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Abstract

By considering Hitchin’s generalised geometry, we discuss the construction of the necessary struc-
ture on the weighted generalised tangent bundle to induce a generalised metric parameterised by
the ordinary metric, a two-form field and a scalar. It is shown that, under a combined diffeo-
morphism of the manifold and a gauge transformation of the two-form field, the variation of the
generalised metric fields are given by the Dorfman derivative and reduce to the symmetry variations
of the bosonic fields of type II supergravity: the graviton, B-field and dilaton respectively. Using
this structure, the generalised Levi-Civita connection is derived and found to be non-unique, but
a uniquely defined generalised Ricci tensor allows for the construction of a generalised Einstein-
Hilbert action. It is shown that this action exactly coincides with that of the bosonic sector of

type II supergravity.
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Chapter 1

Introduction

Differential geometry is the study of calculus on manifolds and provides the most accurate known
mathematical description for gravitational physics through Einstein’s general theory of relativity.
Einstein’s famous field equations are the statement that spacetime, as a manifold, is dynamical
and its curvature is determined by its energy content and distribution. The fact that such a simple
statement so successfully describes large-scale physics that, one hundred years after its discovery,
general relativity continues to make correct predictions makes it particularly elegant.

So, the potential to build upon these ideas using a generalisation of differential geometry is
appealing from the outset. While ordinary differential geometry is the study of differential struc-
tures relating to the tangent bundle [1], Hitchin’s generalised geometry [2] extends this bundle and
studies analogous objects. Aside from interesting mathematical discoveries that may occur, the
possibility of unifying other physical phenomena into generalised geometry motivates its study.

Of course, unification is ubiquitous in fundamental physics and the key unsolved problem the-
oretical physicists face is the unification of the classical theory of Einstein gravity with quantum
field theory — the framework describing all other observed forces and interactions in the Standard
Model of Particle Physics. The latter assumes a non-dynamical background in front of which quan-
tised scalar, vector and spinor fields interact without disturbing the underlying spacetime. This is
an extraordinarily good approximation for the energy scales attainable in collider experiments at
which various interactions are measured, but clearly fundamentally at odds with Einstein gravity.
Unfortunately, any attempt to introduce a dynamical spacetime with which the standard model
fields can interact inevitably fails. The divergent loops in Feynman diagrams require an infinite
number of counter-terms to tame, giving rise to a non-renormalisable theory with no predictive
power as a so-called theory of everything.

String theory is the study of one-dimensional quantum objects with no internal structure and
aims to evade the non-renormalisability of gravity. Arising from the study of strong interactions
but subsequently superseded by quantum chromodynamics, the quantised string spectrum consists

of an infinite tower of spin states of increasing mass classified by highest-weight representations of



the Virasoro algebra. At spin-two, the state decomposes into an antisymmetric field B,,,, a scalar
field ¢ and a traceless symmetric field, g, identified with the graviton — the quantum of spacetime
disturbances. For these massless states to transform in representations of the Poincaré group,
they must form massless representations of the little group SO(d — 2) of the Lorentz group, which
requires the dimensionality of spacetime to be twenty-six — the critical dimension of the bosonic
string [3]. Since the mass increases with spin in the bosonic string spectrum, there is a tachyonic
state at spin-one which causes yet more doubt that the theory is realised in nature. This latter
issue is evaded in the theory of quantum superstrings whose world-sheet theory is supersymmetric

and whose critical dimension is ten.

Supersymmetry is the unique additional symmetry in nature that evades the Coleman-Mandula
theorem [4]. In a certain sense, any bosonic charges other than scalar quantum numbers, energy-
momentum and the Lorentz generator would restrict the scattering angle in an interacting quantum
field theory to be non-analytic. Fermionic charges satisfying anticommutation relations are allowed,
but since the anticommutator of a conserved spin-n/2 fermionic charge is a conserved spin-n bosonic
charge subject to the restrictions of Coleman-Mandula, there is only one possibility: n = 1. These
spin-1/2 supercharges form a supersymmetry algebra whose representations are the supermultiplets

of fermions and bosons, giving the well-known symmetry between two superpartners.

Initially, there is no restriction on the number of copies of this supersymmetry. If there are
any more than thirty-two supersymmetry generators, however, massless supermultiplets necessarily

contain fields with spin greater than two, which pose difficulties in interacting theories [5].

Supergravity is a theory of local supersymmetry. As with any local symmetry, supergravity gives
rise to a “gauge” field called the gravitino whose superpartner is the vielbein: the field which makes
manifest the local diffeomorphism invariance of general relativity. Of the various supergravity
theories, eleven-dimensional maximal supergravity is notable. All higher dimensional supergravity
theories contain massless fields with spin greater than two and in all lower dimensional theories,

one cannot obtain all the standard model gauge fields via Kaluza-Klein dimensional reduction [6].

The inclusion of fermionic worldsheet modes is not unique and leads to distinct superstring the-
ories [3]. The theories of most relevance to this thesis are the two type II superstring theories which
describe quantised closed superstrings with left- and right-moving fermions [7]. The worldsheet
fermionic theory has a Zs symmetry allowing a choice of boundary conditions for the fermions on
the cylinder. These are the Neveu-Schwarz (NS) and Ramond (R) conditions and must be consis-
tent among left- and right-moving fermions giving four possible sectors of type II theories. The
NS-NS sector, in which both left- and right-moving fermionic modes have NS boundary conditions,
contains the bosons of the theory, transforming in tensor representations of the Lorentz group. In

particular, the lowest energy state decomposes into the graviton, the antisymmetric B-field, and



the dilaton. The absence of tachyons from the type II spectrum and the inclusion of spinors in the

other sectors makes type II superstring theory attractive to study.

The various superstring theories were found to correspond to Kaluza-Klein compactifications
of a theory in eleven dimensions whose low-energy effective field theory is maximal supergravity.
This is M-theory and describes supersymmetric, extended, two- and five-dimensional objects called
branes [8]. As such, the low-energy limit of ten-dimensional type ITA superstring theory is a ten-
dimensional supergravity, also labelled type ITA [9]. Type IIB supergravity isn’t obtained this way,
however for our purposes there will be no need to distinguish between the two type II theories

which differ only in their fermionic content.

The NS-NS sector of type II supergravity describes the dynamics of the low-energy, type II,

NS-NS superstring excitations. The action is given by

Sng x /dmx\/—ge_%’ R+ 4(0¢)? — 1—12H2} (1.1)

where R is the Ricci curvature scalar corresponding to the Levi-Civita connection for g and H = dB

is the field strength tensor for the B-field [9].

In what follows, in the setting of generalised geometry, we review the construction of a gen-
eralised Einstein-Hilbert action — the central object in Einstein gravity whose stationary point
satisfies the field equations of general relativity — which is equal to the action for the NS-NS sector
of type II supergravity. The fact that simple, geometric objects can neatly encode the physics of
supergravity is attractive for the same reasons that general relativity is attractive as a theory of
gravity. The equations of motion for the NS-NS fields, found by extremising Eq. 1.1, elegantly
reduce to the statement of vanishing generalised Ricci curvature on the generalised tangent bundle,

which is also found to encode the diffeomorphism and gauge symmetries of supergravity.

We first revisit some concepts in differential geometry whose generalisation will play an im-
portant role throughout. In Chapter 3, generalised geometry is introduced in it original O(d,d)
form and some of its subtleties and central objects are discussed. Consideration of generalised
G-structures and connections then lead to an explicit construction of a generalised Riemannian
metric, which contains the ordinary metric ¢ and the B-field. In order to include the dilaton, in
Chapter 4 we review the extension [10] to generalised geometry, in which the tangent bundle be-
comes weighted. The additional degree of freedom can be included as a conformal factor in classes
of generalised frames and the subsequent generalised structures are shown to induce a generalised
“metric” encoding all NS-NS fields. In order to construct curvature quantities in analogy to Ein-
stein gravity, the torsion-free, generalised connection compatible with these structures is derived

and shown to be non-unique. The generalised Ricci tensor is then shown to evade this ambiguity



and, in Chapter 5, we show this leads to a uniquely defined, generalised Einstein-Hilbert action
equal to the NS-NS action in Eq. 1.1. In the final Chapter, we conclude and discuss various other

areas of application for this type of generalised geometric construction.



Chapter 2

Differential Geometry and General

Relativity

In this Chapter, we introduce some key definitions in the geometric description of gravity that will

feature throughout this thesis.

2.1 Fibre bundles and frames

Following [1], we define a smooth fibre bundle (E, M, F,n,G), often simply denoted E. E, M
and F' are all smooth manifolds — the total space, base space and fibre respectively. For an open
neighbourhood (and element of an open cover U; of M) U; C M of x, its preimage under the smooth,
surjective projection m : E — M must be diffeomorphic to the local product space U; x F. The
corresponding diffeomorphism ¢; : U; x F — 7~ 1(U;) C E is called the trivialisation. Restricted
to each point z € U;, the map ¢;(x, ) : F — 7~ !(z) is a diffeomorphism called the fibre at z. In

the non-empty intersection of two open neighbourhoods of z, U; N Uj, the transition function

Gij = qu_l(x, )o ¢i(x, ) (2.1)

must be an element of the group G, called the structure group. For consistency with differentiability,

the group elements g;; must satisfy

gis = ¢€ (2.2a)
9ij = 95" Yz e U;NU, (2.2b)
9595k = git Yz € U; NU; NU; (2.2¢)



If G = e, i.e. all transition functions are identity elements, then the bundle is globally a product
E = M x F and known as the trivial bundle. A vector bundle is a bundle with fibres that form
vector spaces [1]. Two important examples are the tangent bundle and cotangent bundle of a smooth

manifold M, respectively defined as the disjoint unions of the tangent and cotangent spaces of M

TM = | | .M and T*M = | | T;M (2.3)

zeM reM
Elements of TM can be thought of as pairs of vectors and points (X,z), the projection map 7
takes (X, z) — x and the structure group G ~ GL(d,R) where d is the dimension of M. If FF ~ G

for some group G, then E is called a principal G-bundle [1].

A frame {e} at a point x € M for real vector bundle (E, M, F,n,G) is an ordered basis for
F at z and an element of the set of frames Fr(T,M) for the tangent space at x. A choice of
frame for each point z induces a bundle called the structure bundle F, with points (z, {e}) where
{e} € Fr(T,M) is a particular frame, and projection w : (z,{e}) — z. It can be shown that F is
a principal GL(d, R)-bundle due to the action of GL(d,R) giving the transformation between two
frames [1]. The structure bundle is an example of a frame bundle, F¢ which has fibre G € GL(d, R).

For (z,{es}) and (Z,{é,}) € Fg, the bases are related by a transformation in G
ba=Mpe, : McG (2.4)

A coordinate basis for TM at x € M is given by {9/0x"} and is motivated by the equivalence of

vectors and directional derivatives [11]. The dual basis for T*M at z is denoted {dz*}.

A section of a bundle is a map s : M — FE such that
s(v)er Hx) Vo e M (2.5)

The set I'(U;, E) of sections over some neighbourhood U; represent elements of the fibres at each
point € M and, if global sections are admitted by F, they are denoted I'(E'). The global sections
of the tangent and cotangent bundles, I'(T'M) and I'(T* M), are identified with the sets of vector

fields and covector fields respectively.

Tensor fields can be defined as smoothly assigned linear maps on sections of the tangent and
cotangent bundles at a point 2 € M [11], or as representations of the structure group: GL(d,R)

in the case of TM [10].



2.2 Lie derivatives and the Lie bracket

We require a derivative operator that allows us to compare geometric objects along integral curves
in manifolds so that we can construct curvature tensors. Any differentiable manifold admits such

an operator and we follow the conventions of [1] and [11].

The Lie derivative of a vector field Y € I'(T'M) with respect to another, X at x € M is defined

as

- *Y x’_Yz
LxY|, :=lim ox(=€).Y] | }

—0 €

(2.6)

where ' = ox(e,x) is given by the infinitesimal flow diffeomorphism along the integral curve
defined by X, and ox(—¢), is its push-forward if thought of as a function on the manifold. In a

coordinate basis, the Lie derivative has components

0 0
v " v _ K v
(LxY)' = X' oY = Yi X (2.7)

Imposing the following action on a smooth function f

Lxf=X][f] (2.8)

gives the components of the Lie derivative of any tensor field via the inner product
(-,-): T(TM) ——T(T*M)

(X,6) — £(X) = X*g, (2.9)

The variation of a tensor field T' under an infinitesimal flow diffeomorphism is given by the Lie

derivative

' s 2t + e XF 4 O(?) = T T+ elxT + O(€%) (2.10)

The Lie bracket of two vector fields is given by the Lie derivative
(X,)Y]=LxY (2.11)

It gives the closure of two infinitesimal flows along the vector fields X and Y.



2.3 Differential forms

A differential r-form field is a tensor field w € ATT'(T*M) = Q" (M) and has components given by
w = T—wm_umdx“l A ... Adxtr (2.12)

in a coordinate basis. The exterior derivative is a nilpotent, differential operator

d: (M) —— Q+(M)

W dw (2.13)

which, in a coordinate basis, is given by
dw = Opwy, v, dxt Ndz"™ A .. A dz™" (2.14)

Given a vector field X € T'(T'M), the interior product is a nilpotent, linear map

ix i QM) —— QM)

W ixw (2.15)

such that for V; € T(TM)
ixw(Vi,....Veo1) =w(X, V1, .., Vi) (2.16)
Cartan’s magic formula [1] relates the Lie derivative of an r-form w to d and ix
Lxw={d,ix}w (2.17)

An r-form w is closed if dw = 0 and ezact if w = d§ for any (r — 1)-form . We denote the space
of closed r-forms as 2" (M) and exact r-forms as Z"(M). Two closed r-forms are cohomologous if

they differ by an exact r-form.

2.4 Connections, covariant derivatives and torsion

In order to correctly take directional derivatives of tensor fields, one needs to introduce a notion of

parallel transport in the manifold M so that vectors in different vector spaces can be meaningfully

10



compared. This is achieved by defining a connection: a linear differential operator [1]

V. D(TM)x T(TM) — I(TM)

(X,Y)———— 5 VY

(2.18)
which, for all vector fields X and Y and all smooth functions f, satisfies
VixY = fVxY (2.19a)
Vx(fY) = X[f]Y + fVxY (2.19b)
In a coordinate basis {e,} for TM at z € M, the connection acts as
VxY = X"(0,Y" +w,”,Y)e, (2.20)
where the connection coefficients are defined by
w,”pev = Ve, e, =1V e, (2.21)

The generalisation to a directional derivative of a tensor field is given by the covariant derivative.

Tt is defined [11] by it action on a smooth function f

Vxf=X[f] (2.22)

and the Leibniz property

Vx(T1 @Tz) = (VxTh) @ To + Ty @ (VxT5) (2.23)

Given a connection V, the torsion map is an antisymmetric, linear map

T: D(TM) x I(TM) —— [(TM)

(X,Y) ——— T(X,Y) (2.24)

with

T(X,Y)=VxY —VyX — [X,Y] (2.25)

11



The torsion is a (1,2)-tensor given, in a general basis, by

a

be = T(easen)[e?] = W% —w, " + [en, ec]” (2.26)

Alternatively, and more conveniently, the torsion can be neatly defined using the interior product
[10]. Contracting with the first index defines a (1,1)-tensor with the following components in a

coordinate basis

(ixT)",=X"T",, (2.27)

Its action on a tensor « is given by

(ixT)a=LYa— Lxa (2.28)

where we have defined £V as the Lie derivative with 9, replaced with V,,.

2.5 Riemannian metrics and (-structures

A pseudo-Riemannian metric on a manifold M is a (0,2)-tensor field g that is symmetric and
non-vanishing [1]. Equivalently, it is the smooth assignment of an inner product to each tangent
space in the manifold, with

(X,Y)=g(X,Y) = g, X'V (2.29)

The signature of the metric is a pair (p,q) with p 4+ ¢ = d such that the matrix g,, in any basis

has p negative and ¢ positive eigenvalues.

Einstein gravity is the study of a manifold M equipped with a metric g and the corresponding
Levi-Civita connection V — the unique torsion-free connection compatible with the metric. This

means that, for all vector fields X and Y

Vg=0 and T(X,Y)=0 (2.30)

The requirement that g is smooth means it is locally flat. That is, it is possible to define a frame

{é} for M related to the coordinate frame e, by

éo =e,l'e, (2.31)

and such that

9(€as ) = Nab (2.32)

12



where 743 is the flat O(p, ¢) metric [11]. In particular, two such frames {¢} and {¢} are related to

one another by an O(p, q) transformation

€ =M,%, : M cO(p,q) (2.33)

In some sense, it is more general and more useful in the generalised geometry setting to work in
reverse. That is to say, a pseudo-Riemannian metric of signature (p,q) is defined by a so-called

O(p, q)-structure on M.

A G-structure on a manifold M is a sub-bundle of the structure bundle with fibre G [10].
Topological obstructions may prevent a G-structure being defined. For an orientable manifold M,
a GL*(d,R)-structure defines an orientation and an SL(d, R)-structure defines a volume form. If

G is the trivial group, the G-structure defines a global frame on M called a parallelisation [12].

As alluded to above, a particular O(p, g)-structure with points (z,{é}) defines a symmetric,
non-vanishing (0,2)-tensor field g by

g(éaa éb) = Nad (234)

since, for M € O(p, q)
g(Macéw Mbdéd) = MaCMbdncd = Tlab (235)

g is called a pseudo-Riemannian metric on M.

As mentioned above, a connection V is compatible with a metric g if

V,g=0 (2.36)

Equivalently, using the frame {¢é} which defines the O(p, ¢)-structure, the connection coefficients

are antisymmetric in their final two indices

w#(ab) =0 (2.37)

where wyqp = nacwuab. In fact, given a connection V compatible with a G-structure, the connection
form w,® defined by

wy" = w, Y dat (2.38)

transforms in the adjoint representation of G [1]

W MwoM ™ + MdM ™! (2.39)

and so w,® takes values in g. For o(p, ¢)-valued connection forms, we arrive at the antisymmetry

13



condition 2.37.

2.6 Riemannian geometry and general relativity

Equipped with a connection, we can construct the following curvature quantities for which we

follow [11]. The curvature map

R: [(TM)? —— I(TM)

(X,Y,Z) — R(X,Y, Z) (2.40)

is defined by commuting connections along closed integral curves defined by vector fields X and
Y e(TM):
R(X,Y,Z2) = [Vx,Vy|Z - Vxy|Z (2.41)

In some basis {e,}, the Riemann tensor has components
R%eq = (€%, R(es, ecs €4)) (2.42)

or, in terms of the torsion

R%eaZ® = [V, V|2 = T4, Z° (2.43)

The Ricci tensor is a (0,2)-tensor field given by the unique, non-trivial contraction
Rid := R%ad (2.44)
and can also be defined by the following action on a vector:
RapZ® = [Va, V| Z¢ (2.45)
The vacuum field equations of general gelativity, or the condition of Ricci flatness
Rap =0 (2.46)
is the equation of motion obtained by extremising the FEinstein-Hilbert action
S / QR = / dz/—gR (2.47)

with respect to variations of the metric gqp. In Eq. 2.47, the Ricci Scalar R is the following unique

14



scalar curvature quantity

R = ¢"Ra (2.48)

4 is the canonical volume form for the metric and g = det gqs.

15



Chapter 3

Generalised Geometry

In this Chapter, we introduce the formalism of generalised geometry, which incorporates the dif-
feomorphism invariance of the manifold and gauge symmetries of the B-field in the NS-NS action

3.2. We largely follow the original ideas of Hitchin [2] and Gualtieri [13] in what follows.

Since the B-field is a gauge field, it only defined up to cohomology, so on the intersection U; NU;
on M, it is patched as
By = By — dAay) (3.1)

for some patching one-form A(;;) € QY (M). To correctly capture the following diffeomorphism (see

2.10) and gauge variation of B on U; parameterised by vector X and one-form &
5X+§B(i) = CXB(i) + dé.(i) (3.2)
we require
Ix+eB) = Ox+eBiy) = dlu) = d€y) + LxdAgy) (3:3)

Using 2.17, we see that for vectors and one-forms to correctly parameterise the variation 3.2, they
must be patched as

Xei) +&6) = Xy +&4) — ix,dhay) (3.4)
It is these objects we attempt to repackage into one mathematical formalism in this Chapter.

16



3.1 The generalised tangent bundle, frames and G-structures

A natural first step in unifying these concepts is to extend the tangent bundle T M of a manifold

M to a generalised tangent bundle E given by [2]
E=TM&T'M (3.5)

where T* M is the usual cotangent bundle. Sections of £ are generalised vector fields V', denoted
either by a sum or a pair of ordinary vectors and one-forms, depending on which is notationally

neater

X
V=X+¢= (3.6)

3

In either case, we will use Latin characters for the vector part and Greek characters for the one-
form part of generalised vectors. Given a generalised frame {Es} € Fr(E) for M that splits into

a frame {e,} for TM and {e®} for T*M, a generalised vector has components

X* 1 A=a
VA= (3.7)
¢e A=a+d

For example, we could use the generalised coordinate basis defined as
{Eym} = {0nm} U {da"} (3.8)

A generalised frame bundle F is defined exactly analogously to the ordinary geometry case
F={(z,{Ea}) : z € M and {E4} is a basis for E at z} (3.9)

Also analogously, a generalised frame bundle is a principal GL(2d,R)-bundle. We then define a

generalised G-structure as a principal G-bundle given by a sub-bundle of F'.

There is a natural inner product for generalised vectors [14] given by
1. .
(X+6Y +n) =n(V,U) i= 5 (ixn+ i) (3.10)

which, in the basis 3.7, evidently corresponds to a metric with components

NAB = (3.11)

DO =
= o
o =

17



This is a signature (d, d) metric and thus equivalently an O(d, d)-structure defined by the choice

of frame {E} which gives a basis of the form 3.7 at each point

n(Ea, Ep) = nap (3.12)

The corresponding frame bundle is called the generalised structure bundle, since the inner product

is defined very naturally [10].

It is worth noticing the fact that n defines an isomorphism between E and E* [10], mean-
ing generalised cotangent vectors can be equivalently thought of as generalised tangent vectors.

Generalised indices A, B, ... are raised and lowered with 7.

The Lie algebra so(d, d) of the generalised structure group O(d, d) consists of elements m which

generate matrices that leave 7 invariant. This property is equivalent to

mTn = —nm (3.13)
Thus, a general element takes the form
A
m = b (3.14)
B —AT

A is an arbitrary d x d matrix generating the GL(d,R) subgroup containing matrices of the form

M 0
M € GL(d,R) (3.15)

0 M-T

Note that, as expected, this correctly embeds the action of the structure group GL(d,R) on the
vector and one-form components of a generalised vector into the O(d,d) generalised structure

group. B, are the components of a two-form and generate the group of matrices of the form [15]

exp(B) = (3.16)

which act on generalised vectors to give the so-called B-field transformation

X+E&—-X+E+ixB (3.17)

The bivector 3 € A?(T M) generates an action that does not play a significant role in our discussion.

18



3.2 The Dorfman derivative and Courant bracket

In order to construct differential operators on the generalised tangent bundle, we define an object

which generalises the Lie derivative, or so-called Dorfman derivative. Defined as

L: T(E)xT(E) —— I'(E)

VU) ——— LyU (3.18)

with
LvU:LXJrg(Y-i-’I]) :,ny-f—ﬁy?]—’iydf (319)

it appears to encapsulate the combined action of diffeomorphisms and gauge transformations 3.2
[16].

By defining the generalised partial derivative in a coordinate basis {Ep} as

O, : M=yp
=14 (3.20)

0 :M=p+d

we can rewrite the Dorfman derivative of a generalised vector U = Y +n with respect to V = X 4¢

in an explicitly O(d, d)-covariant form [10]
(LyU)M = vNoNyUM 4 (0MVN — oNV MUy (3.21)
On a function, the Dorfman derivative is defined to act as [16]
Lvf=CLxf (3.22)
and a Leibniz property defines its action on any generalised, rank-n tensor field T

(LvT)Ml"']VI” :VNaNTIVh...Mn 4 (aMlvN _ aNVMl)TNMg...]Mn +

+ (OM YN — Ny Mayp MM (3.23)

The generalisation of the Lie bracket to generalised geometry, which is most natural in the
sense that it commutes with diffeomorphisms and B-field transformations, is called the Courant

bracket. It is an antisymmetric, bilinear on generalised vector fields [2]

[.,.]]: T(E)xT(F) ——T(FE)

(V.U) —— [[V.U]] (3.24)

19



and can be defined as the antisymmetrisation of the Dorfman derivative [10]

VU] = (LU — LuV)

= (X, Y]+ Lyn— Lx&— 5 (dixn— dive) (3.25)

We can see that, given the constituent parts of the Courant bracket, it commutes with diffeo-
morphisms [1]. Specifically, given a diffeomorphism f : M — M, the action of the “generalised
pushforward”, f. ® f* : E, — Ej(;) commutes with the Lie derivative, exterior derivative and
interior product. The Courant bracket also commutes with a closed B-field transformation. To see
this, let B € Z2(M) be a closed two-form with action on a generalised vector given by 3.17. The
claim is that

[X+&4ixB,Y +n+iyB] = [[X +£Y + 1] +ix,v)B (3.26)

First note that the left-hand side of 3.26 gives
(X +&Y 4] + Lxiy B — LyixB — %d(z‘xin —ivixB) (3.27)
Now, using the antisymmetry of the inner product and Eq. 2.17, one finds
- %d(ixin —iyixB) =d(iyixB) = LyixB —iyd(ix B) (3.28)
With this, Eqn. 3.26 becomes
([X +&Y +n] +[Lx,iy]B +iyixdB (3.29)
Finally, using the fact that B is closed and the identity [1]
[Lx,iy]|B =ix,y)B (3.30)

we arrive at the result [14].

We have seen that both the inner product 7 and the Courant bracket are preserved by the

action of the following semi-direct product group
Diff(M) x Z*(M) (3.31)

It can be shown that this is the full group that preserves the Courant bracket [13]. So, these are

appropriate objects with which to build generalised curvature quantities that correctly encode the
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combined diffeomorphism and gauge invariance 3.2.

3.3 Generalised connections and generalised torsion

In this Section, we define a generalisation of the connection: a directional derivative of one gener-
alised vector field with respect to another or, equivalently, a notion of parallel transport of gener-
alised vectors in the manifold. It is this additional structure that is needed to define differential
operators and discuss the notion of generalised curvature.

A generalised connection is a linear, differential map [10]

D: T(E)x (E) —— I'(E)

(V,U) ———— DyU

(3.32)

which, for generalised vectors V and U € I'(F) and smooth function f, satisfies
DyyU = fDyU (3.33a)
Dy(fU) = U[f] + /DyU (3.33b)

Since the action of a generalised vector on a function is given by the generalised directional deriva-

tive 3.20, in a frame {E4}, with generalised connection coefficients

DyEs =97 ,Fp (3.34)

we have following action of Djs on a generalised vector
(DpU)A = 0y UA + QA 5UP (3.35)

The generalised covariant derivative is defined by the Liebniz requirement

Dy(Ue@W)=(DyU)@W +U & (DyW) (3.36)

Its action on a rank-n tensor field has components [10]
(DpT)Ar-+An = 9y TAr-An QMBAITBAQ...An TR QMBAHTAl...An,lB (3.37)

The generalised tangent space naturally admits an O(d, d)-structure meaning it is natural to

impose compatibility of the generalised connection with this structure. Since the metric nap is
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used to raise and lower indices, we see immediately that
Dyn=0 & QM(AB)ZO (3.38)

Given a dual basis {E4}, the generalised torsion map is defined to act on generalised basis
vectors as

T(Ep, Ec)[EY] = T (3.39)

Here, the generalised torsion tensor is given by contracting with a generalised vector in analogy
to 2.28
VNTM L UP = (LY — (LyU)M (3.40)

where LP is the Dorfman derivative 3.18 with dy; replaced with Dy [10]. This gives the following

form for the generalised torsion tensor
Ty p = QM p + QM py — QM + Q% oY (3.41)

Lowering the indices with 7, we find the decomposition

Typ = ()Y yp — (o) ndp €T(NE® E) (3.42)

with [10]
(T )mnp = =3 (3.43a)
(To)m = —Q,%, (3.43D)

Equipped with the generalised connection and torsion, we could define a torsion-free gener-
alised connection that is compatible with the O(d, d)-structure and use it to construct curvature
quantities. However, we need to introduce further structure that defines a (pseudo-)Riemannian
metric g on the manifold and, ideally, the other NS-NS fields too so that they are contained in

generalised curvature quantities.

3.4 The generalised Riemannian metric

As mentioned in Section 2.5, a Riemannian metric on a manifold is defined by an O(d)-structure
[12]. O(d) is also the maximal subgroup of GL(d, R) that is compact with respect to the subspace
topology. According to the Cartan-Iwasawa-Malcev theorem, such a maximal compact subgroup is

admitted by every locally compact Lie group [17]. For the structure group O(d, d) of the generalised
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tangent bundle, the maximal compact subgroup is O(d) x O(d) [18]. So naturally, defining a

generalised Riemannian metric G is equivalent to defining an O(d) x O(d) structure on E.

Following [16] we construct a generalised Riemannian metric G explicitly. Consider a manifold
M equipped with a Riemannian metric g. Notice that g can be defined by the sub-bundle containing
vectors X + g€ for X € T'(TM) and £ € T'(T*M) since g maps vector fields to one-form fields.
Also note that E can be split into two sub-bundles that contain generalised vectors of positive and

negative norms with respect to the O(d, d) metric 7 respectively, each of dimension d

E=C,aC_ (3.44)

Define the generalised Riemannian metric as a linear map

G: T(E)xT(E) ——R

(V,U) —— G(V.U) (3.45)

with
GV, U) =n(V,U)lcy —n(V,U)lc_ (3.46)

which is clearly symmetric and positive definite by definition. Also note that the structure that
separately preserves the O(d, d) metric on each sub-bundle is an O(d) x O(d) structure, as required.

Since n(V, V) =0, if V is either pure vector or pure one-form

CiNTM=CL:NT*M =0 (3.47)

A generic section of Cy is then given by X + M X for some d x d matrix M. Decomposing M into
a symmetric matrix g and an antisymmetric matrix B, notice the patching condition 3.4 implies
that

96y = 9¢) and By = By — dAg;,) (3.48)

Thus, g and B can be identified with the Riemannian metric and a B-field since they have the

correct patching.

Now, following [19] we construct the explicit matrix form of G. First set B = 0 and note that

a generic generalised vector in the C1 eigenspaces is written

Xpo =X +gX (3.49)
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Then, notice that

2X = X,y + X, and 29X = X, — X, (3.50)

These imply that, in a basis 3.7, the generalised Riemannian metric with B = 0, which we denote

G

g, satisfies

X 0 0 g lgX
Gy = and G, = (3.51)
gX gX 0

o

This gives the general form of G in this basis

G, = =G! (3.52)

To reintroduce the B-field, we recall the form of the B-field transformation 3.17. Its action on
Xg:t is

Xy = exp(B)X,e = X + gX + BX (3.53)

Using the fact that X1 are elements of the & eigenspace of the Riemannian metric G (now including
the B-field), or
G(X1) =Xy (3.54)

we see that

X1 = zxexp(B)Ggexp(—B)(X+) (3.55)

Along with the two-component form of the B-field transformation, this gives the following form of
G [19]
-1 -1
-9 B g
G = (3.56)
9g—-Bg™'B Bg!

We have successfully generalised the notion of a Riemannian metric and it contains the ordi-
nary Riemannian metric g and the B-field. One could now impose compatibility with G on the
generalised connection D defined in Section 3.3, use the form of the generalised torsion to define a
generalised Levi-Civita connection and consider the resulting generalised curvature. However, to
introduce the dilaton ¢, we must extend the generalised tangent bundle further to account for the

extra degree of freedom.
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Chapter 4

Extended Generalised Geometry

In this Chapter, we show that by extending the generalised tangent bundle F introduced in Section
3.1, the resulting O(d) x O(d) structure induces an additional object with one degree of freedom

which can be identified with the dilaton.

4.1 Extended generalised bundles

The correct way to extend the tangent bundle was discovered by the authors of [10] and we follow

their construction below. Define the extended generalised tangent bundle as
E=LagF (4.1)

where E is the generalised tangent bundle defined in Section 3.1 and L is an Rt-bundle. Under
this construction, sections of E are weighted generalised tensors of rank-1 (or weighted generalised
vectors). That is, we define L such that, for generalised vector V = X + ¢ € T'(E), the patching

conditions 3.4 are modified to
Xy + €y = (det M) N (X(j) — ix,;, dAij)) (4.2)
where M is the GL(d,R) transformation matrix. This implies that, as required
L~detT*M = AYT*M) (4.3)

There is a natural structure on F given the natural O(d, d)-structure induced by the metric 7 called

the (extended) generalised structure bundle [10], defined by

F={(x,{E4}) : € M and n(Ea, Ep) = ®*nap} (4.4)
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where ® € T'(L) and the O(d, d)-invariant metric is given by 3.11. The basis {E4} is called a
conformal basis. Analogously to ordinary structure bundles introduced in 3.1, the generalised
structure bundle forms a principal O(d, d) x RT-bundle [10]. Extended generalised tensors now
form representations of the structure group O(d, d) x R™, that is, they are representations of O(d, d)
with some weight p and are sections of the bundle

E'=I"®E®..QF (4.5)

We want to construct a generalised Riemannian metric in this extended generalised geometry
setting which contains the dilaton field ¢. To do this, we first investigate an additional structure
on E induced by so-called split frames. Given a generic basis {é,} for TM and its dual {e®} for
T*M, a split frame is defined by [10]

E, = (dete)(éq +is,B) : A=a
Ey= (4.6)

E® = (dete)e® :A=a+d

where e is the vielbein 2.31. This is a subset of the set of conformal frames since, using the

antisymmetry of the interior product, we find
n(Ea, Ep) = (dete)®nap (4.7)

and so, the corresponding split frame bundle is a sub-bundle of the generalised structure bundle.
The structure group of the split frame bundle, which we denote Ggpiit, is found by noting the

transformation properties of split frames
Eg:(dete’)(é;—&—ié;B') :A=a
E'* = (dete')e® : A=a+d

(det ') MP, (&, +ie,(B+w)) : A=a

(dete’)(M~1),%)e? : A=a+d

We see that a generic element of Ggpiit is

(det M)~* (4.9)

where w is a closed two-form and M € GL(d,R) are elements of the ordinary structure group.
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From this, we see that [15]
Gipiit =~ GL(d,R) x RU=D/2 « O(d, d) x RT (4.10)

that is, a choice of split frame induces a Ggpi¢-structure on E. In addition, we can define a

Gspiit X RT-structure by introducing a conformal split frame, which is defined as

. E, = e 2*(dete)(éq +is,B) : A=a
By = (4.11)

E% = e~ ?(det e)e? : A=a+d

The RT factor acts on the conformal factor between fibres of the frame bundle defined by the
conformal split frame [10]. We anticipate that this form can now be used to specify a frame bundle

such that ¢ and B give the dilaton and B-fields of supergravity.

4.2 O(p,q) x O(q,p)-structures and the NS-NS fields

Since supergravity motivates this whole construction, the metric g we aim for is pseudo-Riemannian.
As such, we now consider an additional O(p, q) X O(q, p)-structure on F (with p + ¢ = d) [12] in-
duced by a smaller sub-bundle of the extended generalised structure bundle 4.4. Analogously to
the construction of an O(d) x O(d) structure in Section 3.4, this is equivalent to defining a splitting
of F as in 3.44 and additionally fixing a particular weight ® € T'(L). We therefore anticipate that,
while the splitting will define the metric G as in Section 3.4, this additional freedom will define a
dilaton ¢.

Rather than explicitly constructing these objects as we did in Section 3.4, we will construct the

particular conformal split frame {E 4} which induces the O(p, q) x O(q, p)-structure. The metric

G is defined from this frame in the usual way
G=3"PE,® Fp (4.12)

where ® is the conformal factor associated to {E£4} which also defines the dilaton [10].

The particular conformal split frame {£,4} must split into
{Ea} ={ETYU{ED} (4.13)

with a,a@ = 1,...,d such that {E}} and {E;} form a conformal basis for C and C_ respectively,
that is

n(Ef Ef) = 9*nap (4.14a)



—®%nap (4.14b)
n(Ef EZ)=0 (4.14c)

for fixed density ®. Note that we change basis, so now the O(d, d) metric  has components which
differ from 3.11, given by
Nab 0
NAB = (4.15)
0 —7ap

where 745 and 7,5 are flat metrics of signature (p, q) [10].

Explicitly, we choose the conformal split frame to take the form

. Ef =e 2 /=g(éf +ef+i+B) : A=a
= ‘ (4.16)
A

By =e™*/=g(é; — ez +i B)

where ® = e72%,/—g is the fixed weight, é} and é; are independent orthonormal ordinary frames

with duals et® and e~¢, that is

) =nap and g(éz, &5 ) = ngp (4.17)
g is the ordinary Riemannian metric, given by

9=nae T @t = et @ (4.18)

Note that now we have fixed the conformal factor ® and built the frame from ordinary orthonormal
frames, the structure group of the frame bundle defined by 4.16 is clearly O(p, q) x O(q,p), giving
the required structure.

Finally, from 4.16 we see that the two objects G and ® induced by the O(p, ¢) x O(g, p) structure
contain all the NS-NS fields: g, B and ¢. In the next Section, we will construct a connection
compatible with this O(p, q) x O(g, p)-structure in addition to the original O(d, d) x RT-structure.
The torsion-free such compatible connection will be the generalised Levi-Civita connection from

which we can construct curvature quantities.

4.3 Generalised Levi-Civita connection

In this Section, we use the O(p, q) x O(q, p)-structures to construct a family of compatible, gener-
alised connections. The simplest way to do this is to lift the ordinary Levi-Civita connection V on

TM to E [10]. Despite V being torsion-free, we will find that the corresponding lifted connection
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is not by finding the components explicitly. Finally, we will define the Levi-Civita connection by

removing the torsion, but we will find it is not unique.

First, let the (extended) generalised connection act on a weighted generalised vector U € T'(F)
as

Dy U4 = 0y U + QAgUB (4.19)

where M is a coordinate basis index 3.8 and {A, B} are conformal split frame indices
U=U"Ey=uE, + (E (4.20)

Compatibility with the O(d, d) x R*-structure implies that the generalised connection forms 04 B €

I'(E*) are o(d,d) ® R-valued [1]

where Q4 are the o(d, d)-valued connection forms as in Eq. 3.38 and Ay € I'(E*) are real-valued
forms.

The action on a generalised weighted rank-n tensor a € F(E%L) is

DMaAl...An :aMOéAl"'A” 4 QMAlBaBAg...A,L o QMAnBaAl..‘A",lB

— pApyraiteAn (4.22)

where p is the weight of a or equivalently the charge labelling its representation of R* [10].

To explicitly construct the connection, we use the conformal split frame 4.11 and lift the
ordinary connection V, defined on weighted vectors and one-forms, to a generalised connection

DV with components

V,u)E, + (V,()E* M=
(DX[UA)EA'A: (Vuu®)Ey + (VuCa) 1Y (4.23)

0 c M =p+d

Exactly analogously to the construction of the generalised torsion in Section 3.3, we use the slightly

modified form of the Dorfman derivative for a weighted tensor a € I‘(E(%Z) given by

(LVO[)MI'“MH :VNaNaMan 4 (aMlvN o anMl)aNMz...Mn 4.

+ (@M VN — oMY M)t g (o V)M (4.24)

together with an analogous quantity Le to construct the (extended) generalised torsion tensor as
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in 3.40. Using the antisymmetry properties of €2, we find that [10]
Tapc = —3Qapc) + Qp” pnac — 7 n(Ea, Ly, Ec) (4.25)

Once again, the torsion tensor decomposes as T € I'(A3E @ E). Explicitly, in a coordinate basis,

Eq. 4.25 implies that

T yp = ()Y yp — (Ta)pd™y (4.26)

with
(T)mnp = =3Qunr) = —3Qunp) (4.27a)
(To)ar = =00 = A — Q% (4.27b)

Now, using the conformal split frame 4.11, we calculate T7 and T for the generalised connection

DV in Eq. 4.23. First, we utilise the Leibniz rule for the Dorfman derivative
Lyip, Ep="Ly g, (P07 Ep) = (Ly-1p, 2)0 "B+ ®Ly 1, (P Ep) (4.28)
For ® = e~2?(det e) we have

Léotio, p(e7?dete) : A=a Lo (e72dete) : A=a
Ly1p,®= = (4.29)

Lea(e™2% dete) : A=a+d 0 : A=a+d

where we also used property 3.22. Using 2.17 we see that the A = a components are
— e *?(det ) (2i¢,d + ic, ¢, de”) (4.30)

Next, we calculate the second Dorfman derivative on the right-hand side of Eq. 4.28 in two-

component blocks. For A, B = a,b we have
Ly-1jy, @ 'Ep = Le,é, + Lo, (ic, B) — i¢, (die, B) (4.31)
using the definition 3.18. Now, using 3.30 and defining the B-field strength
H:=dB (4.32)

Eq. 4.31 becomes
[ém éb] + i[éméb]B — iéaiébH (4.33)
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For A, B =a,b+d and a+ d, b we simply find that the Dorfman derivative gives the Lie derivative
of the dual basis vectors e? and e® respectively, and for A, B = a+d, b+ d, the Dorfman derivative

vanishes as it is zero on two pure one-forms. Overall, we have [10]

[€a,é] +ife, e B —ie,ie, H Le,e’

L d'Ep = (4.34)

(b_lEA

7£éb6a 0

To simplify the calculation, we will assume that the ordinary connection V is torsion-free.

Equivalently, we see from Eq. 2.26 that the coefficients of V satisfy
wp, =0 (4.35)
This implies that
Vasc) = Yanc) = %(UDBQ[ADC] +npaQc” g + e p) =0 (4.36)
and, using symmetry properties, we also find
OpPa = 4 =0 (4.37)
This simplifies the generalised torsion tensor 4.25 to
Tapc =~ (Ea, (Ly-15, )0 Ec) — @ (B4, ®Ly 15, (2 Ec)) (4.38)
The first term on the right-hand side can be calculated using the result 4.30

o - (ieyic,de + 2ig,dp)nac = B=0
— 0 ?n(Ea, (Ly-1p, ) 'Ec) = (4.39)

0 : B=b+d

This clearly forms the I'(E*) part of the decomposition, yielding

—(ig,ie,ded + 2ig,dp) : B=1b
(Ty)p = (4.40)
0 : B=b+d

The generalised covector T5 can be evaluated in a generalised coordinate basis 3.8, simplifying the

above expression considerably:

Ty = (o) EM = —2(ip,, dp)EM = —4do (4.41)
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where the factor of 1/2 in the metric n4p, which is used to raise and lower indices, gives the extra

factor of 2 [10].

Next, the second term in the right-hand side of Eq. 4.38 is calculated using 4.34 which, in the
coordinate basis, simplifies significantly. The only non-zero component is in the A, B = a, b block,
and the Lie brackets of coordinate basis vectors vanish. Taking the inner product with En, we

find the tensor T3 takes the simple form [10]

Ty = —4H (4.42)

Importantly, we have found that although the ordinary connection V is torsion free, the corre-

sponding connection lifted to E 4.23 is not free of generalised torsion.

The connection we wish to use in building generalised curvature quantities is the generalisation
of the Levi-Civita connection. As such, we must further restrict DV to be compatible with the
O(p, q) x O(gq, p)-structure. We defined this structure via the splitting of the conformal split frame
F 4 into two conformal frames on C. as in Eq. 4.16. Under this split, a weighted generalised vector

U € T'(F) takes the form
U=ulEf +u® B (4.43)

and the (extended) generalised connection becomes

Onul + Q0 =a
DyUA = oM (4.44)

A
Opu® +QMEE A

Il
QI

Compatibility with the the O(p, ¢) x O(q, p)-structure implies that Q4 ; splits into an o(p, ¢)-valued

connection form on the a,b indices and a o(q, p)-valued connection form on the a, b indices:
Qrrve) = ey =0 (4.45)
Now we explicitly construct such a connection. Consider an ordinary Levi-Civita connection V
for g. In terms of the two independent orthonormal frames {é}} and {é }, this has the action
Vuul = 0uf + (w'*')#“bui (4.46a)

V,u® = 9,u’ + (W) @Bu’i (4.46D)
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which we can straightforwardly lift to connections on E [10]

vus - M=p
pYue={ """ (4.47a)
0 cM=up+d
B Vo - M=pu
DY, U = (4.47Db)
0 cM=yp+d

The fact that V is a Levi-Civita connection implies that (w?) ube) = 0. Therefore Eq. 4.45 is

satisfied meaning DV is compatible with the O(p, q) x O(q, p)-structure.

As anticipated, despite the Levi-Civita connection V being torsion-free, its lift DV to E is
not free of generalised torsion. This is most easily seen in the case where the two independent
orthogonal bases align

e =67 = ¢, (4.48)

Now, comparing the conformal split frame 4.11, with which we calculated the generalised torsion
4.41 and 4.42, with the particular splitting frame 4.16 that defined the O(p, q) x O(q, p) structure,

we see that

U=ulEf+u’E; = (uf +u)E] + (uyq —u_q)E” (4.49)

In this case, the lift of the Levi-Civita connection 4.47 and the explicit O(d,d) x R*-compatible
generalised connection 4.23 are the same [10]. The decomposed generalised torsion quantities 4.41
and 4.42 are frame-independent, so the generalised torsion associated to the lift of the Levi-Civita
connection DV is the same. Therefore, DV is not the generalised Levi-Civita connection as it is

not generalised torsion-free.

We may add to this particular generalised connection 4.47, the components a generic O(p, q) x

O(q, p)-compatible generalised connection

Dy UA = 0y U + 3, gUP (4.50)

to obtain another

Dy UA = DY, UA + 5,4 5U8 = 0y U2 + (Q,,4 5 + 2,2 5)UP (4.51)

The compatibility of this generic connection D places the following restriction on its components

E]W(ab) - EM(&E) - 0 (452)
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Evidently, Eq. 4.27 implies that the addition of this generic generalised connection modifies the
torsion as follows [10]

(T1)apc = —4Hapc — 3¥aB0) (4.53a)
(Ta)a = —4dda — X4 (4.53b)

The generalised Levi-Civita connection should be free of generalised torsion, requiring the following

assignments to the coefficients

Ylabq = _éH[abc] Yo'y = 2000
Ylabe = _%H[Zzbc] ¥, = —205¢
Siabe) = 5Habe)
Yiaseg = %H (ab3] (4.54)

Putting everything together, the generalised Levi-Civita connection has the following action in
the frame 4.16

1 2
Doub =V,ub — éHabCuﬁr — 5(5}3645 — Nac0®P)us. + (AT) Pl

1
Daui ZVaUz_ - inbbCui
_ _ 1 o
Doul =V, ub + §Habéc—

B} N S —
Dau’ =Vau® + —H,"u’ — 2(6,"0:¢ — nac0’¢)u’ + (A7);"

e
4.
5 5 u® (4.55)

where, unlike the ordinary Levi-Civita connection, D is not unique as the tensors A* can be added
without affecting compatibility. [10]. They must satisfy the following properties in order not to

contribute to the generalised torsion
(AJr)a(bc) = (A+)[abc] = (AJr)aab =0 (456&)

(A_)a(Eé) = (A_)[(EEE] = (A7) aZ, =0 (4.56b)

4.4 Generalised curvature quantities

Equipped with the generalised Levi-Civita connection, we now attempt to form generalised curva-
ture expressions needed to study generalised Einstein gravity. These quantities should be unique
which requires evading the ambiguity introduced to the generalised Levi-Civita connection 4.55 by

the AT terms.
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The construction of generalised curvature appears to fall at the first hurdle: there is no gen-
eralised Riemann tensor. This is due to the non-linearity of the naturally defined generalised

curvature map for a generalised connection D
R(V,U,W) = [Dy, Dy]W — Diy,u W (4.57)

To see this, consider the smooth functions f, g and h and let V= X + & and U =Y + 7. Then

using
V290 = fg(IX, Y]+ Lxn = Ly€ = Jdlixn — iv€)) - 5d(Fo)lixn—ive)  (459)
we find non-linearity [10]
R(fV,gU,hW) = fghR(V,U, W) — %hn(V, U)Dyrag—git W (4.59)

However, restricted to act on V and U in different orthogonal subspaces Cy, the generalised
curvature map is linear since n(V,U) = 0. So, given the O(p,q) x O(q, p)-structure, there is a

natural generalised Riemann tensor, non-zero only if its index structure is one of the following
{Raﬁcd’ RaEajv Rabccv Rabég} (460)

Unfortunately, it is precisely these components of the generalised Riemann tensor that cannot
be uniquely defined for the generalised Levi-Civita connection D. The first two indices always
correspond to mixed commutators, for example [D,, D], and so there can be no cancellation of

A, tensors in the curvature map.

It is not the Riemann tensor that appears in the ordinary field equations though, so we attempt
to construct a generalised Ricci tensor using the index structures for which the generalised Levi-
Civita connection is uniquely defined, namely

b b Loy e
’Da'll,_,’_ :Vau+ — §Hﬁ. cu+
_ _ 1 o
Daub_ :Vaub_ + 5 abéuc_
D,uf =Vauf —2(0.0)us

Dau(z :V;lu(z — 2(8&¢)U§ (461)

35



In analogy to Eq. 2.45, we define the generalised Ricci tensor via

Rpul = [Do, Dylus or Rayu’ = [Dg, Dylu’ (4.62)

To calculate the tensor explicitly, note that

1 1 1.
DuDyuy = VaViyuy + | = 5Vally", = SH; Vo + 1 Hy B, + (0a0) By,
1 ~

- 1
DyDau” = ViVaulk + | = 2V4(0:6) = 20:0)V)b + 5 H;, Vi — (9u6) Hy, "

1
— ZH-

3" Va+ (ud) Hy", |u (4.63b)

Using the total antisymmetry of the field strength H, we find
1 1 _
Rypu® = [V, Vglu® + [— S Vally®, + (0u0) Hy,* + T H g 1O, + 2vl—,(ac¢)] ul, (4.64)

Now, using the fact that V,¢ = 9, ¢, it is straightforward to verify that the second and fifth terms

in Eq. 4.64 can be combined as

%eQ‘bVC(chae’w) (4.65)

Finally, we see that the generalised Ricci tensor is given by [10]
1 cc 1 2¢y7c —2¢
Rag = Ral; — EHG‘CEHE + QVGVE(;S + 56 V (HCGB€ ) (466)

where R,; is the ordinary Ricci tensor for the Levi-Civita connection V. If the two distinct

orthonormal frames {é}} and {é; } are chosen to coincide, the generalised Ricci tensor has the

index structure Rp.

Importantly, since R,; is the matrix representation of a linear map on Cy ® C_ only, at first
glance there is no way to infer the off-diagonal components of the full generalised Ricci tensor,
R4p in the full frame 4.13. However, if we demand that the generalised Ricci scalar R is defined

in analogy to 2.48

R=G"BR,p (4.67)
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and recall the form of the generalised metric 4.12 in this frame

ab
n 0
GAB = B (4.68)
0 nab
we can naturally define the full generalised Ricci tensor as [20]
Ray, Ry L RS R,
Rap=| @ 7| =2 b (4.69)
Rab R?ﬂ; R&b iR(SHB
The generalised Ricci scalar is thus given by [10]
1
R=TR+4V%p — 4(9¢)? — ﬁH2 (4.70)

where R is the ordinary Ricci scalar in Eq. 2.48. This is a unique, tensorial expression for the
generalised Ricci scalar curvature for a generalised Levi-Civita connection, which should appear in

the generalisation of the Einstein-Hilbert action.
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Chapter 5

The Generalised Einstein-Hilbert

Action and the NS-NS Sector

We now have all the ingredients to form a generalised Einstein-Hilbert action whose stationary
condition is that of vanishing generalised Ricci curvature. In this short Chapter, we construct this

action and find it is exactly equivalent to the NS-NS action of type II supergravity in Eq. 1.1.

5.1 The generalised Einstein-Hilbert action

Let M be a ten-dimensional manifold and E be the extended generalised tangent bundle, admitting
a natural O(10,10) x R*-structure. The generalised Riemannian metric is defined by an O(9,1) x
0O(1,9)-structure 4.16 and parameterised by an ordinary metric g of signature (9,1), a two-form
field B patched as in 3.48 and a scalar ¢. Respectively, these correspond exactly to the graviton,
B-field and dilaton in the NS-NS sector of type II supergravity.

Under combined diffeomorphisms of M and gauge transformations of B (parameterised by a
generalised vector U = X 4 ¢ € T'(E)), the invariant tensors of the O(9,1) x O(1,9)-structure: G

and @, transform via the Dorfman derivative [10]
5UG = LUG and 5Uq) = LUq) (51)

Reformulating this in terms of g, B and ¢, we see that these fields possess the correct variational

properties for two ordinary tensors 2.10 and one gauge tensor field
5X+£g = ﬁxg (5.2a)

Ox+e¢ =Lx¢ (5.2b)
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6X+EB(i) = ,CxB(i) - df(l) (526)

In a coordinate basis, the canonical volume form for the pair (G, ®) is given by [10]

Qco =v—ge 2da® A ... Nda® (5.3)

So, using the generalised Ricci scalar in Eq. 4.70, the generalised Einstein-Hilbert action is

1
Sgm o / Qc.aR = /dl%,/—ge*% R +4V2¢p — 4(0¢)* — EH2 (5.4)
M
Integrating by parts on the second term above yields
1
Spn x /dlox\/—ge_z‘i’ [R +4(9¢)? — EHQ} (5.5)

We see that the generalised Einstein-Hilbert action in Eq. 5.5 agrees with the action for the NS-
NS sector fields of ten-dimensional, type II supergravity 1.1. We have successfully reformulated
the dynamics of the bosonic fields of type II supergravity as the vanishing of Ricci curvature in

generalised geometry.
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Chapter 6

Conclusion, Discussion and Further

Research

In this work, the generalised geometry formalism, which extends the tangent bundle by the cotan-
gent bundle, was introduced. A natural O(d, d)-structure, induced by the inner product between the
vector and one-form parts of generalised vectors, was shown to exist on the generalised tangent bun-
dle. The Dorfman derivative was defined as a natural generalisation of the Lie derivative and shown
to correctly encapsulate the parameters of a diffeomorphism of the manifold and a gauge trans-
formation of a two-form field, motivating the reformulation of type II supergravity as generalised
geometry. The generalised connection was introduced and an additional O(d) x O(d)-structure
was shown to induce a generalised metric incorporating the ordinary metric and a two-form field
identified with the B-field of type II supergravity.

To further incorporate the final bosonic supergravity field, the dilaton, we introduced extended
generalised geometry which studies the weighted generalised tangent bundle. The natural structure
bundle was shown to be a principal O(d,d) x R*-bundle and, motivated by the generalised metric
in O(d,d) generalised geometry, an O(p,q) x O(q,p)-structure was defined by a splitting of the
generalised tangent bundle into positive and negative eigenspaces of the O(d,d) metric. The
generalised connection compatible with both the O(d,d) x RT- and O(p, q) x O(q, p)-structures
was defined by a lifting of the ordinary Levi-Civita connection and its generalised torsion was
found. The generalised Levi-Civita connection was derived by counteracting this torsion by adding
coefficients of a different compatible generalised connection, but it was shown to be non-unique.
The generalised curvature map, which is non-linear unless restricted to act on different eigenspaces
of the O(d, d) metric, is subsequently not uniquely defined. However, a natural generalised Ricci
tensor was given, allowing for the construction of a generalised Einstein-Hilbert action. Finally,

it was shown that this action exactly coincides with the action for the NS-NS sector of type II
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supergravity, validating the use of extended generalised geometry to describe this physics.

An obvious further issue to address is the inclusion of the fermionic sector fields of type II su-
pergravity. The authors of [10] included the R-R field strengths F' as representations of Spin(d, d)
and used the generalised Levi-Civita connection to write the spinor equations of motion and su-
persymmetry variations in a Spin(p, ) X Spin(g, p)-covariant form. The question of whether other
supergravity theories could be reformulated using generalised geometry was subsequently addressed
in [21]. In particular, the authors consider the further extension to the generalised tangent bun-
dle [15] which admits a natural Ey4) x RT-structure. The analogue of the Levi-Civita connection
compatible with the H; maximally compact subgroup of Fy(4y and the construction of correspond-
ing curvature quantities gives a geometric description of bosonic, eleven-dimensional supergravity
restricted to a d-dimensional manifold for d < 7. In a follow-up paper [22], the full eleven-

(10=d),d s A for d-dimensional

dimensional supergravity action, restricted to a warped product R
spin manifold M and d < 7, was derived.

More generally, generalised geometry and, in particular, the O(d, d) action and T-duality has
been used to describe non-geometric string backgrounds [16,23] which is an indication of the wider
applicability the formalism has in theoretical physics.

Finally, as standard differential geometry is a rich field of mathematics in its own right, with

many branches and areas of active research, the exploration of analogous concepts in a generalised

geometry setting could lead to many interesting mathematical discoveries.
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