we are dealing with a vector representation.
Since it is common to denote the representation with its dimension, we will identify
the two things and always use the bold notation with subscripts (if necessary).
Thus, the spectrum is given by:

— A scalar field, $A*6" = ¢, which is a singlet of SO(8), the dilaton.

— An antisymmetric tensor field AWl = Bj;, with dimension (7 x 8)/2 = 28y,
the B-field.

— A traceless symmetric tensor field A®) — %Akkcsij = gi;, with dimensions
(8 X 9)/2 — 1 = 35y, the graviton.

These are all old friends. And now come the new ones.
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e NS-R: The state consists of a vector times a chiral spinor, i.e.

[N?i,% 0,94) = @Div (3.5.27)

where the spinor index is suppressed. Before proceeding to the decomposition,
we need to establish the notation associated with different chiralities. We leave
the representations with chirality "+" without any subscripts or superscripts. For

the ones that correspond to chirality "-", we reserve a prime. Using this notation,

can be decomposed into the following two pieces:
— A chiral spin 1/2 spinor 9%, = A, which has dimension 8 and it is called
the dilatinol
— A spin 3/2 field ¥; that satisfies ["W; = 0, has dimensions 8 x 8 — 8 = 56’

and is called the gravitino.

e R-NS: The state consists of a chiral spinor times a vector, i.e.

bi% [, 0) = ¢t (3.5.28)

Exactly as before, we have:
— A chiral spin 1/2 spinor "¢}, = X’ with dimension 8" (another dilatino).
— A spin 3/2 field V! satisfying I"W; = 0 with dimensions 56" (another grav-
itino).
e R-R: The state consists of a chiral spinor times a chiral spinor of the same chirality,
ie.

g, y) - (3.5.29)

To determine the decomposition of this state, we write first it as |¢y) (]
Then, we study its components by sandwitching strings of gamma matrices as
(4| T%..T% |¢hy). Since inner products between states of opposite chirality van-
ish, gamma matrices can appear only in an even number (recall that acting with
a gamma matrix changes the chirality). This, we are left with three possibilities:

— A scalar field (¢4 |¢4) = Cp, which is a singlet.

— An antisymmetric (0,2)-tensor field (¢, | TV ¢, ) = C;; with dimension (7 x
8)/2 = 28.

3Note that the chirality has changed due to the action of the gamma matrix.
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— A self-dual antisymmetric (0,4)-tensor field (¢, |TIVTATY |4, ) = Cyjpy with
dimension (8 X 7 x 6 x 5)/24 = 35.

Hence, the low energy limit (only massless states are excited) of type IIB super-
string theory contains the following fields:

é, Bij, gij, A, Ui, N, WL Co, Cij, Cijia (3.5.30)

2. Type ITA
We choose ground states of opposite parity for left-movers and right-movers, say |+)
and |+). The massless spectrum is then:

NS-NS: b, |0)® b, |0)
2 2
NS-R : Bi_% 0y ® |+)
R-NS: |+)® bi_% 0)
R-R: [+H)® |+). (3.5.31)
The field content is the following.

e NS-NS: The state consists of a vector times a vector, i.e.
b b |0,0) = AY. (3.5.32)
2 2

Exactly as in type IIB, the decomposition yields:

— A scalar field, the dilaton ¢.
— An anstisymmetric (0,2)-tensor field, the B-field B;;.

— A traceless symmetric (0,2)-tensor field, the graviton g;;.

e NS-R: The state consists of a chiral spinor times a vector, i.e.

Bi_% 9y, 0) = 2. (3.5.33)

Exactly as before, we have:
— A chiral spin 1/2 spinor I'"¢)%, with dimension 8, the dilatino A.
— A spin 3/2 field ¥, satisfying I'"W¥; = 0 with dimensions 56', the gravitino ;.
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e R-NS: The state consists of a chiral spinor times a vector, i.e.

bi% [_,0) = . (3.5.34)
Analogously, the decomposition reads:
— A chiral spin 1/2 spinor I'"¢)* with dimension 8 (another dilatino \').
— A spin 3/2 field W} satisfying I''W/ = 0 with dimensions 56’ (another gravitino
Note that the chiralities of these states are opposite to the NS-R ones. This was
not the case for type IIB.

e R-R: The state consists of a chiral spinor times a chiral spinor of the opposite
chirality, i.e.

[, ) (3.5.35)

As before, we write the state first as |1)y) (¢)_|. Its components are again found
by sandwitching strings of gamma matrices. Since inner products between states
of opposite chirality vanish, gamma matrices can appear only in an odd number
this time. Thus, we are left with two possibilities:

— A vector field (¢p_| T |4, ) = A; with dimension 8. We include such subscript
to stress that we are dealing with a vector representation.

— An antisymmetric (0,3)-tensor field (o |TTVI* [, ) = A, ), with dimension
(8 X 7x6)/3! =56y.

Thus, the low energy limit (only massless states are excited) of type IIA superstring
theory contains the following fields:

¢7 Bij?.gija)‘7 \Iji)/\/7\1jgaAi7Aijk- (3536)

3.6 Sigma Model

In this section, we quickly introduce the sigma model for bosonic string theory and its low
energy effective action. This section is based on [44].

We have only dealt so far with strings moving in a flat space-time. A natural question
to ask would be how to generalise this to general curved backgrounds. A natural answer
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is: just replace n with a general metric G. As a result of such replacement, we obtain the
simplest sigma-model action:

1
S =

drad

/ Ao\ /Y0, X 0, X" Gy (X). (3.6.1)

We can interpret G, as the graviton obtained in the massless spectrum (more precisely,
as a "condensate" of gravitons, see [44]), which leads to the second natural question: is it
possible to couple the other massless fields to the strings as well? The answer is yes, and the
result is the most generic sigma model for bosonic string theory:

1 a a 14
S =~ [ drdo[(717"Cpu + € Bu)0u X" 00X + /70 R®], (3.6.2)
where R is the Ricci scalar associated with the worldsheet and the convention is € = —1.

Before proceeding, we study the B-field part to emphasize a crucial property. Let us consider
the gauge transformation of B:

B, — B, + 0\ — O\, (3.6.3)
Then, using the product rule on 9,, the change in the Lagrangian is given by:

6L = €0, — O M) 0a X" 0p X" = 00 (€™ (Ouy — O A) X" 0 X") — €0, (0N — O N,) X0 X"
—e® (N, — O N) X100, X",
(3.6.4)

where the last term vanishes due to symmetry. Using now 9, = 9,X%0, and denoting by
Ou(...) total derivative terms, we have:

6L = 0a(...) — €0 X 0p X" 000\, X" + €0, X 0y X" 000, N XH. (3.6.5)

The last term vanishes due to symmetry, while we can use the product rule on 0, in the
second one to obtain:

6L = 0a(...) + €(0p0a X ™) X" 000\ XH + €0, X X (040 0p ) X + €0, X * X7 000, M (06 XH),
(3.6.6)

where the new total derivative obtained from the product rule is again contained within
0u(...). The terms that are not total derivatives all vanish due to symmetry (for the second,
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this become explicit with the use of 9, = (9,X”)03). Thus, the transformation is a
symmetry of the action, the B field is a proper gauge field and the dynamics only depends
on its gauge-independent field strength H,,, = 0,B,, + 0,B,, + 0,B,,. We emphasize that
there is also a "gauge symmetry of the gauge symmetry":

Ay = A+ 8,0, (3.6.7)

where ¢ is a scalar field. It is easy to check from that adding 0,¢ to the gauge parame-
ter A, gives the same gauge transformation (since partial derivatives commute). This is why
we can (somewhat ironically) identify as a gauge symmetry of the gauge symmetry.
We now go into one of the few discussions that we do not accompany with detailed calcula-
tions: anomalies upon quantisation. We will just present the result, which will be useful for
the first section of the next chapter. In order for the theory [3.6.2] to retain Weyl invariance
at the quantum level, we require the vanishing of the following three beta functions:

/
Bu(G) = /Ry + 22/V,,V, & — %Hwﬂjﬂ,
/
B (B) = =5V oy + 'V OH,,
/ !
B(®) = —%Vch + o'V, OV — %HWHW. (3.6.8)

These equations are not easy to derive, and it can be shown that they exactly the equations
of motion coming from the following action:

1

1
Setr = o X (=G 26 (R = 5 g H + 40,000 (3.6.9)

This is called the (low energy) effective action for bosonic string theory.
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Compactification

We have shown that the number of space-time dimensions is 26 for bosonic string theory
and 10 for superstring theories. In our universe we only observe 4. This chapter focuses on
compactification, which is a mathematical tool to obtain a world that is D-dimensional, with
D > 4, but looks 4-dimensional at low energies. Conceptually, the procedure is very simple.
We split the target space into My and an internal space Xp_4, that we want to get rid of at
low energies. The subscripts indicate the dimensions of the two manifolds. The total space
is thus a D-dimensional product of the form M, = My X Xp_4. A crucial property that
Xp_4 must have to be "invisible" at low energies is compactness. Given a compact manifold
Xp_4 with a typical size L, at energies E' << 1/L the physics essentially takes place in M,
without reference to the internal space.E][E)Q] We anticipate that this is the only paragraph
where the word "manifold" appears in this chapter. We keep the discussion as detached from
differential geometry as possible.

To illustrate the above mechanism, we start in section 1 with the simple case of quantum
field theory. First, we take the Klein-Gordon field as a toy model, and then move to the case
of the low energy effective field theory of the bosonic sigma model.

In section 2, we study the compactification of bosonic string theory. The case of a single
internal dimension is initially reviewed, before studying an arbitrary toroidal compactifica-
tion. T-duality is carefully studied in both contexts.

Section 3 presents an alternative derivation of a particular type of T-duality (factorised du-
ality), via Buscher’s appraoch.

In section 4, we present compactification of type II superstring theory, both for its low energy
limit and at the level of the full theory.

Finally, section 5 quickly introduces 11 dimensional supergravity, and type II supergravity
(the low energy limit of type II superstring theory).

If Xp_4 was not compact we could not have a notion of size.



Chapter 4. Compactification

In this chapter, we follow [21], [43], [45], [46] for compactifications in general and [53], [54]
for the corresponding T-duality.

4.1 S' Compactification in Field Theory

In this section, we present the simplest type of compactification, S*, for the simplest kind of
theory, field theory. We will start from the case of a free scalar field theory and then move
to the effective field theory of bosonic string theory.

The sources relevant for this section are [45], [44] and [43].

A toy model: S' Compactification in Field Theory

Let us consider a massless Klein-Gordon scalar field ¢ living in a 5-dimensional space-time
M. Tts action is:

S5d = / d5$8M¢aM¢, (4.1.1)
Mot

with M =0,1,2,3,4 and ¢ = ¢(zo, ..., z4). Compactifying this theory works as follows. We
assume that space-time takes the form M,,, = M, X S*, where S' is a circle of radius R.E]
Then, we have coordinates z# associated to My (u = 0,1,2,3) and one coordinate 2° = y
associated to S!. Clearly, y is periodic: y = y + 2 R. Hence, we can expand the field into
its Fourier modes as:

¢(x17 sy y) - Z e2ﬂ'iky/R¢k($07 Ty, Ta, .753). (412>

kEZ

The wave equation 90 ¢(z1, ...,y) = 0 then becomes:
0,01 (w0, 71, T, 73) = (27k/ R)* b (20, 71, T2, 73) (4.1.3)

for all £ € Z. In other words, each fourier component ¢, of the 5-dimensional field ¢ behaves
as a 4-dimensional field with mass given by (my)? = (2rk/R)?*. Thus, any field living in
5-dimensions is nothing but a tower of more and more massive fields in 4-dimensions: the
Kaluza-Klein (KK) tower. If we can only probe energies much smaller than 1/R, than the

2Note that S' is compact.
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only observable field of the KK tower is the one labelled by k& = 0. Hence, the dynamics at
low energies is described by the effective action:

Seff :/ d'20,,$00" b0, (4.1.4)
My

where the dependence on z* has dropped out. In summary, we have started with a 5-
dimensional massless scalar field, and compactification has led to a 4-dimensional massless
scalar field at low energies. This process goes under the name of Kaluza-Klein (KK) reduc-
tion.

S1 Compactification for Bosonic String Effective Field Theory

The title of this subsection is self-explicative. We have just seen the main features of S?
compactification for the simplest field theory. We will now see them in a more concrete and
useful scenario: the effective field theory for the light modes of the bosonic string.

We start by considering the last result of the previous chapter (cf. [3.6.9):

1 1
Sur =7 POX (=) 2 (R — - Hyagp HYMT +4000M5), (4.1.5)

where M, N = 0,...,25. This is the low energy effective action for bosonic string theory,
to first order in o/. In order to perform compactification, i.e. extract a 25-dimensional
theory from [4.1.5] we now need to focus on the metric and B-field to see how they behave
in the lower-dimensional world. We follow the same procedure as for the scalar field in
the previous subsection, but with an extra step. We first separate the metric/B-field in
components according to their behaviour under the 25-dimensional Lorentz group. This is
the extra step, that we did not have before since we were dealing with a scalar. Then, we
perform KK reduction for each of the objects separately. This is summarised in the schemes
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below:
0)
\G“V(QC(), ,1'25)1 KK Reduction G/W (IO’ ,3724)
Metric for SO(25)
0)
Gunl(xg,....,x G Touoris Tgs) ——— G L0, ey Loa
M ( 070 25) Separate components ~ M26( (i: i 251 KK Reduction M26( 070 2)
Vector for SO(25)
0)
G2 o5( Loy evey Xogs) ———————> G( Loy --ey Loy
> 5( ?f’ i 5)/ KK Reduction 2525( 0o )7
Scalar for SO(25)
(4.1.6)
0
Bun (o, ..., T25) B (20, -0y Tos) ———— BF(W)(xm cy T4),

Separate components ~ KK Reduction
2-form for SO(25)

0)
B, sg(xq, ..., xo5) ———— B( Zgy ooy To4).
Nl ( L >/ KK Reduction “25( Y )

Vector for SO(25)

(4.1.7)

The superscript (0) emphasizes that KK reduction has been performed and we are keeping
only the massless modes of the KK tower. Hence, by decomposing the metric under the 25-
dimesional Lorentz group we obtain a graviton, a U(1) gauge boson and a scalar. All living
in 25 dimensions. By decomposing the B-field we get a 2-form and a U(1) gauge boson, again

living in 25 dimensions. To explicitly see the emergence of gauge fields, we parametrise the
metric as follows:

ds? = G\ daMda™ = g, datdz” + gasos (dz? + Audx“)Z. (4.1.8)

The relation between this parametrisation and the decomposition in is given by:

(0) _ 20
G2525 = 02525 = €,

Ggg5 = 620‘4#7

GO =g, +e*AA, (4.1.9)

pv =

where we defined gos95 = €2°. Looking at [4.1.8] it is evident that under a diffeomorphism of
the compact coordinate

(%) = 2% + \(a") (4.1.10)
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the vector field A, transforms as

A=A, — 9\ (4.1.11)

i

to ensure invariance of the metric. Hence, we have found that the U(1) gauge transformation
follows from the reparametrisation of the compact coordinate. This is an instance of the
Kaluza-Klein mechanism, i.e. the emergence of gauge invariance from higher-dimensional
diffeomorhpism invariance. From very similar considerations follows the appearance of a
U(1) gauge field in the decomposition of the B-field, that we will call flu.

Once the KK reduction has been performed on both G and B, we can finally reduce [4.1.5]
to a 25 dimensional theory.

The Ricci scalar for the metric of the form is given by:

1
R = Rys — 2¢77V?7 — ZeQUF,wFW, (4.1.12)

where Ry is constructed from g,, and F),, is the field strength of A,. This, together with
the definitions Ga5 = det(g,,) and ¢o5 = ¢ — 0/2, leads to the expression:

Sers = Wk_? /dX25(—G25)1/26_2¢25 (R — 0,00"0 + 40,,000" o

]. 1 kS il 1 S A
~ 3 P = Sl 1 Ze’zaFw,F‘“’), (4.1.13)

where H o = OBy — A[HFZ,,\] and F is the field strength of 121”.[43] We did not provide
the full calculation since this result will not appear anywhere else in this dissertation. This
derivation should just serve as an example of KK reduction on a general quantum field
theory, since it illustrates its main features. In particular, we emphasize that the effective
field theory shows coupling with a U(1) gauge theory. This was the original idea of Kaluza
and Klein: obtaining Maxwell from gravity in higher dimensions.[8]

4.2 Toroidal Compactification in Bosonic String Theory

In the previous two sections we have shown how compactification affects field theories. We
will now study the effects of compactification in string theory instead. We will start from S*!
compactification, as before, and then move to the more general case of toroidal compactifi-
cation.

We follow mainly [21],[46] and [45] throughout the section. [44] and [43] are specific for the
first part of the section [53], while [54] and [55] are relevant for the second one.
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S Compactification

String theory is a fundamentally different beast from field theory, and compactifying it leads
to new features. Restricting to the bosonic case, we consider strings propagating in Mas X S*,
with X5 being the compact coordinate. The boundary conditions read:

X*¥o+1,7)=X"o,7) for p=1,..,24 (4.2.1)
XB(o+1,7) = X*(0,7) + 21 Rw.

It is that plays a crucial role in changing the theory. It says that the string can wrap
around the circular coordinate, and w counts the number of times this happens. The special
choice w = 0 brings the theory back to the uncompactified one. We stress that this feature is
new and specific to string theory: we can only have winding if we are dealing with extended
objects. To make the following expressions less cumbersome, we make the conventional
choice [ = 27. Then, it is easy to check that the mode expansion satisfying [4.2.2]is given by:

X*(0,7) = 2% + o/p*1 + wRo + oscillator modes. (4.2.3)

Now, as in the field theory case, p*® must be of the form k/R for k € Z. To see why, recall
that the wave function contains the factor exp(ip**z%>). This, together with the fact that
2% and % + 27 R are the same point, implies p*> = k/R. Mathematically,

A k
:> ezp2527rR — 1 :> p25 == E Wlth k G Z

(4.2.4)

;25 .25 ; 25(..25 2525 ;25
ePT _ pip (z*°+27R) e Sip 2R

We can, as usual, separate left-moving and right moving modes so that X?*(o,7) = X (o")+
X?%(07). We achieve this by defining

25 ~25
x 1 /.25

XPo+71)= % -3 + SOPL o + oscillator modes, (4.2.5)
1725 j‘25 1
XP(o—1)= - + > + 50/])?%50’ + oscillator modes, (4.2.6)
with
k- wR
25

L=t (4.2.7)

k- wR
R ==——. 428
PR R o ( )
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Let us now focus on the spectrum of this theory, from the point of view of a 25-dimensional
observer. The 25-dimensional mass squared is given by:

M? = — ip“pu. (4.2.9)
p=0
Once we quantise this theory, the physical-state condition gives us:
(7)) + 3(1\7 — 1) =M= (p)*+ (;i(N —1). (4.2.10)
The difference of these equations reads:
N — N = wk, (4.2.11)

which is a totally new level-matching condition. The sum of the two equations yields:

M2 (%)Z(%{i’)ZE(NJFN_Q). (4.2.12)

T-duality - A first appearance

In this subsection we introduce the simplest instance of T-duality, a symmetry that arises
from compactification of string theory.
The last two equations that we derived (4.2.11}and [4.2.11)) provide a fundamental description

of the theory we developed. T-duality is a transformation that acts on both, leaving them
unchanged:

/

R« % and & ¢ w. (4.2.13)

This result deserves some comments on its physical implications. First of all, let us express
T-duality in words: a 25-dimensional observer is not able to distinguish a universe where
strings have radius R from one where they have radius %. This statement is not only true
at the level of the free theory, but it holds for interactions as well (even though we will not
prove it here). Thus, string theory in general exhibits T-duality.

This symmetry implies that we have a concept of minimum distance in string theory. Suppose
that we start with a large R and start decreasing its value. Once we reach v/o/, the theory

will look like one where R is increasing, with momentum numbers and winding numbers
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exchanged [

Another interesting feature appears when we consider the decompactification limit, i.e. R —
oo. In this regime, the theory has an infinite number of states becoming massless (those
with zero winding number). T-duality implies that the same must happen for R — 0,
which is indeed the case, since now for £ = 0 all the possible winding modes have vanishing
mass. This happens since once the compact dimensions are very small, winding requires
almost no energy. Thus the decompactification limit coincides with the limit of "infinite
compactification".

We finish this subsection by presenting an equivalent way of expressing T-duality. It is
evident from [£.2.7] and [.2.8| that the transformation can be equivalently written as:

p%r’ — p2L5 and pg’ — —p??f’. (4.2.14)

More generally, we can flip the entire right-moving part of the compact coordinate, without
affecting the physical quantities. Then, T-duality reads:

XP = XP and Xp — —-Xp. (4.2.15)
The resulting solution for the compact coordinate is given by:
- k
X®(0,7) = XP(0") - XZ(07) =3* + wRT + a’ﬁa + oscillator modes. (4.2.16)

This is clearly related to by the interchanges in [4.2.13] This formulation of T-duality
will show its advantages when addressing the same symmetry in superstring theory.

T™ Compactification

In this subsection, we make yet another step to a more realistic model. Compactifying only
one dimension out of 26 is not satisfying if we aim at describing a 4-dimensional world. This
is why we now explore how to compactify multiple dimensions. We do it in the easiest way,
i.e. making the internal space a product of circles. Explicitly, M, = My X TP~*, where
D = 26 for the current discussion and TP~ is the (D — 4 = 22)-torus. The metric for this
space reads:

ds* = GundXMdXY = G,,dX"dX" + Gr;dY'dY”, (4.2.17)

3This is just a hand-wavy argument, which needs further discussion once branes are taken into
account. [45]
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4.2. Toroidal Compactification in Bosonic String Theory

where X* are the coordinates on the 4-dimensional space (with p, v = 0,1,2,3) and Y7 are
the coordinates on the internal torus (with I, J =4, ..., D —1). The geometry of the torus
TP is specified by G;. It takes the form G;; = R%5;; for a rectangular torus (all the
circles are perpendicular to each other) with circles of radius R;.

Our aim is compactifying the general sigma model given by:

1
S = 1 /dea(\/’_y’ya’BGMN + e Bun)0a XM 05 XN, (4.2.18)
7r

where we have absorbed the constant o’ in the definition of the background fields for conve-
nience. We will focus on the compact coordinate part of such action:

1
S = i /dea(ﬁ’ya'BGU + e Bry)0,Y'05Y "7, (4.2.19)
T
where €' = —1. We can simplify it choosing the usual gauge so that 7,5 = 744, obtaining
1
S = I /drda(naﬁGU + €’ Br)0,Y'05Y". (4.2.20)
T

In analogy with the S compactification case, the boundary conditions read:

X o+1,7)=X"(o,7) for i=1,..,24 (4.2.21)
Yi(o+1,7) = X' (0,7) + 2 Rw’, (4.2.22)
with w! € Z being the winding numbers for each compact dimension. To ease the notation,

we make the conventional choice | = 27 and R = 1. Then, the mode expansions take the

same form as [4.2.3

Yi(r,0) =Y (oM +Yi(o7), (4.2.23)
1 1

Y/i(oh) = 2y + pLaJr—i—TZ—a exp(—ino ™), (4.2.24)
1

Yi(o™) = §y + pR Z ol exp(—ino ™). (4.2.25)

We now determine expressions for p} and pf. Since Y!(7,0) = 3(p —p})o+..., the boundary

condition implies that
ph — ph = 2w’ (4.2.26)
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The canonical momentum density is given by:

58S 1 . ,
=T %(G,JY" + BrY'). (4.2.27)

Since Y are periodic, the total momentum vector k; will have integer entries. Using the

pr

mode expansion yields

2
1
k[ = / pjda = 5 (Gu(pi —l—pé) + B[J(pi — pé)) (4.2.28)
0
Using this result, together with |4.2.26| we obtain
pr =w' +G"(k; — Bygw™), (4.2.29)
p% = —U}I + GIJ(]CJ — BJKwK). (4230)

We can now use the physical-state condition:

(Lo — 1[phys)) = 0 = (Lo — 1) |phys) , (4.2.31)
to obtain ! ) )
SPIPLGL + N = 1= M = SplpiGlry + N — 1. (4.2.32)

Taking the difference of the two equations yields:
~ 1
N =N = SGry(prpi, = prp) = w'kr. (4.2.33)

This can be re-written in matrix notation as:

N-N-= % (w k) (1(1 10") (7“]:) . (4.2.34)

On the other hand, the sum of the two equations gives
M? = 2G1,(pip] + pkpp) + AN + N —2). (4.2.35)
To make the symmetries of the spectrum manifest, we let Mg = 2G1;(pip] + php}), and

use [4.2.29] [£.2:30] to write it as:

%Mg — (0 k)G (Z) , (4.2.36)

where we defined

. -1 -1
g:(G BG™'B BG ) (1.2.37)

-G 'B G!
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T-duality - A Quick Derivation

Here we introduce T-duality with a very brief derivation.

A necessary condition for a symmetry of the theory is to leave [£.2.34] and [£.2.36] invariant.
Inspired by the S! symmetry, which exchanges momentum and winding number, it is natural
to propose a general transformation of the form:

C:) . <Z’>/ —(AHT (Z) for some A € GL(2n), (4.2.38)

where n = D — 4. We include the transpose and inverse in the transformation just for
convenience. It is just a conventional choice, but it has no physical meaning: if A € GL(2n),
then clearly (A~!)T € GL(2n) too.

We now derive the conditions for A to be a symmetry.

The level-matching condition after the transformation becomeg]|

N-N= % (w k) A (fn 10”) (AT (Z’) . (4.2.39)

Thus, the symmetry condition is A~* ( 10 1(: ) (AHT = (10 10" ) This condition is

exactly the definition of the elements A~! of the group O(n,n )| meaning that (A~!) €
O(n,n). By virtue of O(n,n), we also have that (A~™1)T € O(n,n) and A € O(n,n).

The second condition for this transformation to be an automorphism of the theory is that
(A7) must have integer elements. In other words, winding numbers and momenta in the
compact directions must remain quantised after the transformation [£.2.38] This requirement
implies that (A™!)” belongs to the discrete subgroup of O(d,d): O(d,d,Z). Thanks to the
properties of O(n,n), which we will explore in the next subsection, we can again infer from
the above that A™* € O(n,n,Z) and A € O(n,n,Z).

Up to now we have ensured that level-matching and quantised variables are preserve. We
now inspect the mass condition. We let the transformation act on R simply as

G — G = AGAT, (4.2.40)

4Note: we have assumed that the lhs is not affected by this transformation, which is intuitively true.
The number operators are primitive objects in string theory: they count the number of excitations, but do
not care about the specific data of our theory. Thus, they must be independent of the choice of backgrounds,
winding numbers or momentum numbers. A more careful mathematical justification can be found in [53].

5Strictly speaking, it is not the definition. Putting the transpose on the other matrix defines exactly the
same group, as we shall discuss in the next subsection.
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which is the reason behind the transpose and inverse before. Then, with this choice, [4.2.36
is also invariant. Explicitly,

1 1
§M§ — (w k)ATTAGAT(A™HT (Z) = §M§. (4.2.41)
Hence, any A € O(n,n,Z) is a symmetry transformation of the theory, i.e. the T-duality

group for the toroidally compactified bosonic string is O(n,n,Z).

T-duality - A more general(ised?) Derivation

In this subsection we provide a more careful derivation of the same result. We do this with
a mathematical formalism that is definitely more complicated, but alludes for the first time
to the framework of generalised geometry.

As the first thing, we define the background metric E as the sum of G and B:

Eyy = Gun + Bun- (4.2.42)

As before, we focus only on the compactified sector of the action. Thus from now on we
will refer to the background metric as to its internal components, i.e. we will only be
concerned with E;; = Gy + Bry. It follows that the symmetric part of E yields the
toroidal metric and the antisymmetric part of £ gives the (internal) B-field. In other words,
E contains all the information about the background of the theory, and hence the name.
All the quantities that we introduced previously depend on E, for instance G = G(F),
MZ = MZ(E) and o = ol (F). Hence, it is more elegant to formulate T-duality purely
in terms of a transformation of £. We know from the previous section that the symmetry
group is a discrete subgroup of O(n,n). For completeness, we provide its formal definition,

Omﬂo:{Ae(wamw:AT(i %ﬁx&:(i %0} (4.2.43)

and present some of its key features.

b
Let A= (a d) € O(n,n), then the following conditions must hold:
c
ale+cla=0,

b'd+d'b =0,
a’b+cl'd=1,. (4.2.44)
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4.2. Toroidal Compactification in Bosonic String Theory

It is quick to show from the definition that AT € O(n,n). Starting from the condition in
4.2.43| this is done by first inverting it, then multiplying by A on the left and by A” on the
right. Hence, this implies a similar set of conditions:

ab” + ba’ =0,
cd? +dc’ =0,
dfa+b'e=1,,. (4.2.45)

It follows from the first two equations of and the last one of that

_ d" o”
At = ( . T) : (4.2.46)

C a

The fact that A~ € O(n,n) follows again from the defining condition. Taking its inverse
shows that (A™1)7 belongs to O(n,n), and then the above result (i.e. that A € O(n,n) =
AT € O(n,n)) shows A=t € O(n,n). Note that this one is just a check, rather than a new
result.

The properties derived above clarify a few things that we glossed over before. Firstly, as
we mentioned in the footnote, it shows why we can immediately infer from [£.2.39] that the
two undetermined matrices appearing in it both belong to O(n,n), as well as their inverses.
Secondly, it shows that the properties derived for O(n,n) also hold for O(n,n,Z), which is
not just a subset of O(n,n), but a subgroup of it. Specifically, it is obvious that matrices
with integer entries give other matrices with integer entries when multiplied. The fact that
their inverses still have integer entries seem a bold statement, but it is nevertheless true for
matrices in O(n,n), according to . Hence, O(n,n,Z) forms a group by its own, as
claimed.

Let us now return to our recently defined backgound metric. Since by O(n,n) is a group of

2n X 2n matrices, the immediate question is how to act it on the n X n matrix E. This can

b
be achieved via a fractional linear transformation. Given an element A = (a d) € O(n,n),
c

we let it act on E as:
E— E = A(E) = (aE +b)(cE+d)™". (4.2.47)
This choice is such that if £/ = A(FE) for any A € O(n,n), then:

G(E') = AG(E)AT =G(E), (4.2.48)
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where the prime on the RHS refers the transformation found in the previous section, [£.2.40]
To show this, let us take as our starting point. For a given A € O(n,n), it is a
map of the form GL(n) — GL(n). We then define a vielbein e for the toroidal metric (see
appendix):

Gry= Z efe or G =eel, (4.2.49)

and use it to define the 2n X 2n matrix

g = (S Bé???) - (4.2.50)

The subscript £ emphasizes that such matrix is built entirely from the data contained in
E. It is easy to check that gr € O(n,n). Thus, it labels a GL(n) — GL(n) map described
4.2.47, which has the following property:

9e(l,) = E. (4.2.51)
Moreover, gg is itself the vielbein of G(FE), since it satisfies
gu(9e)" = G(E). (4.2.52)
Now we make good use of the relations derived so far. Firstly, have that
G(E) = AG(E)AT = AgggL AT, (4.2.53)

where we used [4.2.40| for the first step and [4.2.52 for the second step. By [4.2.52 we also have
that

G(E') = g (9m)". (4.2.54)
Requiring that these two transformations are equal (which is the aim of this discussion)
implies
gr = Agp. (4.2.55)
Then, by [£.2.51}
E =g (1,) = Agp(l,) = A(E) = (aE + b)(cE +d)™", (4.2.56)
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4.2. Toroidal Compactification in Bosonic String Theory

as claimed.

In summary, we encoded the transformation of G in a transformation of a more
fundamental object: the background metric. Hence, the symmetry group O(n,n,Z) encodes
all the transformations that leave bosonic string theory compactified on a torus invariant. It
is worth studying this discrete group in more detail, and we will do so via the discussion of
its generators. O(d, d,Z) is generated by three type of elements:

1. Integer theta-parameter shift
These elements take the form:

1, © )
A@ = (O 1 > with © € GL(D - 4,Z) and @[J = _@JI. (4257)
It is easy to check they belong to O(n,n,Z) (it just follows from matrix multiplication
and antisymmetry of ©). Let us examine how this transformation acts on the fields.
Just by performing matrix multiplication, we find:

doGAT G— BG'B+ BG'OT —0G'B+0G 6T BG'+0G1
© - —G-'B+G-ler G-! -
G—(B+0O)GHB+06) (B+6)G!
= B 4.2.
(S 2 ) =g Bre) a2

where in the second step we used the antisymmetry of ©. Hence, its action is that of
shifting B by an antisymmetric matrix with integer entries. At the same time, Ag also
acts on the momentum and winding numbers. We have that (Ag")? is the same, with
© moved to the other off-diagonal block, which implies the transformations:

wl 5w and k — k + 0,07, (4.2.59)

By looking at equations [4.2.29| and [4.2.30, we see that they are left invariant by the

above transformations.

2. Basis change
These elements can be written as:

M 0 .
AM = ( 0 (MT)l) with M[J S GL(D - 4, Z) (4260)

This symmetry corresponds to a change of the compactification lattice, which we did
not introduce, and is not as easily visualised as the previous ones.
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3. Factorised Duality
These are elements of the form:

(LL—@ e ) (4.2.61)

where e; is a matrix of zeroes except for the component i7, which is one. This trans-
formation is the generalisation of to the case of toroidal compactification. It is
immediate to check that its effect on momentum and winding numbers corresponds to
the exchange w' <+ k;. Moreover, it takes R; — R%, where R; is the radius of the ith
compact direction. Its effect on the background in components is given by:

1 b — boarh
Goo = ——,  Gom = —.  GMN —> GuN — JoMJoN = J0M o (4.2.62)
9oo Joo 9oo
boy — b
bonr — 2L by — by — TOMION — JOMION (4.2.63)
900 Joo
These are called Buscher rules, and we derive them in next section (with i = 0)

following the original construction.

4.3 Buscher’s Approach

In this section, we study an approach to T-duality that was originally formulated by Buscher.
The discussion is based on his original work [56], along with [46] and [57].

Let us consider the non-linear sigma-model in D-dimensions:

S, = / dodr [\/_—’y'fy“bGMNaaXMabXN — e Byn0, XMo, XN |. (4.3.1)

dma!
We assume that there is a U(1) (abelian) isometry, represented by a translation in one

of the space-like coordinates. We denote such coordinate by 6, so that X = (6, X*) with

p=0,...,n —1; the metric and the B-field are independent of 6.

The same physics expressed in [4.3.1] can be equivalently encoded in a new action:

S =~ /dadT [\/__77@ (GooVaVh + 2Go,VaOp X" + G0, X" 0, X" ) — (4.3.2)

1
Ao
e (2Bo, Vi X" + By X"0,X") = 200, ;| (4.3.3)
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4.4. Torodial Compactification in Type II Superstring Theory

This can be easily seen with a hint: 6 acts as a Lagrange multiplier. Specifically, varying
wrt 6 one obtains V, = 8,16’E| and we recover S,.

Once the equivalence between [4.3.1] and 4.3.3| has been shown, we can use to produce
yet another action: the dual to S,. To do this, we start by varying wrt V,. The resulting
EoM (obtained by integrating by parts and discarding boundary terms) is only algebraic,

and reads:

1 €’
Vo= ———(Gou0, X" — —=
Goo ( o v
Substituting this back into m (which is equivalent to integrating out V, in the path
integral) yields

(BouOb X" + 049)). (4.3.4)

1 - - - - -
Sd = — yP— / dodr [\/_—wab(aooaaeabe + 2G0, 0,00, X" + G0, X 0, X" ) —
T
— e (2B, 0,00,X" + B0, X"0,X7) |, (4.3.5)
where
~ 1 ~ By ~ GouGov — BouBoy
Gop = — Goy = =2 G =G, — —2 K
O Gy’ T G e Goo
BOM = % ) ur — B,uz/ - GO#BOV — GOVBO#. (436)
Goo GOO

These are the Buscher rulesﬂ We will come back to this topic for a deeper analysis in the
next chapter (section 3), since we have not unlocked the power of differential geometry yet.

4.4 Torodial Compactification in Type II Superstring
Theory

This section describes toroidal compactification for type II superstring theory. In this chap-
ter, it represents the last step towards a more realistic description of the world. Let us

SMore precisely, we get 0 Vy)- If we let V, be the components of a 1-form V, this reads dV = 0. For
topologically trivial world-sheets (i.e. where Poincare lemma can be applied), this implies that V = df for
some scalar 6, so that V, = 9,0

"The inclusion of the dilaton in this discussion needs discussions about regularization and conformal
invariance, and is not relevant for our purposes. For more detail, see [5§].
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quickly review the ones that we have already done. We have started with bosonic string
theory, which has no fermions and predicts 26 space-time dimensions. Then, we have ob-
tained a theory in 25 dimensions via compactification of one dimension, and subsequently
we described how to compactify any number of dimensions. This brought the number of
dimensions to potentially 4. Now, we introduce fermions on our theory (i.e. consider type II
superstrings), and try to again reduce the number of dimensions. We find that, by compact-
ifying one dimension, type ITA and type IIB theories are related by T-duality. A striking
result indeed.

The relevant references for this section are [45], [46] and [21].

S1 Compactification of the Fields - A Hint of T-duality

We have already discussed how compactifying a single dimension cannot produce a realistic
model of the world. But, at the same time, we showed that novel and interesting features
arise when we do so for the bosonic string theory. Motivated by this, we will now perform S*
compactification for type II superstring theory. And we will be lucky enough to find more
novel and more interesting features arising.

At the end of the previous chapter, we have derived the massless spectrum of Type II super-
string theories. We will assume that one of the dimensions is compactified on a circle, and
we will perform a KK reduction of the fields in the spectrum. This may seem inappropriate,
since we are studying what happens to the low energy limit of superstring theory without
having gone through an analysis of what happens to the full theory. But note that:

1. This is just a shortcut. Compactifying superstring theory and then looking at its
massless spectrum would give the same answer.|[59)

2. It is a very common procedure to look at the effective theory to study the symmetries
of the full theory itself. We are going to repeat this procedure in the next chapter.

As we saw, the KK reduction consists of Fourier expanding the fields wrt the compact
coordinate and then keeping only the massless mode of the KK tower that emerges. In
practice, this means decomposing the SO(8) representations of the 10-dimensional theory
into SO(7) representations of the 9-dimensional theory. The decomposition for the two open-
string massless states is given in table 4.1. The decomposition of the vector representation
clearly contains a singlet, which can be thought as a vector with only the last entry being
nonzero. What is left is the fundamental of SO(7). Such decomposition does not apply to
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Sector | State | SO(8) | SO(7)
NS | b, ,,[0) | 8v | 7T+1

R 1) 8 8
R |v_) 8’ 8
Table 4.1:

the spinorial case, where the singlet does not exist. Note that, since in odd dimensions there
is no chirality, the two representations of different chiralities in SO(8) reduce to the same
one for SO(T7).

For the closed string we need to take tensor products of the above states, and then decompose
them. Alternatively, we can firstly decompose them and secondly take the tensor products.
Both ways lead to the same answer, which is shown in the tables below (inspired by [45]).
Horizontal arrows correspond to taking the tensor product, while vertical ones correspond
to performing the decomposition. We start from type IIB:

([ 8,8y — 8y x8 = 35, + 28, + 1
+ i + +
NS — NS : TxT= 2 + 21 + 1
T+1,7+1 > Tx14+1x7= 7 + 7
\ I1x1= 1
(8,8 — 8y, x8= 56 + &
1 1 1
NS —R:
7+1,8 — Tx8= 48+8
1 x 8= 8
\
([ 8,8, — 8x8 = 56 + &
1 { 1
- N
R—=N5 8,7+1 — 8xT7= 48+8
8x 1= 8
\
8,8 — 8x8= 35 + 28 + 1
R—-R: ! 1 1 1 (4.4.1)
8,8 — 8x8= 35 + 21+7 + 1
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The field content of the field theory after KK reduction appears with a grey background.
We now perform the same analysis for type IIA:

([ 8,8y — 8y x8 = 35, + 28, + 1
{ { 4 4
NS — NS : TxT= 27 + 21 + 1
T+1,7+1 = Tx1l4+1x7= 7 + 7
\ Ix1= 1
[ 8,,8 — 8y x8= 56 + ¢
{ { {
NS =R 7+1,8 — 7x8= 48+38
\ 1 x8= 8
[ 88, — &x8 = 56 + 8
{ 4 {
=N 8,7+1 — 8xT7= 48+8
\ 8x 1= 8
8,8 — 8x8= 56, + 8y
R—R: 1 1 1 (4.4.2)

8,8 — 8x8= 35+21 + 7+1

Comparing the two, we see that the field content exactly matches. This tedious exercise
of representation theory proves that, at least at the massless level, type IIA and type IIB
superstring theories compactified on a circle are the same theory. This is an example of how
to extract useful information about the full theory from its low energy limit. This result
hints at the fact that superstrings of type IIA and IIB are indistinguishable once we take
one coordinate to be periodic. We show that this is indeed the case in the next section.

S1 Compactification of the Strings - The Power of T-duality

We now proceed to the compactification of type II superstrings, following closely the bosonic
case. The bosonic sector of superstring theory is extremely similar to bosonic string theory.
In fact, if we change the number of dimensions from 10 to 26, the two are identical. It
follows that all the analysis performed in section 4.2 applies here, with the only difference
that compactification is performed along the direction X? instead of X?5. Following this
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logic, T-duality for the bosonic sector of superstring theory takes the form:
X! = X?  and X% — —X3. (4.4.3)

As before, this corresponds to interchanging momentum and winding numbers. Writing the
transformation in this form is very convenient, since it immediately fixes the transformation
of the fermionic partner. This because, according to world-sheet supersymmetry, X? and

1 must transform in the same way. Thus, we infer the effect of T-duality on the fermionic
fields:

Y? =¥l and ¢y — —Uh (4.4.4)
This transformation changes the chirality of ground state in the right-moving R sector. To

see why, consider the effect that T-duality has on dfj (dfj — —d}) and recall that we defined

dy = \%F“. It follows that, under T-duality,

I'g=T1¢..I'g = —T..I'g = —TI'yp. (445)

Thus, the chirality of the ground state in the right-moving R sector is flipped. This means
that if we start with type IIB, with both R ground states having the same chirality, we end
up with them having different chiralities, i.e. IIA. Conversely, starting with IIA we obtain
I1B. Hence, T-duality shows that type ITA and type IIB superstring theories compactified
on a circle are equivalent. This is a striking result.

S™ Compactification

The natural conclusion of this section is the study of how to compactify several dimensions
in type II superstring theory. We would like to start with a theory analogous to but
with supersymmetry, and then compactify it on a torus, study its moduli space and so on.
Unfortunately, it is not known how to quantise such theory when the backgrounds for the
RR fields are nontrivial ([45]). All we could do is follows the above procedure for the NS-NS
sector only, which is exactly what we did in section 4.2. Thus, to make any progress, we
have to look at the low energy approximation of type II string theory: type II supergravity.
This leads us to the next section, which aims at introducing it.

4.5 Type II Supergravity

In this section there are no strings. It is dedicated to their low energy effective actions, i.e.
supergravity theories. We start by introducing eleven-dimensional supergravity, which is a
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theory with very special features. Then, we illustrate how to obtain type ITA supergravity
in 10 dimensions via dimensional reduction, and present type IIB supergravity. Finally, we
give an overview of the democratic formalism for the two theories.

The relevant sources for this section are: [21], [48], [46] for the first two subsections and [35],
[60] for the last one.

11-d Supergravity

11-dimensional supergravity is a special theory. Firstly, it is remarkably simple, as we shall
see. Secondly (and most importantly), eleven is the maximum number of dimensions in
which one can have a supergravity theory, i.e. a theory with particles of spin 2 or lessﬁ We
will first present the bosonic part action, then explain the notation and describe its field
content. The bosonic sector of 11-d sugra is:

1 1 1
S = 5 [/dllx\/ —G<R — —|F4|2> — —/Ag ANEyNFy , (451)
2k1 2 6
where:
e k1 is the coupling constant.

GMN is the metric, G its determinant, and R is the Ricci scalar (see [A.1.52)).

Fy is the field strength of As, i.e. Fapapmyn, = 40, Anymsny) (o1, in short, Fy =
dAjz). Subscripts indicate the rank of the tensor. This notation (and its generalisation)
is ubiquitous to this section.

ng N F4 VAN F4 — fdllxﬁEMlmMnFMI...M4FM5...M8AM9M10M11.

2 _ 1 AMN M, N,
|Fo|? = G GY N By o, Fvy -

All indices run from 0 to 10. We promised to avoid differential geometry in this chapter.
However, its notation is so convenient that we could not resist using it. For a very detailed
derivation, which has no reference at all to differential geometry, see [46].

It is useful (and necessary every time we deal with spinors), to introduce a vielbein for

8This result will not be proven here. The relevant reference is [61]. Also, the action that we provide
below is written in a modern fashion. To link this to the normalisation adopted in the original papers, please
see [46].
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the metric (see relevant section in the Appendix, for a quick introduction in the context of
differential geometry). This consists of defining a matrix F3, such that:

As we mentioned, the bosonic field content of the theory is remarkably simple. We have
a graviton G,y and a three-form Ay, nyp. The first one is a symmetric traceless tensor of
SO(D — 2), the little group for massless particles. It has w — 1 = 44 DoF, for
D = 11. The second one is a rank-3 antisymmetric tensor, which carries 84 DoF. Thus,
as for any supersymmetric theory, there must be other 128 fermionic DoF in the spectrum.
These are contained in the gravitino field W,,;. The full action includes the kinetic term
for the gravitino, and two other terms. We will not present it here, since it is not relevant
for the purpose of this work, but it can be found in [62]. What really concerns us are the
supersymmetry transformations that leave such action invariant. In order to present them,
we introduce the eleven gamma matrices in eleven dimensions, I'4. We let 'y, = Eﬁf‘ 4. We
also introduce the following definitions:

1
F(4) — ZFMNPQFMNPQy
1
FS\? = gFMNPQFNPQ7 (4.5.3)

where MMz Mn — TIMiDM2 | TMa] - \With this notation, the supersymmetry transformation

then read:

SEL = ey,
0Aynp = =3l NP,
1
0War = Ve + o (TuFY = 3F))e. (4.5.4)
The covariant derivative V), uses the spin connection w, and takes the form:
1
Ve = Oye+ ZWMABFABG, (455)
where
1
WMAB = §(+QABM — Qaras — QBara), (4.5.6)
and
Oy = 20 Eqy. 211 (4.5.7)
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Type IIA Supergravity

We now perform a KK reduction on this field theory, from 11 dimensions to 10 dimensions.
The resulting theory is type ITA supergravity. The name is not just coincidental, as this
theory is the low energy approximation of Type ITA closed superstring theory. We will show
how its spectrum is the same as the massless spectrum derived in section 3.5.

We start by reducing the 11-dimensional gravitino ¥y to 10 dimensions. This can be ob-
tained by using only group theory and representation theory, but we will try to give a short
physical interpretation. As we discussed, ¥y belongs to the 128 of Spin(9). Then, the first
ten components give the two 10-dimensional gravitions, while Wy gives two 10-dimensional
dilationos. Each has only 8 DoF, due to the Dirac equation. Hence, we infer that the two
gravitinos have 56 DoF each. What we have effectively done is decomposing the 128 of
Spin(9) into irreps of its subgroup Spin(8).

The dimensional reduction of the bosonic fields is more familiar. We will use greek letters
for the 10-dimensional theory: pu,v = 0,...,9. Following exactly the same procedure as in
section 4.1, we obtain

ds? = e 23g,, datdz” + '3 (" + A,dat)?. (4.5.8)

Note that this equation is identical to 4.1.8} with ¢ — o (o is defined in[4.1.9)) and an overall
scaling by e~2%/3. Thus, we have a 10-dimensional metric Guv, a U(1) gauge field A, and a

scalar (dilaton) field ¢. We denote the field strength of the gauge field, as usual, by F),,. In
terms of these objects, the veilbein reads:

—¢/3pa 0
A e e
Ey = <62¢/3AZ 62¢/3> ) (4.5.9)

where ej; is the vielbein for the 10-dimensional metric g,,. It is easy to see that its inverse

is given by:
¢/3 1 0
M _ €76
EM — (—eWSAyeg 6%/3) . (4.5.10)
(4.5.11)
The 11-dimensional three form decomposes into a 2-form and a 3-form:
Ao 3-fi ,
Aynp = ¢ " (3-form) (4.5.12)
w10 = B (2-form),
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and we denote their field strength by F),,,, and H ., respectively. Hence, the 10-dimensional
fields that appear are exactly those that we obtained from the massless states of type IIA
superstring theory in section 3.5 (cf. . This is how we see that type IIA supergravity
is the low energy limit of type ITA superstring theory. We will shortly show that the same
applies to type IIB.

What we derived above are all the ingredients needed to perform the KK reduction of [£.5.1]
We will not go through the full calculation, but the reader is referred to chapter 10 of [46]
and references therein. The result is (setting the coupling constant to one):

Stia = Sns + Sk + Scs, (4.5.13)
with
_ 1 o g Ly
SN5—2 d"x\/—ge R +40,900"¢ 2|H3| ,
_1 10, /— 2 D)
d e/ —g( [Pl + [Ful7 ),

4
1
Scs = 7 / By A Fy A Fy. (4.5.14)

Sp =

The F, that appears above is given by Flop, = 4(0uAvep + ApHyop), or simply Fy, =
dAs + Ay A Hs.

Finally, we can also obtain the supersymmetry transformations. They read (|21]):

1 1 1 1 -
o\ = ( _ gruauqsl“n + —H® — ZefF@ 4 —e¢’F(4)F11>€,

6 4 12
| | 1
5T, — (Vu — THOT = Ze?Fu LT + §e¢F(4)FM>e. (4.5.15)

Type IIB Supergravity

Unfortunately, type IIB supergravity cannot be obtained by dimensional reduction from
11-dimensional supergravity. And this not all. It does not have an action either (it has a
pseudo-action, which we will define). This theory is specified by the equations of motion
and the supersymmetry transformations. It should not come as a surprise, given the above
premises, that obtaining type IIB supergravity is not straightforward. And, since a detailed
introduction on supersymmetry is outside the scope of this dissertation, we will just quote
the result for this time.
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The pseudo-action for type II supergravity is of the form:
Srra = SNS—I—SEQ—FS,CS, (4.5.16)

where Sy is the same as in [£.5.14] but Sk and S5 are different. The new degrees of freedom
for type IIB are: a scalar Cy, a 2-form Cy and a 4-form Cj4. Again, the fields so far match
those that we obtained from the massless states of type IIB superstring theory The
fermionic part of the pseudo-action is given by:

1 . 1 -
Shy = —@/de\/—_g <|F1|2 + | B2 + 5|F5|2> , (4.5.17)
Seg = /04 A H3 N\ F3, (4.5.18)

with the following definitions:

) Fy = dCy, F; = dCy, Fs =dCy, (4.5.19)
F3 = F3;— Cy N\ Hs, F5:F5—%02AH3+%BQ/\F3. o
The action is only "pseudo” because the constrain Fy = «F5 must be imposed at the level
of equations of motion, to obtain the correct dynamics. As for the case of type ITA, there
is an equal number of fermionic DoF associated to the bosonic ones. Once again, they are
associated with a dilatino A and a gravitino ¥, which completes the field content of the low
energy limit of type IIB superstrings . To conclude this subsection, we provide the
supersymmetry variations of those fields:

1 1 &
S\ — 5 (@}D _ Z~€<I>a#CO) THe + 1 (ieq)F(:S) _ H(3)> £*, (4.5.20)
0, = (Vu + %eq’F(l)Fu + 1@—664’1?(5)@) e-3 (2H§f’> + z’eq’F(3)Fu> e*. (4.5.21)

Democratic Formalism

We have presented the ITA and IIB supergravity theories. We now introduce a different
formalism to express the two theories, called the "democratic formalism". While the fields
in NS sector of the action are unchanged, the RR sector of type IIA (IIB) in the democratic
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formalism consists of a formal sum of forms (polyform) of even (odd) degreesﬂ

F = (FO—I—)FQ —f- F4 + FG —I— F8<+F10) fOl" type IIA, (4522)
F = F1 +F3+F5+F7+F9 for type IIB. (4523)

This formulation immediately raises a problem: we are doubling the degrees of freedom. In
order to avoid that, we impose a self duality condition, so that only the fields F,, with n <5
are really dynamical. Such constraint reads:

F = \(xF), (4.5.24)
with
AMF,) =(=1)= F,. (4.5.25)

The way that these conditions enter in the formalism is described as follows. We first use all
the available degrees of freedom (including the redundant ones) to write a pseudo-action:

1
Skr = _g/ [FAxF], (4.5.26)

where | |1o instructs to take the form of degree 10. Again, this is a pseudo-action, because
it contains a number of unphysical degrees of freedom, and it is just a tool for obtaining
the EoM. Such DoF are eliminated only after the on-shell conditions have been found, by

imposing 4.5.24] This procedure, using [4.5.22| (4.5.23)) as the starting point, yields the same
theory as ITA (IIB).

9Fy and Fo appear in parenthesis because they must be set to zero to obtain massless supergravity. See
the Appendix of [60] for a detailed discussion.
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Applications of Ordinary Geometry

Since we begun the discussion on string theory, we did not explicitly use notions from dif-
ferential geometry. Let alone the concepts from the first two chapters, which are even more
advanced. However, differential geometry is the mathematical framework underlying string
theory, and now we use it in order to present some results that would be inaccessible without
it.

In section 1, we perform the compactification of type II supergravity without fluxes. We show
how this imposes a Calabi-Yau geometry on the internal manifold, and give an overview on
how to obtain the 4-dimensional theory.

Section 2 explores the geometrical local nature of the fields appearing in the NSNS sector
of type II supergravity, and their symmetries. This analysis illustrates how two links with
generalised geometry emerge.

In section 3, we study the conditions for Buscher’s duality more rigorously, and show how
the notion of generalised vector naturally appears. Then, we review a more elegant approach
to Buscher’s duality.

There are no global references for this chapter, since it gives an overview of different appli-
cations.

5.1 Calabi-Yau Compactification in Type II Superstring
Theory

We did not use differential geometry in sections 4.2, 4.3 and 4.4 because essentially we com-
pactified "ad muzzum", i.e. in a very naive way. We did not really worry about topological
issues, and we did not carefully study the nature of the internal space. This was justified
since we only worked with the simplest type of manifolds, S and its products. But such
choice does not brings us very far.



Chapter 5. Applications of Ordinary Geometry

Compactification on a torus leaves all supersymmetries unbroken. The supersymmetric stan-
dard model predicts N' = 1 supersymmetry, therefore our aim is to find a compactification
that eliminates some supersymmetry. To do so we abandon circles, we take a step back and
try to figure out which manifolds can serve as internal spaces.

As we have discussed in section 4.4, a very useful tool for probing a theory is the study of its
low energy limit. The low energy limit of type II superstring theory is type II supergravity,
as we have shown. Then, type II supergravity will be the starting point for this section
discussion.

[21], [22], [48], [45] and [63] are the relevant references for the first subsection. The second
subsection is based on [52], [64] and [63].

Fluxless Compactification and Calabi-Yau manifolds

In this subsection, we examine how the requirement of an internal Calabi-Yau space emerges.
We study the properties discussed in section 1.5 and their relations in a more concrete
context. We recall that the starting point of compactification was the requirement of a
product manifold structure. Assuming that we are looking at superstring theory, and hence
at a 10-dimensional space, we have M;,;, = My ® X¢. In doing so, we would like to preserve
some supersymmetry. Although it is not observed at the energies currently probed, there
are strong arguments for believing in supersymmetry at scales above the TeV .[65] We now
discuss how the requirement of some supersymmetry being preserved constraints the choice
of the internal manifold Xjg.

We focus on a classical background, where the fermionic fields are taken to be zeroll| As we
saw in the last section of the previous chapter, the supersymmetry variation of any bosonic
field involves a fermionic field. Thus, we do not need to worry about them. What we need
to address is the variation of the fermionic fields, which we shall impose to vanish. We saw a

full expression for the variation of the gravitino in type ITA (IIB) in equation [4.5.15| (4.5.21]).
In the absence of fluxes (i.e. in accordance with our assumption), it simply becomes:

This is a profound statement, which carries two constraints on the internal space, one dif-
ferential and one topological. To appreciate it, we first split the spinor over the total space

IThis assumption is motivated, for instance, in [35]. The existence of non-zero of spinorial fields would
break Poincare invariance in the 4D Minkowski external space.
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5.1.  Calabi-Yau Compactification in Type II Superstring Theory

into a product:
e=§Qm. (5.1.2)
We also split the indices accordingly, with ;4 = 0,....,3 and m = 4,...,9. Then, [5.1.2] implies
oV, =V,,m=0. (5.1.3)
In words, this constraint implies that
e There mus exist a spinor on Xg (topological condition).
e It must be covariantly conserved (differential condition).

We will examine both of them at once, but it is important to recognise that they are state-
ments of different nature.

A Majorana-Weyl spinor in 10 dimensions has 16 real components (see appendix A2, and
recall that a Majorana condition is a reality condition), giving a 16-dimensional irreducible
representation of Spin(9,1). The subgroup defined by is SL(2,C) x SU(4), i.e. one
spinor in 4 dimensions cross another independent spinor in 6 dimensions. Under this sub-
group, the 16-dimensional irrep of Spin(9,1) decomposes as follows:

16 = (2,4) ® (2,4). (5.1.4)

Let 1, be a covariantly constant spinor on Xg. We will find an explicit form for it shortly.
Ve = 0 implies that nimr is constant over Xg, and thus it can be normalised so that
77177+ = 1. We can then defined a tensor as

Tt = —inl M. (5.1.5)

A calculation involving the Fierz identity (one of the few we will neither present nor outline,
see [21]) shows that:

J S P ==4r. (5.1.6)
Hence, J is an almost complex structure. We also have that the Nijenhuis tensor vanishes:

Npmn — qua[qjs] - ana[qu — 0 (517)

m]

Hence, we showed the following result.
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Theorem 5.1.1. Xj is a complex manifold, with complex structure J.

We can also choose an Hermitian metric (as we have shown in theorem [1.2.2] the existence
of any Riemannian metric implies the existence of an Hermitian metric), making X an
Hermitian manifold. Finally, we construct a two form from J by lowering its upper index:

Q= Jmkgknd:vm ® dx" = Jppdz™ N da" = igupdat A dzY. (5.1.8)
The exterior derivative of this form gives:
dQ = 00 + 00 = i0,gupdx®™ A dat A dZ” + i1059,,dT™ A dz™ A dT". (5.1.9)

Assuming a torsion-free connection, the total anti-symmetry on the lower indices implies
that partial derivatives in this expression can be exchanged with covariant ones. But, given
that metric is covariantly constant (see theorem , the expression vanishes, showing that
Q) is closed. Hence, we showed the following result.

Theorem 5.1.2. Xj is a Kéhler manifold, with €2 being the Kéhler form.

We now show that this Kéhler manifold is Calabi-Yau. As we have proven, it is enough to
verify one of the properties in definition [1.5.1], but here we study all of them for completeness.

4 (Holonomy). Consider a general spinor n on Xj, which has definite chirality and thus
it transforms in the fundamental 4 of SU(4). We can always choose a basis such that

o O O

To-

Generally, this spinor will undergo a SU(4) transformation when parallely transported along
a closed loop. However, if we require 1, to be covariantly constant, it must remain unchanged
after such parallel transport. We see that SU(3) C SU(4) indeed leaves 7, invariant, since
it acts only on the first three components (see example . Hence, the holonomy group
of X must be SU(3).

2 (Ricci flatness). The condition implies the integrability condition:

[Vin, V] =0 (5.1.11)
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Using

1
Vi) = 0mn + Z—mepqqun, (5.1.12)

where w,, are the components of the spin connection, and the symmetry properties of the
connection components, we have:

1 1
Vi, Voln = [0m + Zwmpqﬁypq, Oy, + Zwm«sfy” n. (5.1.13)

Expanding out and using [v,s, 779] = —8(5[[3? fyg]] leads to:

1

n= ZRmWﬂmn' (5.1.14)

1
[vmu Vn] n= Z (amwnrs - aners + erpwnps - wnrpwmps) ,}/rs

From this result, via the Bianchi identity and some properties of the gamma matrices, one
obtains [

Ry = 0. (5.1.15)

Thus, X is Ricci flat.
3 (Holomorphic form). We define a nowhere vanishing (3,0)-form as:

1
Q= Eanpdzm ANdz" NdZP,  with O, = nfvmnpn_. (5.1.16)

This construction is enough to show that Xg admits a nowhere vanishing holomorphic (3, 0)-

form.

1 (Vanishing ¢;). The components of the above holomorphic can be written as

anp - f(z)emnp7 (5117)

where f(z) is nowhere vanishing and holomorphic. The norm reads

1 _
19 = aﬂmnp(lm”p, (5.1.18)

2The details of this derivation are provided in exercises 9.6 and 9.7 (page 383) of |21].
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and using [5.1.17] it gives:
1* = 1£1*(@) "
g = /9, as in section 1.2. The Ricci form is then

R =i00log \/g = —iddlog [|Q|>.

Since ||Q2||? is globally defined, so is log||€2||>. Thus, recalling that 99 = —1d(d —

2
that R is exact. This proves that ¢; = 0 on Xg.

These observations (redundantly) prove that the following theorem.

Theorem 5.1.3. Xj is a Calabi-Yau manifold.

The Spectrum of the Compactified Theory

(5.1.19)

(5.1.20)

J), we see

We have established that the suitable internal space for compactifying type II string theory is

a Calabi-Yau manifold. We now study what fields a four dimensional observer sees when the

internal space is Calabi-Yau. We will (present how to) show that type II theories (without

fluxes) compactified on a Calabi-Yau manifold lead to N' = 2 supergravity in four dimensions.

This subsection is only illustrative, and should not be seen as a rigorous presentation of the

topic, since we did not discuss deformations.

The Hodge diamond for a Calabi-Yau manifold of complex dimension 3 will prove to be

of vital importance in the following discussion. This was the last result of Chapter 1. We

report it here:

1
0 0
0 h! 0
1 hl 2 hl 2 1
0 Rt 0
0 0
1
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We recall that it just depends on two topological numbers. Given the dimensions of the
cohomology groups, we can choose a basis for them, since they are vector spaces. It follows
directly from the Hodge theorem that for any cohomology class we can choose one harmonic
form as its representative. Hence, the space of harmonic r-forms is isomorphic to the r-th
cohomology vector space. Thus, we can choose a set of harmonic forms as basis for any
cohomology space. This is the choice that we will make, and is summarised in the following
definition.

Definition 5.1.1. We define the bases of the cohomology groups/harmonic forms as follows:
With the following normalisation choices:

Cohomology Group Basis
H0 1
HY We, With a = 1, ..., ht?
H'? ap, with L =1, ..., ht?
H?*? w* witha=1,... A"
HY 1
/wa AP =8P (5.1.21)
/aK A BE =6k, (5.1.22)

We are now ready to expand the 10-dimensional fields using the above basis. Since
supersymmetry is preserved, the fermionic part of the spectrum can be restored by super-
symmetric transformations from the bosonic part sector. For this reason, we will focus only
on the latter. We begin with the NSNS sector of type IIA. The expansion for the dilaton
is trivial, since the only scalar harmonic form is "1". There are no harmonic one forms on
a Calabi-Yau manifold. Hence, the B field cannot have a single internal index (in which
case it would be a one form on the internal space): it needs to have zero internal indices or
both. In the first case, it is a scalar just like ¢, and it has a trivial expansion. In the second
case, it is expanded in the basis w,. We now make a very pleasant coherence check. B is a
gauge field, i.e. B and B + d\ give the same physics, so they can be identified. This exactly
the definition of cohomology class, to which B indeed belongs, and thus can be expanded as
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above. We can summarise what we have found so far:

o(z,y) = ¢(z), (5.1.23)
By(z,y) = Ba(x) + b (2)wa(y). (5.1.24)

For the RR sector, following the same procedure, we ﬁndE|

y)
Type IIA: Co(z,y) = Co(x) + c*(x)wa(y) (5.1.25)
(z,y)

In this way, we have obtained a set of fields on the external space (i.e. the coefficients in
the expansion). And it is not any set. If we include the metric (which we have deliberately
avoided), we find that the field content of the four-dimensional effective field theory is the
one of N' = 2 ungauged supergravity in 4 dimensions.

We stated at the very beginning that supersymmetry does not play a crucial role in this
dissertation. Since we intend to maintain the promise, we just give the above result as a
fact, without giving extra details on supergravity in four dimensions. However, we emphasize
that the above result is remarkable, since it shows that compactifying the low energy limit
of type II superstring theory on a Calabi-Yau manifold leads to a quasi-realistic description
of the world. There are a few reasons behind the "quasi". Omne of them is that from a
phenomenological point of view, N' = 1 supersymmetry in four dimensions is much more
desirable for explaining the world that we observe. That is a subject for the next chapter
(section 6.1), where even more geometry will get involved.

Mirror Symmetry

This microscopic subsection is aimed at simply giving a taste of a very vast subject.

We have proved that the Hodge diamond of Calabi-Yau manifolds is not only symmetric wrt
its horizontal and vertical axes, but it is symmetric wrt the diagonal as well. Physically,
this means that the fields (which correspond to the cohomology classes in which they are

3We have deliberately skipped the metric in this analysis, because it involves deformations, which we
did not introduced. For more details, see [64].

144



5.2. Symmetries of the NSNS Sector for type II -
A hint of Generalised Geometry

expanded) can be exchanged accordingly and still give rise to the same theory. This a very
simple istance of a crucial duality in string theory: mirror symmetry. In general, we talk
about mirror symmetry whenever a pair of Calabi-Yau manifolds lead to the same string
theory. For more information on the subject, the reader is referred to [66] and [67].

5.2 Symmetries of the NSNS Sector for type II -
A hint of Generalised Geometry

This section should lie halfway between this chapter and the next one. We examine the
nature of the NSNS fields in the low energy limit of type Il superstring theories from a
geometrical prospective. We also determine their symmetries. We only use concepts and
tools from ordinary geometry (this is why this section belongs to this chapter), but we make
evident connections with the generalised geometry framework (this is why it could belong to
the next one as well).

In this section, we mainly follow [15], [34] and [GS].

The NSNS sector of type ITA supergravity is given by (see [4.5.14)):

1 1
Ss = 5 [ d0av=ge (R +40,60% — 15 o H), (5:2.1)

where we have dropped the subscript 3 on H for convenience, since this is the only field
strength that we will deal with in this section. As usual, this action is invariant under
diffeomorphisms, which can be parametrised by a vector X, and are given by:

Guv — Guv + £Xgum (522)
b;w — b;w + £Xb;wy (523)
¢ — o+ Lxo. (5.2.4)

We could check explicitly that these transformations are indeed symmetries of the action.
But such check should not be performed if one trusts differential geometry: all terms in
the action are coordinate scalars on the manifold, so the coordinate transformations do not
affect them. In addition to diffeomorphisms, there is a gauge symmetry due to the fact
that B enters the action only through its field strength H. We now study the geometrical
implications of this fact. H is required to be closed,

dH =0 <— 8[MHQ57], (5.2.5)
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which is the usual Bianchi identity. But since H is not globally exact, B can differ between
patches, i.e. it is only defined locally. Let us be more precise. Given an open covering {U;}
of the manifold, and B; be defined in the patch U;. Then, we allow the various B;’s to differ
from patch to patch up to an exact factor:

Thus A;; provides the patching for B, and this construction holds since H is insensitive
to such exact term. Moreover, we are also allowed to shift the B-field by an exact term
within the same patch, provided that this shift agrees with the neighbouring patches in the
intersections. These transformations read:

This is the local bosonic gauge symmetry. The condition on the intersection implies that
the set of \;’s define a global closed two-form. Thus, if we combine this symmetry with dif-
feomorphism invariance, noting that they do not commute, we find the group of symmetries
of the NSNS sector to be Gyenairf = GL(n,R) X Gp, cosea- Explicitly, they read

6= b+ Lxo. (5.2.8)

The patching condition [5.2.6] implies:

(5.2.9)

where we used [A.1.31] We read from the rhs that:
dX; = d(ixdAi; + \). (5.2.10)

This yields (recalling the gauge transformations of the gauge transformation, i.e. that we
have the freedom to make the shift X\, = \; + d¢;):

This discussion should be compared with section 2.3, to appreciate the intimate relation
between generalised geometry and the bosonic sector of type II supergravity.
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We can explore this link further. Let us return to [5.2.8, and denote the action of the
combined symmetry transformation (diffeomorphism plus gauge transformation) by (x .
Let us focus on the metric and B-field only:

Sx NG =LxG,  dxa\B=LxB+d\ (5.2.12)

We now study how successive symmetries combine. Specifically, the commutator of two
transformations acting on the metric reads:

[0, 0ol G = (dx00(ro) = dvio)dx )G = (ExLy = Ly Lx)G = Lix G, (52.13)
where we used [A.1.30] This is nothing new. If we act the commutator on B, we obtain:

[5()(,,\), 5()/70)]3 = ((5(){7)\)(5(5/,0) — 5()/70)5()(7)\))3 = 5(X,)\)(,CyB + dO‘) — 5(Y,a)(£XB + d)\) =
LxLyB+ Lxdo +d\+ LyLxB + Lyd\ — do = (EX,CY — ﬁyﬁx)B +dLxo —dLy X+ d()\ — U),
(5.2.14)

where in the last step we used Cartan’s "magic" formula [A.1.31] twice and d? = 0. Ignoring
the exact term and using |[A.1.30, the above result may be written as:

[00x,0): 6v,0)] B = O((x, ], x oLy 2) B- (5.2.15)

We recall that one can always shift the one-form determining the gauge transformation by
an exact form (A — X + d¢ leaves [5.2.12| invariant). We use this freedom on the rhs of the
above equation to make a shift by —1d(ixo — iy A), so that it becomes:

[0x 0, Ovio)| B = Opx ), (v B, with
1
[[(X, )\), (Y, O')]] = ([X, Y], EXO' — ,Cy)\) - id(lxa' - Zy)\) (5216)
Thus, we have obtained the Courant bracket (see [2.2.35)) from purely physical arguments on
the symmetries of the NSNS sector.

5.3 Rocek-Verlinde Approach to Buscher’s Duality -
Another Hint of Generalised Geometry

Here we present a different route to derive the Buscher rules. We will be more rigorous in
the statement of the problem, as well as providing an equivalent, but more elegant, solution.
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Chapter 5. Applications of Ordinary Geometry

This section will provide a second instance of the appearance of geometry in string theory.
It is based on the following resources: [57], [58] and [68].

Consider again the sigma model £.3.1}

S, = ! /dUdT [(\/—_WWGbGMN - EGbBMN)aaXMabXN} : (5.3.1)

Yed

What does it mean for it to admit an isometry? Let us choose the gauge choice 7., = 14 to
simplify the calculations, and consider the transformation of coordinates:

XN = ek, (5.3.2)

The corresponding transformation of the metric part of the action is:

4o

1
580 = /dUdT [GKGMN(SXK&LXMWXN + QQMNaaXMaa(SXN] .

We can integrate by parts the second term (discarding the boundary term) and use dz =
eKM to obtain

58, = ——< / dodr [aJGMNKJaaXMaaXN — 200N 0,0 (XM)KN — 26“gMN8aXMKN].

Y
Integrating by parts again the second term and using gy n = %(QMN + gnur), we find:

550 = ‘ /dadT[(E)JGMNKJ+8MgJNKJ+8NgJMK‘])8aXM8“XN].

Aol

We recognise that what sits within the round bracket are the components of the Lie deriva-
tive of G wrt K, which means that requiring 05, = 0 implies LxG = 0.

For the B-field part, we follow analogous steps, but with a major difference since the be-
ginning. As shown in section 3.6, the B-field part of the action enjoys a gauge symmetry.
Expressing it in terms of generalise geometry, we can shift the B field by the exterior deriva-
tive of an arbitrary one-form (, without changing the equations of motion. Thus, we need to
go through the same calculation, but with an extra e°20,(n)0, X9, X" inside the square
brackets. This yields LxB = d(.

Alternatively, we can give a more "geometrical" derivation. Referring to section 3.6 again,
one can simply recognise that it is not B which should be left invariant by the isometry,
but its gauge invariant field strength H: LxH = 0. Since we are free to change B via local
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gauge transformations, B’ = B + d(’, we can adjust (' to achieve LB’ = 0. We do this as
follows:

0= EKB/ =LxgB+ ﬁKdC/ =LgB+ dinC/,
where we used Cartan’s "magic" formula [A.1.31, We now define:
¢ = —igd( + df, (5.3.3)

where f is the gauge transformation of the gauge transformation (see section 3.6), and so
we have the freedom to add it. Then, we have LB — d( = 0, which matches the previous
result.

Summarising, the coordinate transformation parametrised by K together with the gauge
transformation of B parametrised by ( generate an isometry if

LG =0=LB—dC. (5.3.4)
We see that to define T-duality we need the pair (K, &), which can be naturally organised

K = (?) | (5.3.5)

The conditions just derived and the above discussion will play an important role in phrasing

into a generalised vector:

Buscher’s duality in the framework of generalised geometry (see section 6.3).

Now we assume that there is such an isometry and we gauge it, i.e. achieve invariance under
with € = e¢(X*). In order to do it, we introduce the gauge field A, with transformation
law given by

0A, = —0u€ (5.3.6)
and a covariant derivative D, that obeys:
D X" = 0, X" + Akt — 0,(X* 4 ek*) + (Ay — Ou€) k" = 0, X" + A k¥ = D, X*. (5.3.7)

Then, the sigma model equivalent to S, (4.3.1) with gauged isometry reads:

1
Y e

¢ =

[

/ dadT[(\/_—’y’y“bGMN — € Byn) Do XM Dy XN — 2600, 4. (5.3.8)
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Analogously to section 4.3, the equivalence to the original action is due to the last term,
with Lagrange multiplier 6. It is enforcing dA = F = 0, where F is the field strength of
A. Again, as long as Poincare lemma applies, this gives A = dy;, i.e. the gauge field is pure
gauge. Thus, we can make the choice A = 0, which turns the covariant derivatives into
partial ones, recovering the original action.

To get the dual action, we first make a suitable choice of coordinates so that the isometry
is represented by the shift of just one of them: 6 — 6 + e¢. Note that this was implicitly
assumed in our discussion in section 4.3. remains the gauge field, and the covariant
derivative only appears together with the 6 coordinate. Then, S¢ reads:

1

Y

¢ =

[

/ dodr [V (Con(@40 + A2) (00 + Ar) + 20, (2,0 + A)OX" + G, X 0, X7)

e (2B, (00 + A X" + Bu0u X 0, X") = 2650, 4,).

(5.3.9)
Varying wrt A, we obtain (cf. 4.3.4)
1 e b -
Ay = ——— (G0, X" — —2=(Bp.0p X" + 0,0)). 5.3.10
Gop 0" = 5 B0 X+ 00) (0310

Using the isometry to set § = 0 and substituting [5.3.10| back into S¢ yields the dual action
4.3.5], related to the original one via the Buscher rules [4.3.6]
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Applications of Generalised Geometry

This is the main chapter of this dissertation. It merges the most advanced results from part
I and part II, showing how the framework of generalised geometry can be naturally applied
to superstring theory. We present applications in various contexts. For reasons of time (and
space), we chose to discuss them with different level of detail and rigour.

In section 6.1, we introduce spinors and use them to classify generalised complex manifolds.
Then, we show the link with flux compactification of type II supergravity. The discussion is
illustrative, but not exhaustive and complete.

Section 2 focuses on the geometrisation of type Il supergravity. We carefully construct
generalised objects in analogy with ordinary geometry, and re-write the NSNS sector of type
IT supergravity in terms of the generalised Ricci scalar. This section describes many of the
steps in detail.

In section 3, we review how factorised duality (Buscher’s duality) can be written in the
context of generalised geometry. It is a short, but self-contained, discussion.

Finally, section 4 quickly introduces double field theory and its action. It consists of a brief
overview on the subject

Again, there are no global references for this chapter. References can be found at the
beginning of each section.

6.1 Generalised Calabi-Yau in Type II Compactification

In this section, we develop the language of (generalised) structures in terms of spinors, and
present a classification of manifolds based on this. Then, we show where the internal man-
ifold needed for flux compactification of the low energy limit of type II superstring theory
(supergravity) fits into such classification. This discussion is concludes the journey through
compactifications in string theory, which took place in sections 4.2, 4.4, 4.5, 5.1. In those
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sections, we worked towards a more and more realistic model of the universe. We eliminated
the extra dimensions via compactification and added fermions. This led to the appearance
of Calabi-Yau manifolds as internal spaces. However, in the absence of fluxes, the number of
supersymmetries preserved is N = 2.[52] To reach the "realistic" N = 1, we must study flux
compactification, which is the subject of this section. We warn the reader that we do not
provide a detailed and exhaustive overview of the subject. We limit ourselves to presenting
the main relevant results and how they come about. This choice is due to time (and space)
reasons.

We mainly follow [35], [52] [13], [32] and [69].

We start by introducing the concept of "twisting", which we mentioned in section 2.3.

Definition 6.1.1. Let X = (X +¢),Y = (Y +7) € ['(F) and H € Q*(M) s.t. dH = 0.
Then, the H-twisted Courant bracket is given by:

[X, Y]z = [X, Y] + ixiyH. (6.1.1)

This bracket has the advantage of being symmetric under B-transformations of general
nature (not only those with B closed), in the sense:

[[GBX, BBY]]H_dB = 6B [[X, Y]]H (612)

The above result follows directly from [2.2.35 and 2.2.46] The choice of the letter H to denote

the three form is not random. At the end of this section, we will be able to identify it with

the three form H of the NSNS sector of type II supergravity.

We quickly recall that, as discussed in section 2.3, using the twisted operations implies that
we are working with the untwisted generalised tangent bundle.

Analogously to the twisting of the Courant bracket, we introduce the twisted version of the
exterior derivative.

Definition 6.1.2. The H-twisted exterior derivative is defined as:
dy=d+HN. (6.1.3)

Thanks to dH = 0 and d? = 0, it is evident from this definition that d3, = 0.
The H-twisted world is totally analogous to the original one. We just need to add a prefix.
See for instance the following definition.
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6.1. Generalised Calabi-Yau in Type II Compactification

Definition 6.1.3. A generalised almost complex structure 7 is called H-integrable (and thus
it is a complex structure)E] if the H-twisted Courant bracket of two holomorphic generalised
vectors is an holomorphic generalised vectors; i.e.

[X,Y] € E* (6.1.4)
for X,Y € E+.

Note that E* were introduced at the end of section 2.4.
Let us now present a new type of object: polyforms. A polyform is a sum of forms of
different dimensions. We denote the set of polyforms on a manifold M by Q°*(M). We can
make generalised vectors act on polyforms, by defining the following map:

X-¢=ixp+ENo. (6.1.5)

for X = X+¢ € I'(F) and ¢ € Q*(M). Equipped with these notions, we can prove something
very interesting.

Theorem 6.1.1. Q2°(M) is a module over the Clifford algebra of I'(E).

Proof. Let X = (X +&),€ I'(E) and ¢ € Q*(M). Then,

X2 ¢ =ix (ix¢+EAD) +ENA (ixd +EN Q) = (ixE) 0 = I(X, X)o. (6.1.6)
O

The one above is the rigorous mathematical definition of the Clifford algebra, which is
why the theorem is proved this way in [13], [32]. Now, we give a more physical phrasing
of it. What we are saying is that sections of the generalised tangent bundle behave as
gamma matrices when acting on Q°(M) via the operation defined above. To see this, let

X=(X+¢& el(E),Y=(Y+n) el(E)and ¢ € Q*(M). Then,

XV} o=(X-Y+VY-X)- ¢ =ix(ivd+nANQ)+EA (v +n A @)+
iv (ix¢+EANG) + 0 A (ixd+EAG) = (ixn A p +ivE A ) =2L(X, )9, (6.1.7)

'To be pedantic, we should say "H-complex structure".
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where we used the antisymmetry properties of ¢ and the Wedge product as well as [A.1.34]
We obtained exactly the usual relation that we expect from gamma matrices (cf. .
The usual Majorana and Weyl conditions that we impose to find the irreps can be translated
in the context of polyforms. The first one amounts to simply restricting to real forms. The
second one restricts polyforms to be either of only odd degrees (negative chirality) or only
even degrees (positive chirality). However, despite the appearance, polyforms by themselves
are not in a 1-1 correspondence with spinors. Such isomorphism is achieved if we also specify
a volume form, and define the Mukai pairing, which we will not constructE]

So far, we have seen how to construct spinors in the language of generalised geometry. We
now give the last few definitions before starting our classification of manifolds using spinors.

Definition 6.1.4. A subbundle L of F is isotropic if
IX,Y)=0 VX,YeL. (6.1.8)

Definition 6.1.5. The null space of a spinor ¢ is the subbundle Ly that consists of all the
annihilators of ¢:

Ly,={Xe E:X:¢=0} (6.1.9)
It follows from this definition that any null space is isotropic, since:
2ZI(X,Y)p=(X-Y4+Y-X)-0=0 = Z(X,Y) =0, (6.1.10)
for any X, Y € L, (and ¢ non-trivial).

Definition 6.1.6. A spinor ¢ is called pure if its null space L, is maximally isotropic, i.e.
it has rank n.

This concept has an analogue for the usual spinors of Spin(n), with n even. In such
case, pure spinors are those that are annihilated by n/2 gamma matrices. A pure spinor is
nothing but the Fock vacuum.[70] We recall that any Weyl spinor for n = 6 is pure.[35]
Finally, a pure spinor induces a decomposition in the complexified space of polyforms.

Definition 6.1.7. Let ¢ be a complex pure spinor and L, be the associated null space.
Then, the space of polyforms can be written as:

@*Mc= P U (6.1.11)
—dj2<k<d/2

2The reader is referrred to [35] for more information.
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6.1. Generalised Calabi-Yau in Type II Compactification

with
Up =AY L, - 6. (6.1.12)

The notation A%?~*[, stands for the antisymmetric product of d/2 — k elements of L. Such
decomposition is called a filtration.

We can now revisit the manifold definitions based on generalised geometry (presented in
section 2.4) and make some new ones, by simply referring to the properties of spinors. From
now on, we assume that everything is complexified (2°, F, etc.).

We start with the case of a generalised almost complex structure/manifold. Given a gener-
alised almost complex structure J, we can associate to it a complex pure spinor ¢, such
that:

Ly, = E. (6.1.13)

In words, the null space of ¢ 7 is the subbundle of £ defined by the +i eigenspace of J. Note
that ¢ 7 is then determined only up to an overall factor. This makes ¢ 7 a pure spinor line
bundle.

Thus, we can summarise this result with a schematic theorem.
Theorem 6.1.2. Pure spinor line bundle <= Generalised almost complex structure.
As well as rewriting the definition, we can also review the definition of integrability.

Theorem 6.1.3. An almost complex structure is H-integrable if and only if its associated
pure spinor is non-degenerate and satisfies:

dyp =X ¢, (6.1.14)
for some generalised vector X.
Proof.
X, Y]y -6 = [{X,di}, Y] ¢ — d(Z(X,Y)) A 6. (6.1.15)
Restricting to the null space, i.e. X, Y € I'(Ly), the second term vanishes, and we have:
X, Y]y ¢ =X-Y - dyo. (6.1.16)

Integrability is equivalent to the vanishing of the above expression, which yields dg¢ = Z - ¢
for some Z. O
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Theorem 6.1.4. An almost Kahler structure is equivalent to the existence of two pure
spinor line bundles 1, 15 such that:

Y2 € I(Uo), (6.1.17)

where U; is the filtration defined by ;.

The last condition is the statement that J; and Js should commute.
We have shown in section 2.4 that an almost Kéhler manifold has an U(n/2) X U(n/2).
structure. We can reduce this to SU(n/2) X SU(n/2) by removing the ambiguity in the
spinor’s definition (which makes them line bundles). In other words, by imposing a definite
normalisation.

Definition 6.1.8. There is an SU(n/2) X SU(n/2) structure if there exist two pure spinors
11, Y9, such that:

<Y1, >=< Y1, P >F 0 (6.1.18)
and
Y2 € T'(Uh), (6.1.19)
where U; is the filtration defined by ;.

And now it is the turn for some new interesting definitions.

Definition 6.1.9. A complex spinor ¢ is called generalised Calabi-Yau a la Hitchin if it is
pure and it satisfies:

d¢ = 0. (6.1.20)

A manifold that admits such spinor is called generalised Calabi-Yau a la Hitchin.

This should not be taken as a generalisation in the usual sense: a Calabi-Yau manifold
is not a special case of generalised Calabi-Yau manifolds.
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Definition 6.1.10. Let a manifold admit a SU(n/2) X SU(n/2) defined by the pure spinors
11 and 1y (see definition |6.1.8]). Then, if it satisfies:

it is called generalised Calabi-Yau a la Gualtieri.

This is a "proper" generalisation of ordinary Calabi-Yau manifolds, since they appear as
the simplest case of generalised Calabi-Yau manifolds a la Gualtieri.

Now that we have seen the classification of manifolds based on their spinors’ properties
(as promised), we can determine which one is suitable for compactifying type II superstring
theory.

The supersymmetry variations can be rearranged as (see [17])ﬂ

d (e**°Re T;) = e*F, (6.1.22)
dy (#47W,) =0, (6.1.23)
dy (e*7?Im¥y) = 0. (6.1.24)

Thus, we immediately see from [6.1.23| that the geometry required for flux compactification
of type II supergravity can be understood in terms of generalised manifolds. Specifically, we
showed the following result.

Theorem 6.1.5. The internal manifold required for flux compactification of the low energy
limit of type II superstring theory is a Generalised Calabi-Yau manifold a la Hitchin, where
the pure closed spinor is e34=?W,.

The RR fluxes spoil the integrability of the second spinor, preventing the manifold from
being generalised Calabi-Yau a la Gualtieri.

6.2 Geometrising Type II Supergravity

Generalised geometry is an extremely natural language to formulate type II supergravity
theories. In this section, we show that using generalised geometry, the NSNS sector of type
IT sugra action can be geometrised, i.e. written in a general relativity fashion.

This section is based on [15], [16], [33] and [34].

3This is a very complicated calculation, which can be found in [71].
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O(d,d) Structures

In analogy to ordinary geometry, we can introduce a generalised vielbein for generalised
geometry. We denote it by E4;, and we use the notation:

ELEM =64 ELEY = 6N, (6.2.1)
Our requirements for them are summarised in the following definition.

Definition 6.2.1. We define the generalised frames EX! via the conditions:

EMTynEY = (” 0 ) : (6.2.2)
0 =1/ 45

EMGunEY = (g 0) : (6.2.3)
n AB

where 7 is the flat metric. Clearly, for the Riemannian case, n reduces to the identity matrix.

They are met by the following expression:

E:( - ¢ ) (6.2.4)

—Béy +e; Be_+e_

We can split the "flat indices" as:

A=a for A=1,...n ,
(6.2.5)
A=a+n forA=n—+1,...2n ,
which defines a splitting in the generalised vielbein:
. Ef forA=a
Ei=< . (6.2.6)
E; for A=a+n.
Explicitly, making the redefinition é_. — —é_, the two generalised frames read:
P S S o+ €a
Ef=¢é, e, +iaB < E; = (ej - Béj) : (6.2.7)
. . 6=
— — 6T —e 4., B — E = re ) 6.2.8
=l i () (6:2:5)
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With these definitions, we can write [6.2.2| and [6.2.3] as:

A

I(E;r7 E;) = Nab, -’Z’-(Ez’;7 EA{_:) = —TNab> I(
g(E;_> EA;) = Nab, g(Ea_> EA{’?) = Nab> g(

o)
JE7)

The introduction of such frames makes the division of E into two subbundles C* that we

o+
a ’
[+
a

0, (6.2.9)
0. (6.2.10)

introduced in section 2.4 even more manifest. We have that E} serves as frame for one
of them, while E,; for the other one. Taken individually, they are governed by ordinary
geometry.

With these tools at hand, it is natural to generalise the concepts of connection, torsion and
Riemann tensor. We define the generalised connection by simply changing Z,'(M) = TM
into I'(E) in the definition of the ordinary connection [A.1.39]

Definition 6.2.2. The generalised connection is map:
D.():T(E) x I'(E) = ['(E). (6.2.11)

We also require it to satisfy the same properties as the ordinary connection, which are
given in [A.1.40l Given a coordinate system {Ey}, the generalised connection components
are also defined analogously to the ordinary ones:

DyEx =TynTEp (6.2.12)

We can also define the generalised connection in the non-coordinate basis E, analogously.
We specify its components by:

DyEas=Q,, 5 Es. (6.2.13)
Qy, BAE p are called the generalised spin connection components, and we have that:
Dy XA = oy XA +Q,, B, X5 (6.2.14)
Thus, for a general (generalised) tensor with different type of indices we have:

DpT" 4 yp = 0pT" yp + FPMQTQANB +Qp TV v — FPQNTMAQB — QpY T ye.
(6.2.15)

We would like to anticipate that, even though the definition of the connection and torsion

159



Chapter 6. Applications of Generalised Geometry

components with "curved" indices (M, N, etc) are more natural and more fundamental, we
shall be working almost exclusively with the spin connection and the "flat" indices A, B, etc.
Unlike in ordinary geometry, generalised geometry has an intrinsic O(n,n) structure. We
therefore impose the connection to be compatible with such structure with the following

constraint:
DyZ =0 (6.2.16)

We have a second compatibility condition, which this time comes from the O(n,n — p) X
O(p — n, p) structure. This is given by:

DyG = 0. (6.2.17)

Finally, inspired by the Levi-Civita connection, there is a third condition that we can
choose for the connection. This is clearly the vanishing of its torsion, which we are about to
define.

Definition 6.2.3. The generalised torsion is given by:
T(X,Y) = LYY — LxY, (6.2.18)
for X, Y € I'(E). In components, it reads:
Ty XMYN = (LEY) — (LxY)". (6.2.19)
Letting X = EA and Y = E‘B, we obtain:
T(Ea, Ep) = LY Ep— Ly, Ep. (6.2.20)

We now show how the three conditions above constrain the form of the connection. Firstly,
we have that the compatibility with the O(n,n) structure gives (according to [6.2.15|):

DyZap = = aZes — Q“pZac = 0. (6.2.21)

Using the components in [6.2.9] we have:
(QMca QMEa) (77cb 0 ) n <77ac 0 ) (QMcb QMEb> _
Mva Quva 0 —ng 0 —7ac Qu% Q%

DMrbe —pspa ) < Qe Qgap ) ( 0 0 >
+ = . 6.2.22
( Qnva —Qassa —vae —Darap 00 ( )
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Very similarly (the only difference from above is that —ng; is replaced by 7,3, see [6.2.10)),
the metric compatibility gives:

DyZag =~ aGen — U Gac =
B (QMCCL QMca) (Ucb 0) _ (Uac 0 ) (QMCb QMcb) _
Qna Qv 0 7z 0 mac) \OQum% Q%
Qs QMBa ) ( Qntap QMaB ) ( 0 0 )
— — = . 6.2.23
(QMba Qorva Qumay Qarap 00 ( )

From the off-diagonal blocks of [6.2.22] and |6.2.23| we infer that the components of the gen-

eralised connection with the last two indices lowered and mixed vanish. From the diagonal
ones, we see that the components of the generalised connection with the last two indices
lowered and pure are anti-symmetric those indices. Summarising;:

QMab =0= QMaE ) QMab = —QMba ) QMaE = —QMEa . (6-2'24)

Unfortunately, the hard part is yet to come. Up to this point, the generalised spin connection
components are far from being uniquely determined, and we rely on the torsionless condition
for accomplishing such task. We express it as the vanishing of[6.2.20|for all A, B. This yields:

LY Ep=Lg Ep VA, B. (6.2.25)

We will study one side at a time. Starting with the lhs, we have that:
A M A A A A A A
(LgAEB) = EAVDNEJJE‘? + (DMEIJX — DNE%> Epy = E,]XQN CBE?JJ""
(QMCAEg _QNC, M ) Exp = GEM + QMC ey — Q6 M (6.2.26)
The rhs reads:

(Lg, Ep)"

— ENONEM + (aMEﬁ,Y - aNEQ{> Epx. (6.2.27)
We can now contract both sides with E'y;p to extract useful information about the connection
components. We will do it by splitting the flat indices into barred and unbarred ones,

according to [6.2.5] Clearly, this involves going through a number of analogous lengthy
calculations. We will show the steps in glory detail for the case of all the flat indices being
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unbarred, and simply quote the result of the other casesﬁ Letting A =a,B =b,C = ¢ we
have:

A M A A A A
(LgaEb) Enva =1 (LgaEb, Ed) = ngE(]yEMd + QMCaUCbEMd - anEgEMd =

QaDNed + Qaaney — B aNed = Qads + Qava — Lvda = Qadv + Qava + Qpad = 3Qaqy)-
(6.2.28)

This is the contraction of the lhs of [6.2.25| (with the above choice of indices). Contracting
the rhs yields:

o M N o N ~ ~
(LEAEB) Enp = EY (aNE]A; ) Eup + EM (aME}X) Epn — EY (aNE% ) Eun
— BY (0w EY ) Eup + B (0w EY ) Epx + EY (98 EY ) Eaa
— 3B (aW‘Egﬂ ) Epr. (6.2.29)

We now set A =a,B =b,D = d again. Using [6.2.8, we find:

. s+ (a é+l/)
ENOyEM — Ca” \9% . 6.2.30
a TN (éaﬂ‘(‘?u (e +¢"B,,) ( )

Contracting this with Eg;y, gives:

(265 (0u6) edy + €37 (Ougon) € €5" + (0uBy) E5167E5") -

(6.2.31)

) . 1
EN <8NE,§” ) Ea = 5

We now impose antisymmetry on a, b, d, as for[6.2.29, We immediately see that the third term
gives %Habc, while the second vanishes. The first term involves a few lines of algebra, after
which we find that it equals w ..
was obtained using the {é}}, which is evident from the indices.

Thus, we finally obtain the identity:

The superscript just emphasizes that this spin connection

1
Q[abc} = w[—;bc] - éHabo (6232)

4The calculations that we skip, together with a more detailed presentation of this derivation, can be
found in [34]. This subsection is based mainly on such source.
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If we had chosen A = a, B = b,C = ¢, exactly the same steps (with bars over the indices
and —’s instead of +’s) would have led to:
1
Q[a(;é] [abc] + 6H (6233)
The other non-vanishing components of the generalised torsion are of the form 2,;: and Qzp..
They are also constrained by [6.2.25] If we choose A = @, B = b,d = d and go through the
same kind of tedious calculations as before, we obtain:

1
Qupe = W0 + 5 Hare (6.2.34)
Similarly, choosing A =a,B = b, D = d, yields:
1
Qz‘zbc = w;;)c — §H(_lb6' (6235)

From the above results, we find that the conditions imposed highly constrain the connection.
However, they do not specify uniquely the components with all three indices of the same
type. We see from [6.2.32 and [6.2.33| that they are only defined up to arbitrary tensors as

follows:

Qape = Wiy, — G Hape + Ay

Quie = w + éH A (6.2.36)
where AT satisfy A[ g =0 =A Ab. = —Al, and AZ = —A—.. We summarise these

results into a theorem.

Theorem 6.2.1. The components of a torsionless connection, compatible with the natural
canonical metric and with the generalised metric are given by:

1
Qal_)é abc + 2H bcs
L1
QC_LbC = Wape — §H&bc,
1
Qabc = w;rbc - 6Habc + Aabc
1
Qape = wo + ~Hgpe + A, (6.2.37)

6
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where A* are undetermined tensors satisfying Af;bc] =0 = A[;J)a]’ Af,, = —Af, and A =

acb’

O(d,d) X R and Type II Gravity

Where is the dilaton? In this subsection, we (give a sketch of how to) integrate the remaining
scalar field of the NSNS sector inside the framework developed above.

To include the dilaton into our formalism, we need to consider a slight generalisation E of
the generalised tangent bundle E. This is obtained by weighting by det(7™M).

Definition 6.2.4. The weighted generalised tangent bundle E is given by:
E =det(T"M) ® E. (6.2.38)

This leads to a natural principal bundle with fibre O(n,n) X R*. We can obtain it by
restricting to the conformal frames:

zEatn = (] ) (6.2.30)

where ¢ € ['(det(T*M)). In words, {E,} is orthonormal up to a frame dependent conformal
factor. This means that we allow change of basis that preserve the natural canonical metric
up to an overall positive factor, and hence the O(n,n) x R* fibre.

Tensors of £ are representations of O(n,n) X R, i.e. representations of O(n,n) with given
weight under R*.

In addition to [6.2.39, we also imposeE]

G(Ea, Bp) = ¢ (g 2) . (6.2.40)
AB

The solution found in the previous subsection (6.2.4)) is clearly still valid, once scaled by ¢.
This defines an (O(n,n —p) X O(n — p,n)) X RT structure.
Let us now present how to construct an analogous connection to the one developed in the

SThis is slightly different from [15].

164



6.2. Geometrising Type 11 Supergravity

previous subsection, in the new formalism. We define again (see [6.2.13]) the spin connection
components as:

DyEas=Q,, 5% Es, (6.2.41)

where now E, are conformal orthonormal frames. Regarding the constraints, we require
again compatibility with the natural canonical metric and generalised metric ((6.2.16| and
6.2.17)), but now we also add the compatibility with the dilaton. Thus, we impose:

DI = DG = D¢ = 0. (6.2.42)

The calculations [6.2.21] and [6.2.23| remain valid, thanks to the condition D¢ = 0 that elim-
inates the extra term that would arise from the ¢ dependence otherwise. Thus, the results
that followed from those calculations still apply:

Qvay =0=Dyrp » Qwab = —Qvva 5 Qyas = Qs - (6.2.43)

The torsionless condition, however, is changed. And, as before, it is the hard bit.

The Lie derivative on weighted objects takes a slightly different form, with an extra term.
For a vector field X € I'(T'M) with components X*, a vector field Y with weight w and
one-form o with weight w, the components of the Lie derivative read:

(LxY ) =VF9sYH —YPOsXH + wY s X",
(Lxa), = VP, + a0, X" +wa,0; X" (6.2.44)
Accordingly, we make the following definition.

Definition 6.2.5. The Dorfman derivative of a generalised vector Y of weight w wrt a
generalised vector X reads:

(LxY)™ = XNonYM — YNONXM + YoM XY + wYMoyXY, (6.2.45)

With this modification, are almost ready impose the torsionless condition. We need to
consider one last caveat. The Dorfman derivative [6.2.45] is still taken wrt to a generalised
vector field, i.e. a section of F, not E. However, we are working with conformal orthonormal
frames {E,4}, which are sections of E. We can deal with this by using {¢"'E,} € T'(E) for
the first entry of the Dorfman derivative. With this in mind, the torsionless condition reads:

LYy Ep=Lyp, Ep, VA, B. (6.2.46)
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This is the corresponds to[6.2.25|in the setting without the dilaton. Again, we can proceed to
extract useful information by contracting with ¢! Ep (note the extra factor of ¢! compared
to before) and performing similar manipulations. The result is:

30upe =3 (07 (0w (27" EY)) (27 Eoywr) (6.2.47)

Qp”anpe = @' <9NEA1]I> nBe- (6.2.48)

6.2.47 is exacly [6.2.29| (and the corresponding lhs) with E, — gb*lEA. 6.2.48| is a new

condition that comes from the inclusion of the dilaton. By splitting the indices and using
the explicit form of the vielbein, one obtains:

i’ — 20,0, (6.2.49)
i'a — 20a0. (6.2.50)

Including these new conditions, in addition to the previous ones, we can write the general
form of the generalised connection in this new setting.

Theorem 6.2.2. A torsionless connection in F, compatible with the natural canonical met-
ric, with the generalised metric and with the dilaton, is given by:

Do’ = Vau', éHabc wi =3 (535c¢ — 100’ ®) W + AT, (6.2.51)

Dauw’, = Vaw ;Ha WS, (6.2.52)

Do’ = Vawl_’, + %Haggwc, (6.2.53)

Do’ = Vaw® + éHabcwc_ - g (52&@ — n@585¢> w® + Agi)@wf, (6.2.54)
where A* are undetermined tensors. They must satisfy A[Zbc] =0= A[ab o At = —At
A =—A_cand AT = 0= A;%.

It is clear from the presence of A* that the connection is not uniquely specified. The
presence of such ambiguity constitutes a problem for any physical application. Therefore,
we now proceed to construct unique operators from the above expressions.
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6.2.52 and [6.2.53| are already fully determined, so they do not need any manipulation. [6.2.51
and [6.2.54 have ambiguities, but they can be removed by contracting the two free indices.
This leads to:

D,ws = V,w —2(0,0) we, (6.2.55)

Daw® = Vaw?® — 2 (9;0) w. (6.2.56)
At this point, we introduce spinors. We lift the O(n — p, p) X O(p,n —p) (which corresponds
to the splitting £ = C. @& C_) to Spin(n — p,p) X Spin(p,n — p), which allows us to
introduce Spin(n — p, p) spinors. Thus, we have two spinor bundles S(CL) associated with
the subbundles C.. We denote by 7* and 7* the gamma matrices associated with themﬁ
and with €* the corresponding spinors, i.e. ¢ € I'(S(C4)). Then, the generalised connection
reads:

1
Dyet = 0yt + Z—lQMab%bGJra

L (6.2.57)
DM€7 = 8Me’ + ZQMab”}/agei.

Analogously to the previous discussion, we build the following unique operators:

1
l)aﬁ+ = (Va - gHabC’}/bC) €+, (6258)
1 -
D, = (Va + gHab{ybc) €, (6.2.59)
1
Y Daet = (yava — ﬂﬂabcyabc — 5 a(;s) e, (6.2.60)
_ _ 1 iy _
V' Dge™ = (7“Va + ﬂﬂagﬂ“bc — yaaagb) €. (6.2.61)

The first two are unique because of [6.2.52] and [6.2.53] The last two turn out to be free of
ambiguities when the identity vy = 49%¢ 4 % — n24b is used. The expressions just
derived can be used, together with to define a unique generalised Ricci tensor.

We can do it in two different ways when acting on generalised vectors, which turn out to be

equivalent.

SWe do not use I' for the gamma matrices, as we do in the appendix, because this is a section about
connection components and we do not want to raise unnecessary ambiguities
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Definition 6.2.6. The components of the generalised Ricci tensor R, are equivalently
defined as:

Ragws = [Dg, D] w,  or

Rabw(z = [Da, Db] wa . (6262)

Alternatively, we can also define it using spinors, in which case we have other two ex-
pressions, both equivalent to the above.

Definition 6.2.7. The components of the generalised Ricci tensor R,; can be equivalently
defined also as:

1

§’Ra57a€+ = [’YaDaa Dl_)] 6+’ or

1 _ _

éRabV%_ = [ Da, Dy) €. (6.2.63)

Finally, we define a unique scalar.
Definition 6.2.8. The generalised the Ricci scalar is defined as:
— —Set = (*yaDa’beb — DaDa) e, or
IS = (76D(—175D(; — D“Da> e (6.2.64)
These expressions can be evaluated explicitly, using the choice é; = é; (aligned frames):

1 1

Rap = Rab—leacdeCd + QVaVb¢ + 562¢VC (6_2¢Hcab) )
1

S =R+ 4V%¢p — 4(0¢)* — §|H|2. (6.2.65)

Hence, comparing with Syg in|4.5.14] we see that the NSNS sector of type II supergravity is
given by the generalised Ricci scalar (up to integration by parts). This shows that we have
successfully "geometrised" the theory. We rename variables as follows: ¢ = ® and

d =e % /qg, (6.2.66)

where the last ¢ is a totally new variable. This allows an elegant presentation of the result.
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Theorem 6.2.3. The action for the NSNS sector of type II supergravity is given by

1
Sng = 5 / d"z ®S. (6.2.67)

6.3 Generalised Geometry and T-duality

This (short) section presents how to rephrase T-duality in the framework of generalised ge-

ometry.
It is based on [72].

The setting is the same as in section 5.3, where we derived Buscher rules. We have an
action of the form [5.3.1 where the following conditions apply:

LG =0,
LB —d¢ =0,

for some vector K and one-form (. We can incorporate both in a single generalised vector
K=K+

Motivated by the definition of isometries in ordinary geometry, let us evaluate the Lie deriva-
tive of the generalised metric G wrt K. Using[2.2.32] we obtain:

Lxg—(LxkB—d¢)g'B
LyG=| —B(Lkg ") B-Bg ' (LxkB—d() (LxkB—-d{)g'+B(Lkg™") |. (6.3.3)
—g ' (LxkB—d¢) — (Lxkg™") B Lrg™

Setting this to zero is equivalent to the two conditions [6.3.1] and [6.3.2l Specifically, the
bottom-right component is equivalent to [6.3.1] With this result, the bottom-left and top-
right components are both equivalent to The top-left component is then automatically
satisfied. In other words, the necessary conditon for T-duality is that K must be a generalised

Killing vector, i.e.

LxG = 0. (6.3.4)
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To complete the analysis, we can also define Buscher’s duality in this generalised picture.
Firstly, we note that K can be normalised so that

IK,K)=1 < K'ZK =1, (6.3.5)
where the one on the right is the component expression, with matrix multiplication implicit.
This can be achieved by choosing coordinates to that K = %. From section 5.3, we have
that ( = —igd(’ 4+ df (5.3.3), so that setting f =t we have

K = 9/0t + (dt — igje: AC'), (6.3.6)
from which we clearly see that Z(K, K) = 1.
Then we construct the 2n X 2n matrix
Tk = 19, — 2KK'T. (6.3.7)

We see that it is an O(d, d) element by explicit computation (using [6.3.5):

TiITx =T — (2KK'Z)"T — Z(2KK'T) + (2KK"Z)'n(2KK'Z) =
7 — 2IKK"Z — 2ZKK"Z + 4IK(K"IK)K'Z =T
— TiITx =T <= IT(TxX,TxX) = I(X,X) VX e T'(E). (6.3.8)

We can choose a local basis for TM and T*M such that % and dt are the first elements of

the corresponding basis. Then, setting ¢’ = 0, the T-duality matrix is explicitly given by:

1 0 . 0
_ 00 ... 0
TK:<]l e m ) with m=| . . (6.3.9)
m T—m oo T
0 0 . 0
This matrix acts on the generalised metric G as:
g = T%QTK — G(X,X) = ' (TkX, TkX) VX eT'(F). (6.3.10)

It is conventional to define T-duality in the gauge where LxB' = 0 (see and the
discussion that leads to it). According to the definition of B-transform [2.2.13] if we let

Ko = % + dt, then we have:

!

Tk = e® Ty, e % (6.3.11)
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This shows that of Tk acts as a combination of a gauge transformation on G and the usual
factorised duality.
Summarising, we have proved the following result.

Theorem 6.3.1. Consider pair of symmetries: a diffeomorphism and a gauge symmetry,
parametrised by K and (, respectively. The conditions for such pair to be an isometry is
equivalent to LxG = 0, where K = K + (.

The corresponding Buscher’s transformation, is encoded in generalised geometry by the
element Tx = 1, — 2KK”Z, which combines a gauge transformation and a factorised duality
transformation.

6.4 Double Field Theory

In this section we give a brief overview of double field theory. The idea behind this subject is
to not only double the tangent space (as we did for generalise geometry), but to double the
underlying manifold as well. Physically, double field theory is strongly linked with T-duality,
which originally motivated its study.
We follow mainly [68], [73] and [74].

When performing toroidal compactification of bosonic string theory, we found that mo-
menta along the compactified dimensions had to be quantised. We denoted them by k;, and
let us now change the notation to P;. We found that the theory contained a second set of inte-
ger numbers: the winding numbers w!. For this section, we will refer to them as P. Finally,
for the momentum along the uncompactified dimensions K, we had no constraints and no
associated winding numbers. Thus, a field would take the form ¢(K,,, Py, PI ) The amazing
thing happens when taking the Fourier transform of such field. This leads to ¢(X*, Y7, y! ),
where X* is the conjugate variable to K, Y/ is conjugate to P; and Y7 to PI. But while
X*# and Y7 have a physical interpretation (they are the coordinates for the target space that
we started with), the same in not true for Y!. These are "fictitious" coordinates associated
to the winding modes. Since T-duality mixes momentum numbers and winding numbers, we
have a mixing of Y7 and Y7 as well. A sense for aesthetic beauty motivates us to introduce

"To discuss this motivation properly we would need string field theory, but we will not go into it.
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also a dual set of coordinates for the uncompactified ones: X x- This is the starting point for
double field theory.

Making a new choice for the indices, we begin our discussion with a doubled set of 2n coor-
dinates (X*, X ) that parametrises an extended space-time. The above construction implies
that we can naturally make the following definition.

Definition 6.4.1. The double derivative operator reads:

Dar — (g?gﬁ:) _ (g;j) | (6.4.1)

The objects on which this operator acts must have 2n components, just like generalised
vectors. We have already seen in section 5.3 that a generalised vector, K arises when we
try to organise the symmetries of T-duality into a single object, so this is a nice consistency
check. We would now like to construct a generalise Lie derivative. Starting with the two
ingredients above, and inspired by the generalised Lie derivative in differential geometry (see
in particular), we make the following definitions.

Definition 6.4.2. The D-derivative is defined as asf]
(LxY)M = XNonYM — YNON XM + YoM XY, (6.4.2)
where X, Y are any two generalise vectors and dy is the double derivative operator (6.4.1)).

In the above, it is implicit that indices are contracted using the natural canonical metric,

Lx = % (]1 ]1) | (6.4.3)

A point of concern might be that we are using the same notation for the D-derivative, L,

which we recall, is given by:

as for the Dorfman derivative in generalised geometry. However, this should not create any
confusion, since we will only be dealing with double field theory in this section. Moreover,
we will see that actually there is not much need for a new notation.

It is straightforward to check that the Lie derivative is not antisymmetric, which, as in
generalised geometry, motivates the introduction of new antisymmetric operation.

8 A small spoiler: the "D" in D-derivative is not just a random letter.
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Definition 6.4.3. The C’-bmcketﬂ is defined in components as:

1
X, Y]¥ = 5 (LY LyX)", (6.4.4)
where X, Y are any two generalised vectors.

We can constrain the two brackets by considering an analogy with ordinary differential
geometry. Since the ordinary Lie derivative forms a closed algebra under the Lie bracket

(see |A.1.30)), we require that the D-derivative and the C-bracket show the same behaviour:
[Lx, Ly] = LXLY — LyLX = L[[LXJJY]]' (645)

Computing both sides acting on an arbitrary generalised vector Z (which is a tedious but
rewarding calculation, that we omit for a matter of space), we obtain:

([LX> LY]Z)M =
1 1
Lingrg + (= Zno* YN0, XM + Zy 0" XN 0 Y — éyNaKXNaKzM + §XN8KYN8KZM).
(6.4.6)

For the term in brackets to vanish, the standard choice is to impose the so-called strong
constraint:

OF ok ¥ = TMN 9y, Oy X0, (6.4.7)

where II, 3> can be any field or gauge parameter. This constraint is integrated with a second
one, called the weak constraint:

Ok 0T = TMN 93,0511 = 0, (6.4.8)

where II can be any field or gauge parameter. The weak constraint follows directly from
. We just note that the bosonic fields that we are interested in (B, g and ¢), we have
that N = N, and that we can use the "Schrodinger" representation, where the momenta
become derivative operators/”

Together, the two constraint yield the section condition:

TMNOy ® Oy = 0. (6.4.9)

9A small spoiler: the "C" in C-bracket is not a random letter either.
0For a more detailed and rigorous derivation, see [73].
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Note that all these constraints are O(n,n)-invariant, since they only involve the natural
canonical metric, which is (by definition) O(n,n)-invariant. Using the explicit expression
for ZMN it reads 8, ® 9, + 9, ® 8, = 0. A solution (which can be shown to be the unique
one, up to O(n,n) transformations) is clearly given by 9,(I1) = 0, where again IT can be
anything. This discussion leads to a very simple result.

Theorem 6.4.1. If we impose the section condition condition, then the D-derivative (6.4.2))

reduces to the Dorfman derivative (2.2.27)), and consequently the C-bracket to the Courant
bracket.

The above theorem seem to suggest that everything discussed so far is useless: nothing

depends on the extra coordinates that we introduced, and therefore we are left "only" with
generalised geometry. However, we should see the glass half full.
We have found a constraint that can always be solved, i.e. we can always find a frame in which
the fields are independent of half of the coordinates. Moreover, we note that this constraint
breaks O(n,n) invariance. The key realisation is that there is no need to solve it explicitly,
i.e. providing the frame mentioned above. Instead, we can retain O(n,n) invariance and
simply know that we can solve it whenever we like.[75] This way, we proceed to develop
double field theory, keeping in mind that only half of the coordinates have physical meaning.
The generalised metric G is defined and parametrised exactly as we discussed when dealing
with generalised geometry. Equipped with these tools, the aim is now to construct an action
for double field theory. In order to do that, we first need a notion of measure. Thus, we
introduce a scalar field d s.t. exp(—2d) has weight 1. Under generalised diffeomorphisms,
we have:

e 2 — 72 4 9y (KMe™24). (6.4.10)

Therefore, it is natural make the following identification:

e =72, /]g], (6.4.11)

with ¢ being a scalar field.

There are two possible approaches to building an action for double field theory. One is
to develop the same formalism as in section 6.2: connections, curvatures and Riemann
tensors in the new framework. The other one is to include all terms quadratic in derivatives
(with all indices contracted) involving G and d, and then constrain the result by demanding
generalised diffeomorphisms to be symmetries of the action. Following this simple procedure
(and making use of the section condition), surprisingly leads to a unique combination.
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Theorem 6.4.2. The (unique) action Sppr with only terms involving G and d quadratic in
derivatives and generalised diffeomorphism invariance is given by:

Sprr = /dnlﬂdni€_2dRDFT(H, d), (6.4.12)
with
1 1
Rprr = ggMNaMgPQaNgPQ - EQMNaMgPQanQN“‘
40y GV N Ond — AGMN 0y dOnd — Dy ONGMN + AGMN Oy Ond. (6.4.13)

And now comes the main result of this section.

Theorem 6.4.3. Using the explicit form for the generalised metric, [6.4.11|and setting 5u =0
yields:

i 1
Sprr 2= [ d"zy/—ge 2® (R(g) — 2o HuwpH? + 4V, V48 - 4V,L<I>V“<I>> . (6.4.14)

which is (again) the NSNS sector of type II supergravity.[74]
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Conclusion

In this dissertation, we reviewed some applications of generalised geometry to type II su-
perstring theory, specifically within its low energy limit and in the context of T-duality
symmetry. In order to do so, we first introduced all the relevant material, belonging to
both mathematics and physics, assuming familiarity with quantum field theory and (real)
differential geometry.

We started by providing an introduction to complex manifolds. After presenting the ba-
sic tools in complex geometry, we introduced the complex structures and studied (almost)
complex manifolds. Then, we discussed Hermitian manifolds and Kéhler manifolds, focusing
on some of their properties. To conclude chapter 1, we defined Calabi-Yau manifolds and
derived their main features.

Still on the mathematical side, we reviewed bundles and G-structures, which play a crucial
role in the construction of generalised geometry. We then defined the latter, with its most
basic objects: the natural canonical metric, the Dorfman derivative and the Courant bracket.
We also discussed the local nature of the generalised tangent bundle, mentioned its rigorous
definition, and derived the general metric. This ended the first part of the dissertation.
The second part was purely devoted to the physics, with no mention of differential geometry
at all. In chapter 3 we introduced bosonic string theory and type II superstring theory.
For both, we started with the classical action, derived the dynamics and then proceeded to
quantising. We obtained the critical number of space-time dimensions and the low energy
limit of the spectrum for both theories. As the last thing in the chapter, we wrote down the
bosonic sigma model and its low energy effective theory.

Chapter 4 focused on compactifications. The Kaluza-Klein reduction mechanism was pre-
sented in Klein-Gordon quantum field theory and for the low energy effective theory of
the bosonic sigma model. Then, we performed S! and T™ compactification on the bosonic
string theory. In both cases, we derived and discussed the resulting T-duality symmetry,
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introducing Buscher’s approach. S! compactification of type II superstring theory was also
performed, both at the level of low energy spectrum and for the full theory. To conclude
the chapter, we quickly reviewed how type II supergravity is obtained from 11-dimensional
supergravity.

The third part of the dissertation was aimed at merging the tools developed from the first
two. In chapter 5, we performed the fluxless compactification of type II supergravity, and
briefly presented the spectrum after Calabi-Yau compactification. Then, we studied the ge-
ometric nature of the NSNS sector in type II supergravity, comparing it with generalised
geometry. The same comparison was also made starting from the bosonic sigma model,
before reviewing a different approach to T-duality.

Chapter 6 is the most important one, in terms of results presented, since we described some
applications of generalised geometry to superstring theory. We showed how to recast the
bosonic sector of type II supergravity in the language of generalised geometry. We devel-
oped an elegant formulation of Buscher’s duality in terms of generalised objects. We studied
the generalised geometric structures that result from flux compactification. Finally, we gave
a brief outline of double field theory.

Of the four applications just mentioned, the former two were described in detail, while the
latter two were quickly summarised. For this reason, a more systematic development of dou-
ble field theory and a rigorous treatment of flux compactification are two natural extensions
of this dissertation. In addition to them, the study of mirror symmetry, which was briefly
outlined in section 5.1, is another candidate for further research. Finally, future investiga-
tions could also include exceptional geometry, both from a mathematical prospective and in
the context of 11-dimensional supergravity. [76] [77]
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Appendix

A.1 Conventions and facts from Ordinary Differential
Geometry

This appendix summarises some important results from differential geometry. They are
taken from [19] and [78].

Hodge Dual and Related Constructions

Let a be a p-form on a Riemannian manifold M with dimg(M) = m and with Riemannian
metric g. In a patch with coordinates {z#}, it reads: «, = ﬁAm---udem A ...Ndztr. The
Hodge dual is defined as the following map:

x1 QP(M) — Q™ P(M)

V1ol

o= k= m@ulm‘upeul"'“pﬂp+1...umdﬂup+l Ao A dxtm. (All)

Here, €, ,,, is the totally antisymmetric symbol, i.e. it takes values of £1, and its indices
are raised/lowered using the metric. Note that we have

wx = (—1)Pm P, (A.1.2)

where t = 0 for a Riemannian manifold, while ¢ = 1 for a Lorentzian one.
With these conventions, the natural volume element is given by:

x1 = —ﬁeul,..umdm‘“ A ... Ndatm = /|gldxt A A da™. (A.1.3)
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We can use the Hodge star to define a symmetric inner product:
() Q(M)xQ(M)—R (A.14)
a,f— (o, B) = / a A xf. (A.1.5)
M

We also use the Hodge star to define the adjoint exterior derivative (sometimes called the

co-differential) df, as{]

QP (M) — QP (M)
arsd = (=)™ d (A.1.6)
Note that for m even, the pre-factor is simply (—1). In components, we have:

1
(p—1)!

The adjoint exterior derivative df is the adjoint of d wrt the inner product defined above,

doa = —

Va5, o dz" A ... A dzt. A17
Bz Hp

le.
(dB, ) = (B,d'a). (A.1.8)
Another interesting result that follows from the Hodge operator is Poincare Duality:
A p-form « is harmonic if and only if *« is harmonic. (A.1.9)

A quick proof can be found in [30)].

Hodge Decomposition and Harmonic Forms
Any r-form w € Q"(M) can be written uniquely as:
w=da+d B+, (A.1.10)

where o € Q"1 (M), 8 € QT (M) and v € Harm "(M). An important consequence of this
theorem is that every cohomology class has a unique harmonic representative on a compact
Riemannian manifold.

IThis definition applies to Riemannian manifolds. For the Lorentzian case, we include an extra factor of

(=1).
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Lie Bracket and Lie Derivative

The Lie derivative is a generalisation of the ordinary derivative to the case where the under-
lying manifold is not flat. Let X be a vector field, which generates a flow ox, and Y another
vector field. Also, let p € M. Then, The Lie derivative of Y wrt X is given by

—€),Y |y =Y
Lxl¥]ly = lime g ("X( ol "’>, (A.L11)
with p’ = ox(€)p. Let U; be some chart with coordinates {z#}. Then, given two vector fields
X = X*(z)52% and Y = Y#(z)52:, the LxY is given by:
0 0 0
— (X)) Lvi() — V() - X P () ) 2
LY <X (£) 3 V¥ (@) = YO (2) =X (:p)> et (A.1.12)

It is easy to check from the component form that it is bilinear, i.e. for XY ,Z € 761713 and a,b
constants, it satisfies:

LoxwwyZ =alxZ +bLy 7 and Lx(aY +bZ)=alxY +bLxZ. (A.1.13)
The Lie derivative also satisfies the "adjoint Leibniz" rule
Lx(LyZ)=LrvZ+ Ly(LxZ), (A.1.14)
and it is antisymmetric (or skew symmetric):
LxY =—LyX. (A.1.15)

Note that "adjoint Leibniz" rule, if skew symmetry applies, is nothing but the Jacobi identity.
The Lie derivative wrt a given vetor field X can also be defined to act on any tensor field
AeTh:

Lx A= lim. <UX(E> Aly — A|p> , (A.1.16)

€
where p' = ox(€)p. It follows that for a function f € F(M),

Lxf = X[f], (A.1.17)
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where X[f] is the directional derivative. Crucially, the Lie derivative acting on any object
obeys the Leibniz rule, which is a requisite for a derivationﬂ:

Lx(fA) = X[f]A+ fLxA, (A.1.18)
Lx(A® B)=LxA® B+ A® LxB, (A.1.19)

for A, B tensor fields and f a function. The Lie derivative play a crucial role on a manifold:
they generate the action of a diffeomorphism. Let us consider a diffeomorphism of the form

o — 2" = 2"+ e X+ O(e?), (A.1.20)

which is nothing but an active coordinate transformation. Consider now a generic tensor
A € T4, Let us denote with T,/ the components in the {x#} coordinates and with
T,"*#e the components in the {z/*} coordinates. Then,

(5T,u1...,uq —_ T/,ulu-,U«q _ Tﬂl'"l‘q (A121>

Vi...Up Vi...Ur Vi...Ur

are the components of a tensor given by
6T = —eLxT + O(é?). (A.1.22)

Thus the Lie derivative encodes the transformation of the objects on a manifold under a
diffeomorphism.
The Lie bracket is a map taking two vector fields into another vector field, defined as:

[T X T = 7o
X,Y — [X,Y]. (A.1.23)

Let U; be some chart with coordinates {z*}. Then, given two vector fields X = X*(z)52;
and Y = Y#(z)5Z;, their Lie bracket is defined as:

oxH?
(X, Y]f = X[Y[f]] = Y[X[f], (A.1.24)
so that in components:
X,Y] = (X“(x)%Y“(x) — Y (2) aia X“(m)) %. (A.1.25)

2A derivation can be thought a generalisation of the derivative operator, and the Leibniz rule is its
defining property.
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Thus, we have that
(X, Y] = LxY. (A.1.26)

However, this is a mere coincidence: the Lie derivative and the Lie bracket are two different
objects a priori. The Lie bracket satisfies:

1. Bilinearity:

[aX +bY,Z] = [aX,Z] + [bY,Z] and [X,aY +bZ] =[X,aY]+ [X,bZ]. (A.1.27)

2. Skew symmetry:

(X,Y] = —[Y, X] (A.1.28)
3. Jacobi Identity ("adjoint Leibniz" rule):

[[X7 Y],Z] + HZ>X]>Y] + [[Ya Z]>X] =0 <HX> Y],Z] = [[Xv Y]7Z} + [Y7 [X> Z]])

(A.1.29)
The equivalence between Jacobi identity and "adjoint Liebniz" rule follows from 2.
The Lie derivative forms a closed algebra under the Lie bracket:
Lx,Ly|=LxLy — LyLx = Lixy, (A.1.30)

where the first step makes clear that the square brackets on the lhs denote a commutator.

Useful Formulae

Cartan’s Magic Formula:
Lo = (diy, + i,d)c, (A.1.31)
with a being a k-form and v a vector. It immediately follows that

dLya = L,da. (A.1.32)
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i[v’w]a = (ﬁviw — iwﬁv)Oé. (A.1.33)
ix(aAB)=ixa B+ (—DFanixp, (A.1.34)

with « being a k-form.
EfxOé = fEXa -+ dfide (A135)

Diffeomorphisms on a Manifold

Flows on a manifold M define diffeomorphisms of M. Than, we can construct the push-
forward and the pull-back, which satisfy:

d(f*a) = f*(da) (A.1.36)
ipexfrfoao=f"(ixa). (A.1.37)

for a form «.
X, 1Y ] = £([X YY), (A.1.38)

for two vectors X, Y.

Connection and Covariant Derivative
The connection is a map of the form:

Vi FH (M) x FH (M) — T (M)
X,Y = VY. (A.1.39)

We require it to obey:

Vx(Y+2Z)=VxY +VxZ,
Vi Z =VxZ +VyZ,
VixY = fVxY,

Vx(fY) = X[f]Y + fVyY, (A.1.40)
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where X|Y € J1 (M), f € F(M). Given a coordinate basis {9, } for vectors in a patch U,
according to the properties above, we define the covariant derivative explicitly as:

V,0, =T,,%0,, (A.1.41)

where T, ® are the connection components. Given the vectors X = X*e,, Y = Y¥e,, we
can use the above formula together with the properties to obtain:

ViY = X* (%Y” + FW"Y“) o, (A.1.42)

V.YV

where the notation at the bottom is ubiquitous in the physics literature, and is used through-
out this dissertation. By requiring that the covariant derivative of a contraction between a
vector and a one form is the contraction of the covariant derivatives, it follows that

Vudz" =T, "dz®. (A.1.43)
This implies that
0
Vya=X" (?OKV - Fwﬁozg) dx”. (A.1.44)
N — _

This can be easily extended to general tensors, for which the general expression takes the

form:
V Tulz/g — iTVlVQ + r VlTOéVQ + r VgTula -T aTV1V2 -T OCTVIVQ
H V34 ax’u V34 po v3va po V3v4 uvs Qv [0z vyo:
(A.1.45)
The metric connection satisfies:
(Vag)uw = 0. (A.1.46)

This means that the inner product of any two vectors X, Y is constant under parallel trans-
port along any arbitrary curve with tangent vector V:

Vylg(X, V)] = V" [(Veg) (X,Y) + g (V. X,Y) + g (X, V.Y)] = V' X'Y" (V,g),, = 0.
(A.1.47)
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Riemann Tensor

The Riemann tensor is defined as:
R(X,)Y,Z)=VxVyZ —VyVxZ — Vixv4, (A.1.48)

for vectors X, Y, Z. It is commonly written as R(X,Y)Z. Its components are given by:

a « a « « [e%

Sl = e+ [, Tus® — T, T (A.1.49)
The Riemann tensor has a geometrical interpretation. Let us consider an infinitesimal paral-
lelogram with sides e# and §#, i.e. defined by the coordinates (x#), (x# 4 "), (x# + €t + 0*),

(x# + 0*). Let us consider a vector V at the point p corresponding to z*. Then, we can

o _
R o =

obtain two vectors at the point ¢ with coordinates (z* + €*) by parallely transporting V
along the following two paths (in coordinates):

L. (2#) — (z' + ') — (zH 4 e + 5*).
2. (x#) = (x# + ") — (aH + e 4 0*).
Then, their difference is given by:
VI =V} = 6" RL SV, (A.1.50)
where the subscripts refer to the path. The Ricci tensor is defined as
R,, = R 0. (A.1.51)
The Ricci scalar is:

R=g"R,,. (A.1.52)

Vielbeins

Let {2*} be the coordinates of a point in a chart, {J,} be the corresponding basis for the
tangent space and {dz*} the corresponding basis for the cotangent space. Any other basis
{éa} (a=1,...,m) is given by

Ea = 6,0, with é,* € GL(m,R). (A.1.53)
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The matrices ¢, are the vielbein, and we choose them so that
€., g = Nay <= g(€as €v) = Nab, (A.1.54)

where 74, is the pseudo-Riemannian metric (diagonal with arbitrary signature). We can
extend this to all points in the chart. In words, the metric on a Riemannian (pseudo-
Riemannian) manifold can be brought to the usual Euclidean (pseudo-Riemannian) metric
via local coordinate transformations.

We define the following notation

e’ 6, =0," and e* 6" =0, (A.1.55)

nta 1 1
which immediately implies that

a

Guw = €€ Mab- (A.1.56)
We define the dual basis to {é,} as {0}, satisfying:
< 0% ¢, >= 07 (A.1.57)

The spin connection components are defined as:

Vaéb = Véaéb = wabcéc. <A158)
They are related to the connection components by:
C ~ C 8 Al 4 Jay 14
we’ = €, e l,(@eb +¢,°Tus"). (A.1.59)

A.2 Conventions and Facts about Spinors

Spinors are objects that are acted upon by objects that satisfy the Clifford algebra. A
Clifford algebra in D dimensions consists of a set with D elements I';;, (m =1, ..., D) and an
identity element I such that:

{Th, T} =Tl + 0l = 200 1 p, (A.2.1)

where 7,,,,, is (are the components of ) the flat diagonal metric of arbitrary signature. With
the above elements, it is possible to build a group under multiplication, with the following
underlying set

C'D = {ilairmvrmlmzu ---val...mD}y (A22)
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where 'y, mp = Dy D)

For even D, the group Cp has 2P + 1 inequivalent irreducible representations. Of these,
2P are one-dimensional and the remaining has dimensions 2°/2. The latter is the only one
which is a representation of the Clifford algebra. Hence, we represent I',,, with 2°/2 x 20/2
matrices and I = 1. Hence, a generic (Dirac) spinor has 2°/2 complex components. The
group Spin(1l, D — 1) is, by definition, generated by %an. A general element has the form
A= exp(iwm”an). It is customary to introduce a D + 1th gamma matrix as:

P+ =Ty - Tpy, (A.2.3)

which commutes with I',,. This means that I'’*! acted on a string of gamma matrices
"counts" they are of odd or even number. Moreover, we have that (I'’*1)% = 1,0, which
means that spinors can be classified according to:

[P = £, (A.2.4)

This defines Weyl spinors and chirality. Moreover, ['?*! anticommutes with the generators

}lwm”F mn, Which means that chirality is preserved by Lorentz transformations. Hence, Weyl

spinors of different chiralities define different irreducible representations (modules).

3Strictly speaking this is true only in half of the cases. However, in the other half we can redefine I'P+1
with a factor of ¢ and achieve the same result.
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