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Summary

This thesis deals with irreducible Clifford module bundles and Dirac generating
operators of Courant algebroids.

Irreducible Clifford module bundles are real vector bundles that carry a repre-
sentation of a real Clifford algebra bundle in such a way that all the fibrewise rep-
resentations are of the same ‘type’, i.e. they are equivalent to a fixed irreducible
representation of a real Clifford algebra. As one of the main results of this the-
sis, we demonstrate a relation between any two irreducible Clifford module bundles
of the same type and use this relation to classify all such module bundles. More
precisely, given a fixed irreducible Clifford module bundle, we establish a bijection
between the isomorphism classes of all irreducible Clifford module bundles of the
same type as this fixed bundle and the isomorphism classes of all module bundles
that carry the regular representation of the Schur algebra bundle of the fixed module
bundle.

Dirac generating operators of Courant algebroids are certain first-order differential
operators defined on irreducible Clifford module bundles. The local existence of these
operators when the scalar product on the Courant algebroid is of neutral signature
(p,p) was shown by Alekseev and Xu in [AX]. We apply our results on Clifford
module bundles to extend this result to prove the existence of local Dirac generating
operators of Courant algebroids in arbitrary signatures. As a further main result of
this thesis we give a description of the set of Dirac generating operators of a Courant
algebroid in signature (p, p+1) as an affine space. In particular, the difference of any
two such operators is given by Clifford multiplication with a section of the Courant
algebroid that satisfies a certain condition. This is the first study of Dirac generating

operators that explicitly takes into consideration non-neutral signatures.

iii






To Amma, my favourite scientist.






Acknowledgements

First and foremost, I would like express my gratitude to my supervisors Vicente
Cortés and Thomas Leistner for their supervision of my thesis, all their support and
guidance. I am also very grateful to Carlos Shahbazi for his time, help and guidance

at some critical points during my PhD.

I am grateful to the University of Hamburg and the University of Adelaide for
supporting my PhD and for adapting to support me through the COVID-19 pan-
demic. I would also like to thank all the authorities and everyone concerned that

have been, in any measure, a part of the proceedings of my joint PhD program.

I could not have asked for a better person to go through my PhD with than my
doctoral sibling David Krusche. I am extremely grateful for his friendship, loyalty,
and help during many midnight math-emergencies! I am also thankful to Aron
Szabé for being kind and proof-reading this thesis, all members of RTG 1670 for
creating a vibrant environment, Ilaria Flandoli and Arpan Saha in particular. I am
also grateful to Christoph Schweigert and Gerda Mierswa Silva for anticipating the
needs of us students and offering help, even before we realised the need ourselves. I
would also like to thank Piper Harron for writing her remarkable PhD thesis, for I
desperately relied on it to get through dark times.

I am indebted to my soon-to-be husband, Vincent Koppen, for fiercely protecting
my spirit, for his love and for all his support, this thesis would not have been possible
without him. I cannot thank my parents enough for believing in me and supporting
me in the pursuit of unconventional paths, regardless of what the society told them.
I am fortunate to have found a second pair of parents in my grandparents. I am

also most grateful to Niko for teaching me how to listen to myself.

Finally, I cannot end without thanking Vayu, my furry, exuberant bundle of pure

joy, for his unconditional love!

vii






(I__Introduction|

B Preliminarics

Contents

[2.1 Clifford Algebras and Spin Geometry| . . . . . . . . .. ... ... ..

[2.1.1 Quadratic vector spaces|

[2.1.2  Cliftord Algebra: Definition| . . . . . . .. ... .. ... ...

[2.1.3  Zs-grading of Clifford algebras and Clifford modules|. . . . . .

[2.1.4  Classification ot Clifford

algebras| . . . ... .. ... ...

[2.1.5  Spin Groups and their Lie algebras| . . . . . . .. .. ... ..

[2.1.6  Representation Theory]

[2.1.8  Spin Structurel. . . . .
[2.2  Generalised Geometry| . . . .
[2.2.1  Courant Algebroids| . .

[2.2.2  Connections, E-connections and generalised connections|. . . .

[3.2 Intertwiners of C/(F)-module bundles{ . . . . . . ... ... ... ...

[3.3.1 An algebraic interlude]

[3.3.2  "Tensoring over the Schur algebra bundlef . . . . . . . . .. ..

10

14
17
19
24
26
27
27
33
34

37
37
40
42
45
47
49
52

X



Contents

[4  Part II: Dirac Generating Operators| 57
[4.1  Dirac generating operators of Courant algebroids| . . . . . . ... .. 57
4.2 The Existence of Local DGOg . . . . . . ... ..o o000 60
4.3 The space of local DGOs in signature (p,p+ 1)} . . . . .. ... ... 73

431 Proof of Lemmald 16l . . . . . . .. ... 84
432 Proofof Theorem4. 101 . . . . . .. ... ... ... .. ... 87




Introduction

None of this was too painful, it was
another of life’s perpetual little
torments, that was all, nothing when
measured against what K. aspired to,
he had not come to this place to lead

a life of peace and honour.

Franz Kafka, The Castle

This thesis relates objects encountered in two areas of mathematics — spin geom-
etry and generalised geometry.

In spin geometry, we encounter an associative algebra called a Clifford algebra.
Such an algebra arises naturally from any pseudo-Euclidean vector space. The
Clifford algebra contains the spin group which is the central object of study in spin
geometry along with the cohort of its representations and other geometric structures
that can be associated to it.

There are at least two approaches to the study of spin representations and more
generally Clifford representations at the level of bundles. The classical approach be-
gins by assuming the existence of a spin structure on a pseudo-Riemannian manifold
(M, g) [LM]. To every spin structure we can associate a Clifford module bundle. We
do this by taking a spin structure and a representation of the corresponding spin
group to obtain the so-called spinor bundle S via the associated vector bundle con-
struction. Now, if we denote by C{(M, g) the bundle of Clifford algebras associated
to the tangent bundle of the manifold, then we can show that the spinor bundle S
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carries a representation of the Clifford algebra bundle C¢(M, g) and is therefore in
fact a bundle of Clifford modules. In this way, the existence of a spin structure on a
pseudo-Riemannian manifold implies the existence of a bundle of Clifford modules.
The converse however is not true, one can have Clifford module bundles without
spin structure, for examples see [E'T, [LS1].

An alternative approach to spin geometry starts with the assumption that (M, g)
admits a bundle of Clifford modules S over C{(M, g) without necessarily associating
it to a specific spin structure. Generally this assumption is weaker than assuming
the existence of a spin structure and has been found useful for various applications
in mathematics and physics. For a detailed discussion see [FT), [LST].

In this thesis, in the spirit of the latter approach, we begin with a pseudo-
Riemannian vector bundle (£, (-, -)) of signature (r, s) on a smooth manifold M and
consider the Clifford algebra bundle C/(E) associated to it in the natural way. We
assume the existence of module bundles S over the Clifford algebra bundle C/(E),
here onwards called Clifford module bundles, and ask how any two such irreducible
Clifford module bundles S and ¥ that are of the ‘same type’, are related. By ‘same
type’ we mean that each fibre of both Clifford module bundles is equivalent to a fixed
Clifford module RN = %3, = S, for some N € N, over the standard Clifford algebra
Cl(r,s) = Cl(E),. This question has been studied thoroughly when the Clifford
module bundles are associated to spin structures or spin® structures [FT), [LM, [F]
but here we consider them in greater generality.

An answer to the above question is relevant in various contexts in which spin
geometry plays a role. In particular, it is necessary when a ‘parametrisation’ of
spin structures or spin® structures is required, such as in Seiberg—Witten theory [N|
Sal [F'V]. The choice of a spin structure determines the amount of super-symmetry
preserved by solutions of supergravity equations [FG], which is another area where
the answer to our question is relevant. In this thesis we show that in the context
of generalised geometry, when developing a theory of Dirac generating operators of
Courant algebroids, an answer to the question becomes important.

In Chapter [2] we collect all the background we need for this thesis. In Chapter
Bl we answer how any two irreducible Clifford module bundles of the same type
are related and arrive at the first main results of this thesis. We begin with a
definition of module bundles over arbitrary algebra bundles. Our algebras are always

assumed to be associative and with a unit. For a C/(E)-module bundle X, the



Schur algebra bundle C(3,T%) is defined, fibrewise, to be the centraliser of the
irreducible representation of C/(E), on ¥,. Then we describe the notion of taking
the ‘tensor product of module bundles over an algebra bundle’ which is the natural
generalisation of the algebraic notion of taking the tensor product of modules over
an algebra, to fibre bundles. First we show that the bundle of all C/(E)-equivariant
homomorphisms between two Clifford module bundles ¥ and S denoted by L =
Homey(g) (2, S) — M is a right C(X,T'¥)-module bundle, i.e., L admits an action
of the algebra bundle C (X, I'*) from the right. Next we show that 3 admits a natural
left action of the algebra bundle C(X,T'¥). After that, we define in Lemma the
bundle 7 : L ®¢sroy ¥ — M as a quotient of the bundle L ®g ¥ — M by a
subbundle that relates the actions of C(X,I'*) on L and on ¥ and show that this
bundle is isomorphic to S as a C/(E)-module bundle. The statement of Theorem [3.21]

stated below summarises this result.

Theorem. Let S — M and ¥ — M be two CL(E)-module bundles of type [7]
where v is an irreducible representation of Cl(r,s) on RN. Let L be the bundle of
all CU(E)-equivariant homomorphisms between the module bundles ¥ and S. Then
L ®cxrey X — M and S — M are canonically isomorphic as CL(E)-module

bundles.

Further, if we fix a C/(E)-module bundle of type [v], we obtain a classification
of irreducible C/(E)-module bundles which establishes a bijection between the set
of isomorphism classes of irreducible C¢(E)-module bundles of type [y] and the
isomorphism classes of C(S,T"¥)-module bundles of the regular type. By this we
mean that the type of the C(S,I"*)-module bundle is the regular representation of
the typical fibre of C(S,T'®) on itself by composition from the right. This result,

Theorem [3.28| is summarised as follows.

Theorem. Let S — M be a fized irreducible CL(E)-module bundle of type [v].

Then there exists a bijection between the following sets:

A = {isomorphism classes of irreducible CL(E)-module bundles of type [v|}

!

B = {isomorphism classes of right C(S,T*)-module bundles of reqular type}
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In Chapter 4] we apply the results that we have obtained so far to the study of

Dirac generating operators on Courant algebroids in generalised geometry.

Generalised geometry as first developed by Hitchin, Gualtieri, Cavalcanti [Hi, [G]
CaG] emerged as a way of unifying symplectic geometry and complex geometry
into a single framework. The basic idea was to think of symplectic and complex
structures not as linear operators on the tangent bundle T of a manifold but on
the sum of the tangent and the cotangent bundles 7' @ T™ of the manifold. A
Courant algebroid is a generalisation of this notion. Courant and Weinstein first
proposed the idea of a Courant algebroid in their work on Dirac bundles [Co|. Liu,
Weinstein and Xu in [LWX] systematised the definition of a Courant algebroid in
their work generalising the notion of the Drinfeld double to Lie bialgebroids and
Roytenberg refined this definition to its current one [R1]. A rich theory has now
developed in generalised geometry with the concept of Courant algebroid at its
center. A Courant algebroid is a vector bundle £ — M endowed with a symmetric
bilinear form (-, -) € T'(Sym? E*), a bracket called the Dorfman backet [-,-] : T'(E) ®
I'(E) — T'(E) and a bundle map called the anchor map 7 : E — TM which
satisfy some compatibility conditions. The Dorfman bracket is interesting in that
it is not skew-symmetric but satisfies the Jacobi identity in the Leibniz form i.e.,
(X, [V, Z]] = [[X, Y], Z] + [V, [X, Z]] for X,Y,Z € ['(E).

Dirac generating operators (DGOs) were first defined by Alekseev and Xu in
an unpublished manuscript [AX] in an approach to understand Courant algebroids
and as analogues of Kostant’s cubic Dirac type operators [Ko]. Alekseev and Xu
defined Dirac generating operators to be first-order odd differential operators. These
operators were defined on irreducible module bundles of Clifford algebra bundles
associated to pseudo-Riemannian vector bundles (E, (-, -)) of neutral signature (n, n)
and satisfied the properties in Remark [4.2] In their work, they showed that with a
Dirac generating operator, it is possible to define a Dorfman bracket and an anchor
map on E such that the pseudo-Riemannian vector bundle (£, (-,-)) becomes a
Courant algebroid. Since Courant algebroids are, in particular, pseudo-Riemannian
vector bundles, DGOs can be defined on Courant algebroids. In such an instance,
if the Dorfman bracket and the anchor map induced by the DGO coincide with the
Dorfman bracket and the anchor map of the underlying Courant algebroid, then
the DGO is called a ‘Dirac generating operator of a Courant algebroid’. Note that

DGOs of a Courant algebroid are not unique.



Alekseev and Xu proved that DGOs exist locally on every C/(FE)-module bundle
and showed that any two local DGOs ¢ and 4 differ by the Clifford action of a section
of E. Cortés and David in [CD1] developed a refined approach to Dirac generating
operators by taking into account the structure of regular Courant algebroids with
scalar product of neutral signature. They use a dissection of a regular Courant
algebroid to arrive at an explicit formula for the standard form of the globally
defined canonical DGO in terms of data encoding the regular Courant algebroid.
They then applied their results to the study of integrability of generalised almost
Hermitian structures.

Following the work of Alekseev and Xu in [AX], the notion of a DGO has found
relevance in various contexts that involve a Courant algebroid. In the work by
Chen and Stiénon [CS], it is shown that given a pair of Lie algebroid structures
on a vector bundle A and its dual A*, and given a line bundle £ of a specified
kind, the condition for the pair (A, A*) to be a Lie bi-algebroid is for the sum of
two naturally defined differential operators associated to A and L, to be a Dirac
generating operator. In a recent extension of this work Cai, Chen, Honglei, Lang
and Xiang in [CCLX] show that the square of a Dirac generating operator gives rise
to an invariant of the split Courant algebroid to which it corresponds. Gruetzmann,
Michel and Xu in [GMX] show that the square of a DGO is an invariant in the case
of more general Courant algebroids. DGOs have also been employed in gauge fixing
Weyl degrees of freedom in the space of generalised connections with torsion 7T in
the work of Garcia-Fernandez [GE]. They have also found application in the context
of generalised scalar curvature [GFS].

An alternative approach to Courant algebroids has been taken from the per-
spective of graded symplectic supermanifolds by Weinstein, Roytenberg, Severa
[R1, R2 S] and others. Dirac generating operators have also been studied within
this approach [S, SV, [GMX].

In [CD2], Cortés and David develop a theory of T-duality for transitive Courant
algebroids with scalar product of neutral signature. They recognise that canonical
Dirac generating operators d and dﬁ intertwine the map induced by T-duality
between the spaces of sections of the canonical weighted spinor bundles Sg and
Sz of the T-dual Courant algebroids £ and E respectively. In order to extend
their theory to more general Courant algebroids such as, for example, odd exact

Courant algebroids |[Ru], which are not of neutral signature and are of odd rank,
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they suggested that it would be useful to develop a theory of Dirac generating
operators for such Courant algebroids. This was our primary motivation to study
DGOs of Courant algebroids in arbitrary signatures.

The classification of real Clifford algebras tells us that real Clifford algebras are
sensitive to the signature of the underlying pseudo-Euclidean vector space. Since a
Courant algebroid structure is built on top of a pseudo-Riemannian vector bundle,
we approach DGOs by keeping the signature of the Courant algebroid at the center
of our enquiry. In doing that we are able to extend the result of Alekseev and Xu
[AX] and Cortés and David [CD1] on the existence of local DGOs of regular Courant
algebroids in neutral signature to arbitrary signatures. This is the first of our main
results, Theorem [£.4] in Chapter [4

Theorem. Let E be a reqular Courant algebroid with scalar product of arbitrary
signature. Every CL(E)-module bundle S of type [y|, where v is an irreducible rep-

resentation, admits locally a Dirac generating operator.

One of the difficulties in generalising the result of [AX] and [CD1] to Courant alge-
broids E of arbitrary signatures lay in the problem of constructing an F-connection
D% over any irreducible C/(E)-module bundle S for a given generalised connection
D on E such that D® is compatible with the Clifford action. This in turn relies on
the answer to the question of how two irreducible Clifford module bundles S and
> of the ‘same type’, are related. Thus we are led back to our theory of Clifford
module bundles in Chapter |3|and see that the theorems and various lemmata proven
there find an application here.

If we have two DGOs ¢ and ' of a Courant algebroid of signature (p, p+ 1), then
what is 4 — dl? This is the question we ask next. In answering that we find that
the space of local DGOs in signature (p,p + 1) is also an affine space, analogous
to the space of local DGOs in neutral signature [CD1]. Note that as per our sign
conventions, we have Cl(p,p + 1) = R[2”] @ R[2?]. The challenge in arriving at
the final main result of this thesis came from having to make do with not having
injectivity of real irreducible Clifford representations p : C£(p, p+1) — Endg(R?").
To address this issue we prove Lemma [4.16}

Lemma. Let CU(E) be a Clifford algebra whose underlying pseudo-FEuclidean vector
space has signature (p,p + 1) and let (S,v) be an irreducible C¢(E)-module. Let



A € End(S) and assume that for allv € E we have {A,~,} = Adg for some X € R.
Then A = ~, for someu € E.

Our proof to this lemma is combinatorial in nature. Before giving the abstract
proof in full generality, we explore many examples and even prove this lemma for
the Clifford algebra C¢(2,3). Finally as the last result of this thesis we prove Theo-
rem [4.10] the proof of which constitutes the remaining part of Chapter [4}

Theorem. Suppose there exists a DGO d of a Courant algebroid E — M of
signature (p,p + 1) on an irreducible CL(E)-module bundle (S,~). Then the set of
DGOs of E on (S,7) has the structure of an affine space modelled on

Vyi={e e T(E) [ {d,7.} € C*(M)}.
In particular, Vy is independent of the choice of the DGO d.

In future work, one of the obvious next open questions is to determine the space
of local DGOs in all signatures. This will provide us with the base work necessary
to construct a canonical i.e., globally defined, DGO and determine a standard ex-
pression for it in all signatures. With the results we have obtained in this thesis, the
immediate next open problem is to construct a canonical DGO and its standard form
in the (p, p + 1)-signature case. In order to further develop the theory of Dirac gen-
erating operators, it would be interesting to integrate the approach to study DGOs
using deformation quantisation of graded Poisson algebras as in [S, ISV, [GMX] with
our approach to DGOs in this thesis. Another interesting open problem is to clarify
the relation between Kostant’s cubic Dirac type operators [Ko| and Dirac generating

operators.






Preliminaries

They say ‘selbststéandig’, implying
that you stand on your own. But
who actually stands on their own?
We are all, if we stand, supported by

any number of things.

Judith Butler

2.1 Clifford Algebras and Spin Geometry

In this section we describe an algebra, called Clifford algebra, that can naturally be
associated to a vector space equipped with a quadratic form. We will begin with a

short note on vector spaces equipped with quadratic forms.

2.1.1 Quadratic vector spaces

Let (V,K) be a vector space over the field K = R or C endowed with a symmetric
bilinear form (-, -) : V' xV — K. Then to this bilinear form can be associated a map
q: V — K called the associated quadratic form which maps v — ¢(v) := (v, v).
The symmetric bilinear form can be recovered from the associated quadratic form

by polarization as follows:

1
(w,y) = 5(a(z +y) —q(z) = a(y))-
Conversely, given a vector space (V,K) over a field K, a quadratic form is a map
q : V — K such that g(av) = a?q(v) for a € K,v € V and the function (u,v)

9
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q(u+v) —q(u) — q(v) is bilinear. A symmetric bilinear form called the associated
symmetric bilinear form can be naturally associated to a quadratic form by
defining (-,-) : V x V — K as (u,v) — (u,v) := 3(q(u+ v) — q(u) — q(v)).

If we fix a vector space (V,K), then set of all symmetric bilinear forms over V' are
in one-to-one correspondence to the set of all quadratic forms over V. That is, the
notion of having a quadratic form over a vector space is equivalent to the notion
of having a symmetric bilinear form on it. In our work we will use these notions
interchangeably depending on the context and a vector space equipped with either a

symmetric bilinear form or a quadratic form will be called a quadratic vector space.

2.1.2 Clifford Algebra: Definition

Henceforth we will assume that all our vector spaces are over R unless stated other-
wise. Given a vector space V' we can associate to it, naturally, an algebra called the
exterior algebra A®*V and this association carries over naturally to vector bundles.
In a similar way, a vector space V' equipped with a quadratic form ¢ has a naturally
associated algebra called the Clifford algebra C¢(V, ¢) and this association also car-
ries over naturally to quadratic vector bundles. Furthermore, the exterior algebra
bundle A*E — M associated to a vector bundle E — M and the Clifford algebra
bundle associated to the same quadratic vector bundle £ — M are isomorphic as
vector bundles (but not as algebra bundles). We will now define Clifford algebra
in a few equivalent ways. For details and proofs, the reader is invited to look at
standard texts like Spin Geometry by Lawson and Michelsohn [LM].

Definition 2.1. The Clifford algebra of a quadratic vector space (V) ¢q) is the quo-
tient of the tensor algebra 7 (V) = Y22 ®"V of V by the ideal Z,(V') generated
by all elements of the form v ® v 4+ ¢(v)1, where v € V| i.e.,

CUV,q) =T (V)/Zy(V).

There is a natural injection V < C/(V, q) which is the image of V = @'V under
the canonical projection m, : T(V) — Cl(V, q).

A Clifford algebra can also be seen as generated by the vector space V' C Cl(V, q)
subject to the relations:
v-v=—qv)l (2.1)

10
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for v € V. For all v,w € V the relation is
veow4w-v=—2(v,w) (2.2)

where 2(v,w) = q(v + w) — q(v) — q(w) is the polarisation of q. A Clifford algebra

can therefore be seen to be fully characterised by the following universal property:

Proposition 2.2. [LM] Let f : V. — A be an injective linear map into a real

associative algebra with unit such that

for all v € V. Then [ extends uniquely to a real algebra homomorphism f :
Cl(V,q) — A. Furthermore, CL(V,q) is the unique real associative algebra with

this property. This can be summarised by the commutative diagram

(V,q) ————— CL(V,q)
N

This universal property of Clifford algebras gives rise to a functor between the
category of real quadratic vector spaces and the category of real associative algebras

with units.

2.1.2.1 Relation between the exterior algebra and Clifford algebra

If the quadratic form is identically zero, ¢ = 0, then observe that C{(V,0) = A®V.
The vector space underlying the exterior algebra A®*V and the Clifford algebra are

canonically isomorphic as is summarised by the below proposition.

Proposition 2.3. [LM] There is a canonical vector space isomorphism A*V =
ClV,q).

Note that the above isomorphism is not an isomorphism of algebras in general
and is only so if ¢ = 0. Furthermore, since this map is canonical, it makes sense to

speak of embeddings in the sense of
A"V CClV,q) forallr>0. (2.3)
We can deduce from the above proposition that dim C/(V, q) = 24m(V),

11



Chapter 2 Preliminaries

2.1.3 Zs;-grading of Clifford algebras and Clifford modules

Consider the unique automorphism that extends the map a(v) = —v for v € V,
a:ClV,q) — CUV,q), (2.4)
Since o? = 1d, there is a decomposition of C/(V, q) into eigenspaces of a,

CUV,q) = CL*(V,q) ®CLY(V,q), (2.5)
where Cl/(V,q) = {z € CLV,q) | a(x) = (—1)'z} are the eigenspaces of . The
eigenspaces satisfy the below property where the indices are taken modulo 2,

CE(V, q) - CE(V, q) C CEOH(V, q). (2.6)

An algebra that satisfies properties and is called a Zy-graded algebra.
Cl°(V,q) is called the even part of C/(V,q) and is a subalgebra. However, C/*(V, q)
is only a linear subspace of C/(V,q) and is called the odd part. This grading is
called the canonical Z,;-grading and has important consequences in the theory

and application of Clifford algebras.

2.1.3.1 Volume element and volume grading of Clifford algebras

We will now consider the Clifford algebra C{(r, s) := C¢(V,q) where V = R"** and

) =l 27)

Cl(r,s) will be called standard Clifford algebra. We begin with the below defi-

nition of volume element.

Definition 2.4. Consider the quadratic vector space (R""*, ¢) and fix an orientation.
Let ey, ..., e.+s be any positively oriented g-orthonormal basis. Then the associated
volume element is

wi=er---eys €CUT,S) (2.8)

Note that the volume element is independent of the choice of a positively oriented

g-orthonormal basis.

Proposition 2.5. [LM|] The volume element (2.8)) in CL(r, s) has the following basic
properties. Let n =1+ s. Then:

W = (—1)"E (2.9)

12
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vw = (—1)""'wv forall veR" (2.10)
In particular, if n is odd, then the element w is central in CL(r,s). If n is even, then
Pw = wa(e)
where « is the automorphism for all o € CL(r, s).
The property can be rewritten as

) (—=1)° if n=3 or 4 (mod4),
W = | (2.11)
(—1)s+ if n=1 or 2 (mod4).

Proposition 2.6. [LM] Suppose the volume element w in Cl(r,s) satisfies w? = 1

and set
+_ 1 -1
Tt = 5(1 +w) and T = 5(1 —w) (2.12)
Then w and 7 satisfy the relations
4+ =1, (2.13)
(1) =, and (7)Y =n", (2.14)
atr =1t =0 (2.15)

The above proposition leads to two important facts. The first one describes the
conditions under which the volume element of a Clifford algebra induces a grading

on it, the so-called volume grading, via the idempotents 7:

Proposition 2.7. [LM] Suppose that the volume element w in CL(r, s) satisfies w* =

1, and that r + s is odd. Then CL(r,s) can be decomposed as a direct sum
Cl(r,s) =Cl(r,s)" @ Cl(r,s)” (2.16)

of isomorphic subalgebras, where Cl(r,s)* = 7% - Cl(r,s) = Cl(r,s) - 7= and where
a(Cl(r,s)*) = Cl(r,s)T.

The second statement describes the conditions under which one obtains a grading

on a Clifford module:

13
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Proposition 2.8. [LM] Suppose that the volume element w in CL(r, s) satisfies w? =

1 and that r+s is even. Let V' be any Cl(r, s)-module. Then there is a decomposition
V=VteV"
into the +1 and —1 eigenspaces for multiplication by w. In fact,
Vt=xgt.V and Vo =71V (2.17)
and for any e € R™* with q(e) # 0, module multiplication by e gives isomorphisms
eVt — V-~ and e: V- — VT (2.18)

Returning to the canonical grading of the Clifford algebra C{(r,s) = C°(r,s) ®
Cl'(r,s) given in (22.5) we have the following relation between a Clifford algebra and
the even part of another Clifford algebra.

Proposition 2.9. [LM|] For all r,s there is an algebra isomorphism

Cl(r,s) 2 CL(r+1,s)

2.1.4 Classification of Clifford algebras

The following proposition states how standard Clifford algebras can be generated

from an orthonormal basis of R"5.

Proposition 2.10. [LM] Let ey,...,e.1s be any q-orthonormal basis of R™* C

Cl(r,s). ThenCl(r,s) is generated as an algebra by ey, . . ., e,4s subject to the relation
eiej + eje; = —2¢€;0;5,

where €; = q(e;,e;) € {x1}.

Example 2.11 (Low-dimensional Clifford algebras).

« the ‘trivial’ case: Consider the Clifford algebra C¢(0,0) which is associated
to the quadratic vector space (R, ¢ = 0). Then C¢(0,0) = R with isomorphism
given by z1 <— .

e C/(1,0): This Clifford algebra is generated by one element say e € R subject
to the relation e? = —1 and it is isomorphic to C as a real associative algebra

via the isomorphism x1 + ye <— x + 1y.

14



2.1 Clifford Algebras and Spin Geometry

e C4(0,2): This Clifford algebra is generated by two elements say e; and e
obeying the relations e? = 1 = ¢3 and eje; = —egeq. The resulting algebra is

isomorphic to the algebra of real 2 x 2 matrices via the isomorphism:

r+y z+w>

xl + ye; + zes + werey —— (
Z—w T —Y

« C{(2,0): The Clifford algebra C¢(2,0) is also generated by two elements e; and
ey satisfying the relations e? = —1 = e2 and e;ey = —ege;. Then C£(0,2) = H

via the isomorphism:
1’01 + x161 4+ X969 + 136169 > T + T11 + TEQj + xgk

e Cl(0,1): The Clifford algebra C¢(0, 1) is generated by one element say e subject
to the relation e? = 1. We can define complementary idempotents 7. = %(1 +
e) which obey the relations 7, + 7_ =1, my7_ = 0 and 72 = 7. Therefore
C¢(0,1) can be decomposed into complementary subspaces. C£(0,1) 2 R® R
with explicit isomorphism zm, + ym_ +— (z,y).

e Cl(1,1): This Clifford algebra is generated by two elements which we can call
e; and e, satisfying the relations €2 = —1 and e3 = +1 with eje; = —ege;.
It can be identified with R[2], the algebra of a real 2 x 2 matrices via the

isomorphism

r+z y—w)

xl + ye1 + zes + wereg — (
—y—w T—2z

We can obtain an explicit description of the algebras C/(r, s) as real matrix alge-
bras with entries from R,C or H by using the isomorphisms identifying the lower-
dimensional Clifford algebras C¢(1,0), C£(0,1), C¢(1,1), C£(2,0) and C£(0,2) with

matrix algebras and the theorem below.

Theorem 2.12. [LM] There are isomorphims

Cl0,n+2) = Cl(n,0) @ CL0,2) (2.19)
Cl(n+2,0) = Cl0,n) ®CL2,0) (2.20)
Clr+1,s4+1)=CLl(r,s) ®CL(1,1) (2.21)

for alln,r,s > 0.

The complete classification is summarised below in Table 2.1.4]

15
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2.1 Clifford Algebras and Spin Geometry

2.1.5 Spin Groups and their Lie algebras

Let C4(V, q)* denote the group of invertible elements in the Clifford algebra C/(V, q).
Then we can define two subgroups of C/(V, q)* called the Pin-group and the Spin-

group as follows,
Pin(V,q) ={v1...v, € CU(V,q)* | q(v;) = %1V j} (2.22)

and
Spin(V,q) ={v1...v, € Pin(V,q) | riseven }. (2.23)

Alternatively, the Spin-group can also be seen as follows,
Spin(V; q) = Pin(V,q) N CE(V, q).

When V' = R""* and ¢ is the quadratic form ({2.7)), we denote the Spin and Pin groups
by Spin(r, s) := Spin(V, ¢) and Pin(r, s) := Pin(V, ¢) and we have the following short

exact sequences.

Theorem 2.13. [LM|] Let V be a finite-dimensional vector space over R and let q
be a non-degenerate quadratic form on V. Then there are the following short exact

sequences.

0 — Zy — Spin(V, q) 2% SO(V, ¢) — 1

0 — Zy — Pin(V, q) 2% O(V, ¢) —> 1.

Here the group homomorphism Ad is defined by
Ady(y) = a(0)yo™",

where « is the automorphism (2.4]) and is called the twisted adjoint representa-
tion.
2.1.5.1 Lie algebra structures

In this section we will state some properties of the Lie algebra associated to the group
Spin(r, s). First note that c[*(r,s) = (Cl(r,s),[-,-]) where [¢, 0] = ¢p-1p — 1) - ¢ is
the Lie algebra of the group of units C£*(r, s).

17
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Proposition 2.14. [LM] The Lie subalgebra of cI*(r,s) corresponding to the sub-
group Spin(r, s) C CL*(r, s) is

spin(r,s) = A’R""*,

considered as a subspace of CL(r, s) according to (2.3)). In particular, A*°R™"* is closed

under the bracket operation.

Proof. After delineating cases based on the signature of the metric, the proof to this

statement follows analogous to the proof in [LM]. O

The Lie algebra of the orthogonal group SO(r, s) is the vector space below together

with the commutator:

so(r,s) = {A :R™* — RS

A is linear and skew-symmetric, i.e.
(Az,y) = (x, Ay) for all z,y € R™*

There is a natural isomorphism ¢ : A’R"™™ — s0(r, s) mapping v A w to ¢(v A w)
defined by linearly extending ¢(v A w)(x) := (v, z)w — (w, z)v for x € R™*.

Note that if ey, ..., .45 is a basis of R™™*, then ¢(e; Ae;) with 1 <i<j<r+sis
a basis of so(r, s). From now on, we will suppress ¢ in the notation and write v A w
for ¢(v A w), too.

Since the twisted adjoint representation Ad gives a surjective homomorphism
Spin(r, s) Ad, SO(r, s),

the differential of this gives a Lie algebra isomorphism

spin(r, s) 2> so(r, s).

The following two propositions will play an important role in the construction of
Dirac generating operators later on, particularly in the proof of Lemma [£.5] where
it is shown that a generalised connection on a Courant algebroid F induces an

E-connection on any spinor bundle.

Proposition 2.15. [LM] The Lie algebra isomorphism spin(r, s) <> so(r, s) induced
by the adjoint representation is given explicitly on the basis elements {e;e;}i<; by

ab(eiej) = 267; VAN €;. (224)

18



2.1 Clifford Algebras and Spin Geometry

Consequently for v,w € R™*,
—~ 1
av 1("0 ANw) = E[U,w] (2.25)

Proposition 2.16. [LM] Let A : Spin(r, s) — SO(W) be a representation on some

vector space W obtained by restriction of a representation Cl(r,s) — End(W) of

the Clifford algebra. Let A, : so(r,s) — so(W) be the associated representation of
~—1

the Lie algebra obtained by first pulling back so(r, s) to the double covering via ad

Then on the elementary transformations v A w € so(r, s),
1
A(vAw) = Z[v,w] - (2.26)
where the dot indicates Clifford module multiplication on W.

In terms of the standard basis {e; A e;};<; we have

1
A*(ei N ej) = §€Z'€j. (227)

2.1.6 Representation Theory

We recall here some basic results from Algebra for completeness and to set notations.
More details can be found in standard references for the topic such as [Ll, DK [CL].
Every vector space is considered over R unless explicitly specified otherwise. Every
algebra is assumed to be a real associative algebra with unit. A real representation V'
of an algebra A is an R-linear algebra homomorphism between A and the endomor-
phism algebra Endg(V). An anti-representation of an algebra T': A — Endgr(V)
is an R-linear map such that 7'(ab) = T'(b)T(a). A module V' over an associative
algebra A is a vector space V' together with a representation of the algebra. We

recall below the notion of equivalence of two representations of algebras.

Definition 2.17. Let A and A’ be real algebras. Let V and V' be real vector spaces
such that 7 : A — Endg(V) and v' : A” — Endg(V’) are real representations. ~y
and 7/ are said to be equivalent if there exists an isomorphism of algebras f : A —
A’ and an isomorphism of vectors spaces g : V' — V'’ such that the below diagram

commutes,

A —1— Endg(V)

lf lAd(g)

A Endgr (V")

19



Chapter 2 Preliminaries

where Ad(g) : Endg(V) — Endg(V”) is such that f + go fog™'.

Next we define the Schur algebra of a representation, also called the centraliser of

a representation. This object will play an important role in our work.

Definition 2.18. Let A be an algebra and v : A — Endg(V') a real representation.
The Schur algebra of the representation v is defined as

C(V,7) :={a € Endr(V) | [a,7(A)] = 0},
in other words, the space of A-module endomorphisms of V.

In the proposition below we show that equivalent representations have isomorphic

Schur algebras.

Proposition 2.19. Let A and A’ be real algebras. If V and V' are real vector
spaces such that v : A — Endr(V') and v' : A” — Endg(V’) are equivalent as real
representations, then their Schur algebras C(V,~) and C(V',~') are isomorphic.

Proof. If v and ~' are equivalent, then by definition there exists an isomorphism of
algebras f : A — A’ and an isomorphism of vectors spaces g : V. — V"’ such that
the diagram in Definition commutes. Then Ad(g) defines an isomorphism of
the algebras Endgr(V') and Endg(V”) which restricts to an isomorphism of the Schur
algebras C(V,~) and C(V', 7). O

Let A be an algebra over the field K = R or C. Recall that a non-zero module is
said to be irreducible if it has no proper submodules, i.e. if the only submodules

are the whole module and the zero module.

Theorem 2.20 (Schur’s Lemma). If U and V are irreducible A-modules, then

every non-zero homomorphism [ : U — V is an isomorphism.

Proof. Ker(f) and Im(f) are submodules of U and V' respectively. Since f # 0
we can be sure that Ker(f) # U and Im(f) # 0 and consequently, we can be sure
that, Ker(f) = 0 and Im(f) = U. Therefore, f is both a monomorphism and an

epimorphism. O

Recall that a division algebra is an algebra in which every non-zero element is
invertible. It is also known as a skew-field. The following corollary is a consequence

of Schur’s lemma.
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Corollary 2.21. The Schur algebra of a real irreducible module over the algebra A

s a real associative division algebra.

Note the following classification theorem by Frobenius and Peirce for all finite-

dimensional real division algebras.

Theorem 2.22 (Frobenius). Every finite-dimensional real associative division al-

gebra is isomorphic to R, C or H.

Therefore, in particular, the Schur algebra of an irreducible real representation of

an algebra is isomorphic to R, C or H.

Definition 2.23. If R and S are non-commutative rings with unit and M is an
abelian group, we call M an (S, R)-bimodule if it is a right R-module and a left
S-module, and if s(mr) = (sm)r for all s € S, r € Rand m € M.

Example 2.24. GL(H) is an (H,H)-bimodule with the standard action because H

1S associative.

Remark 2.25. If N is a left-R module and M is an (S, R)-bimodule, then the
(S, R)-bimodule structure on M implies that for all s € S, m; € M and n; € N,

S(ﬁz m; @ nz) = ﬁz (sm;) @ n; (2.28)
nite nite

and this gives a well-defined action of S under which M ®p N is a left S-module.

For K =R, C or H, let K[n| denote the real associative algebra of n x n-matrices
with entries from K. The following theorem summarises the representation theory

of such an algebra.

Theorem 2.26. Let K=R,C or H, and consider the algebra K[n] of n x n matrices
with entries from K as an algebra over R. Then the natural representation p of Kln]
on the vector space K" is, up to equivalence, the only irreducible real representation
of K[n]. The algebra Kn] @ K[n| has ezactly two equivalence classes of irreducible

real representations. They are given by
P11, p2) = pp1) and p2(p1,p2) = p(p2)
acting on K™,
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Proof. The ring K[n] is the direct sum of n simple left ideals [; for i = 1,... n,
where [; is the set of matrices with all entries zero except in the i-th column and
is thus isomorphic to K™ as a left module. Since all the left ideals I; are isomorphic
to each other, the ring K[n| is simple. This means that K[n] has exactly one simple
module due to Corollary 4.6 on page 653 in [L]. Similarly, it can be shown that the
ring K[n] @ K[n] has two isomorphism classes of left ideals into which it decomposes,
corresponding to the two equivalence classes of irreducible representations given in

the statement of the claim. O

Note that since every Clifford algebra C{(r, s) is of the form K[2™] or K[2"'| ®K[2™]
for K =R, C or H, see Theorem [2.12| and every representation of a Clifford algebra
can be decomposed into irreducible representations, the theorem above also describes

their representation theory.

2.1.6.1 Clifford Representations

In the proposition below we state important properties of irreducible real represen-

tations of Clifford algebras.

Proposition 2.27. Let v : Cl(r,s) — Endgr(RY) be an irreducible real representa-
tion. Then:

r —s) =g 0,6 then ~v is an isomorphism.

r —s) =g 1,5 then v is injective but not surjective.

If (r —s)
If (r—s)
If (r — s) =g 2,4 then v is injective but not surjective.
If (r — s) =g 7 then vy is surjective but not injective.
If (r—s)

r —s) =g 3 then vy is neither surjective nor injective.

Proof. From Theorem we know all irreducible real representations of (direct

sums of) real, complex or quaternionic matrix algebras.

o (r—s)=50,6:
In this case the Clifford algebra C¢(r,s) = R[2™] is a real matrix algebra for
some m € N. Its unique irreducible representation is the natural representation

on R?" and hence  is clearly an isomorphism.
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(r—s)=s1,5:

In this case the Clifford algebra C¢(r, s) = C[2™] is a complex matrix algebra for
some m € N. Its unique irreducible representation is the natural representation
on C*" and hence 7 : C[2"] — Endc(C?") C Endgr(C?"), if considered as a

real representation, is injective and not surjective.

(r—s) =24

In this case the Clifford algebra C{(r,s) = H[2™] is a quaternionic matrix
algebra for some m € N. Its unique irreducible representation is the natural
representation on H?" and hence v : H[2"] — Endy(H?*") C Endg(H*"), if

considered as a real representation, is injective and not surjective.

(r—s)=sT:

In this case the Clifford algebra C4(r, s) = R[2™]@®R[2™] is the direct sum of two
real matrix algebras for some m € N. Its two irreducible representations are
the projections of R[2™] & R[2™] onto a summand and hence they are surjective

and not injective.

(r—s) =g 3:

In this case the Clifford algebra Cl(r,s) = H[2™] & H[2™] is the direct sum
of two quaternionic matrix algebras for some m € N. Its two irreducible
representations are given by the embedding H[2™] & H[2™] = Endy(H*") &
Endy(H*") C Endr(H*") @ Endr(H*") followed by the projections onto a

summand and hence they are neither surjective nor injective. O]

The isomorphism type of the Schur algebra of irreducible representations of C¢(r, s)

is a feature on the basis of which we can distinguish the Clifford algebras. For an

involved discussion on the Schur algebra of irreducible representations of C{(r, s)

see [LSI]. In particular, Proposition 5.3 in [LS1] gives a characterisation of the

Schur algebras of irreducible representations of Cl(r,s). Clifford algebras can be

distinguished by the signature of the quadratic form, the simplicity or isomorphism

type of their matrix algebra, and the isomorphism type of the Schur algebra of their

irreducible representations. These facts are summarised for convenience in the table

below:

So far we have considered only real representations of Clifford algebras. We can

also consider K-representations of C/(r,s) where K = R,C or H. Since a complex
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Table 2.2:
r —s mod 8 | simplicity | matrix algebra type | Schur algebra of irrep
0,6 simple real R
1,5 simple complex C
2,4 simple quaternionic H
7 non-simple real R
3 non-simple quaternionic H

vector space is just a real vector space W with a real linear map J : W — W such
that J? = —1Id, a complex representation of C/(r,s) is just a real representation
p:Cl(r,s) — Endg(W) such that p(¢)oJ = Jop(¢) for all ¢ € Cl(r,s). Therefore
the image of p commutes with the subalgebra spang{Id, J} = C which is precisely the
Schur algebra of the representation p. Analogous arguments apply to quaternionic

representations of C{(r, s).

2.1.7 Fibre bundles

We collect some standard results from the theory of fibre bundles that we use in
our work here for completeness. For details and proofs look at standard texts on
the subject like [B]. All manifolds and maps between manifolds in this thesis are

assumed to be smooth.

Definition 2.28. Let 7 : B — M be a surjective submersion and let F' be another
manifold. The tuple (E,w, M, F') is called fibre bundle with typical fibre F' if
around every point x € M there exists a neighbourhood U C M and a diffeomor-
phism ¢y : 771 (U) — U x F such that pry o¢y = 7|—1(y) where pry : Ux F — U
is the projection onto the first component. The diffeomorphism ¢ is called a local
trivialisation.

If V' is a vector space, then a fibre bundle (E,m, M, V) is called a vector bundle
if its fibres 77!(z), # € M, are vector spaces such that there are local trivialisations
whose restrictions ¢, : 71 (x) — {2} xV =V to the fibres are linear isomorphisms.

Analogously, one defines algebra bundles.

Remark 2.29. Let I and F’ be smooth manifolds and ® : F — F' a diffeomor-
phism. Then 7 : F — M is a fibre bundle with typical fibre F' if and only if
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7 : E — M is a fibre bundle with typical fibre F'.

Definition 2.30. Let M and F' be manifolds and E a set with a surjection = :
E — M. If U C M is an open set and ¢y : 7 Y(U) — U x F a bijection such
that pry oy = 7|g,, then we call (U, ¢y) a formal bundle chart of E. A family
{(Us, ¢u,) }ien of formal bundle charts of E is called a formal bundle atlas of E if

{Ui}iea is an open cover of M.

Recall the following characterization of fibre bundles, the statement and proof of

which can be found in various references such as for example [B].

Theorem 2.31. Let M and F' be manifolds and E a set with a surjection w : E —
M. Further let {(U;, ¢u,) bien be a formal bundle atlas of E (with respect to w) such

that all transition functions
gbiogb;lI(UiﬂUk)XFH(UimUk)XF VZ,]CGA

are smooth. Then, there exists a unique topology and manifold structure on E
such that (E,m, M, F) is a (smooth) fibre bundle with the (smooth) bundle chart

{<Uz; ¢z)}z€A

Proposition 2.32. Let V. — M be a fibre bundle with typical fibre F, then 7 :
End(V) := Upen End(V,) — M is a fibre bundle with typical fibre End(F).

Proof. 1f {U, | @ € A} is an open cover of M and {n, | « € A} is a family of local
trivializations of V', then (End(V'), 7, M, End(F)) is a fibre bundle with the smooth
bundle chart {Ad(n,) | « € A}. O

Proposition 2.33. If (E,h) — M is a pseudo-Riemannian vector bundle, then it
has an associated fibre bundle of Clifford algebras C{(E) — M.

Proof. Given a vector bundle with a bilinear form (E,h) — M the construction of

a Clifford algebra over a vector space with a bilinear form is performed fibrewise to
obtain the fibres of C/(E) — M. The topology of C/(FE) is inherited from E via

an associated bundle construction. O

Next we will prove a general fact about covariant derivatives or connections on

vector bundles.

Proposition 2.34. Fvery smooth vector bundle admits a covariant derivative.
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Proof. Let V be a vector bundle over a manifold M. We show that there exists a
covariant derivative V : T'(TM) x T'(V) — I'(V).

Let (U;); be an open cover of M such that V]U is trivializable and there exists
a subordinate partition of unity (¢;);. Let (z] : U; — R); be coordinates on U; C
M and let (s; : U — V)i be a local frame. Then V@ : T(TU;) x I'(V]y,) —
r(V|y,), (ﬁg, s =37 fusk) = 35 2 e Jsk defines a covariant derivative on V|y, for
every i, which can be glued together to a covariant derivative on V using a partition
of unity (1;):, as follows. For X € D(TM) and s € T(V), set Vx(s) := 3 VY (1;5).
It is C°°(M)-linear. Let f € C*°(M). Then,

Vix(s) vax Vis) fZVg?(sz) = [Vx(s).

Furthermore, we have
Z VO (), f5)
= ZX Wis + FVY (is)
~X()s 2V W)

= X(f)s+ [Vx(s). =

2.1.8 Spin Structure

Definition 2.35. Let £ — M be an oriented pseudo-Riemannian vector bundle of
rank n > 2 and signature (r, s) with oriented orthonormal frame bundle Pso(F). A
spin structure on E is a Spin(r, s)-principal bundle Pgyi, (E) over M together with
a 2-sheeted covering Pspin(E£) — Pso(£) which is a Spin(r, s)-equivariant bundle
map. Here the Spin(r,s) acts on Pso(F) via the double covering Spin(r,s) —
SO(r, s).

Proposition 2.36. A trivializable real vector bundle with an inner product admits

a spin structure.

Proof. Clearly it suffices to show that any trivial pseudo-Riemannian vector bundle
E = M xR" — M admits a spin structure. The SO(r, s)-principal bundle Pso(E) of
oriented orthonormal frames is the trivial one: M x SO(r, s). The trivial Spin(r, s)-
principal bundle over M with the obvious bundle map M x Spin(r, s) — M xSO(r, s)

then gives a spin structure. O
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Now we define bundles of irreducible modules over the bundle of Clifford algebras

CU(E).

Definition 2.37. Let E be an oriented pseudo-Riemannian vector bundle with a
spin structure & : Pspin(E) — Pso(E). A real spinor bundle of E is a bundle of
the form

S(E) = Pspin(E) %, V,

where V' is a left C/(r, s)-module, p : Spin(r,s) — SO(V) is the representation
given by left multiplication by elements of Spin(r,s) C C%(r, s) and Psyin(E) X, V

is the associated vector bundle.

Example 2.38. Consider C/(r, s) as a module over itself by left multiplication ¢.

Then the corresponding real spinor bundle is
Clspin() = Popin(m) X¢ CU(T, 5).

Every real spinor bundle is also a bundle of modules over the Clifford algebra

bundle as can be seen from the proposition below.

Proposition 2.39. [LM] Let S(E) be a real spinor bundle of E. Then S(E) is a
bundle of modules over the bundle of algebras CL(E). In particular then sections of

the spinor bundle form a module over the sections of the Clifford bundle.

2.2 Generalised Geometry

In this section we will define the primary object of study in generalised geometry
namely, Courant algebroids. We will look at some examples and then define the
notion of connection and torsion in the context of generalised geometry. Standard

references for generalised geometry are [GE| IGFS] [G].

2.2.1 Courant Algebroids

Definition 2.40. A Courant algebroid over a manifold M is a vector bundle

E — M endowed with the following data:

« a fibrewise non-degenerate symmetric bilinear form (-,-) € T'(Sym® E*) which

we call the scalar product of F,
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o abilinear map [-, -] : I'(E) xI'(E) — I'(£) which we call the Dorfman bracket,

e a homomorphism 7 : E — T'M of vector bundles, called the anchor map,
such that the following axioms are satisfied for all u,v,w € T'(F):

L u, [v, w]] = [[u, v], w] + [v, [u, w]],

2. w(u){v,w) = ([u,v],w) + (v, [u, w]),

3. ([u,v] + [v,u], w) = w(w)(u,v).

Note that the Dorfman bracket is not necessarily skew-symmetric.

Proposition 2.41. The bracket and the anchor of a Courant algebroid (E, (-,-), [, -], 7)
satisfy the following equations for u,v € I'(E) and f € C*(M):

L [u, fol = w(u)(f) - v + flu, 0]

2. 7[u,v] = [wu, wv|, where on the right hand side [-,-] stands for the commutator
of vector fields.

Proof. These equalities follow from a straightforward application of the axioms of a

Courant algebroid, see [U]. O

If (E,(,),[,],m) is a Courant algebroid, then we denote by 7* : T"M — FE
the map obtained by dualising 7 to obtain 7*: T*M — E* and then identifying
E* =2 FE via the scalar product (-,-). Explicitly it is given by (7*(«),v) = a(m(v))
fora € TyM,v e E, pe M.

Proposition 2.42. Let (E,(-,-), [, ],m) be a Courant algebroid. Then the bracket,
the anchor m and its dual satisfy the following equations for o, 5 € T'(T*M):

1. tonm" =0
2. (m*a, 7 B) =0

3. [mra, ™[] =0
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Proof. Observe that T>M = {d,f | f = (v,v),v € [(E)} for any p € M. Therefore
we can consider a one-form of the form £ = df for f = (v,v) with v € I'(E). By
Axiom 3 for a Courant algebroid, we have 7*(§) = 2[v, v]. To show that the vector

field w(7*(§)) is zero, we evaluate any one-form n € ['(T*M) on it and obtain

This shows parts 1 and 2 of the lemma. To prove part 3 we compute for any e € I'(E)

([7*(), ()], e) = 7 (7(€)) {z"(n), €) — {x*(n), [7"(£), e])
= —n(m[7 (), )
= —n([r(7*(£)), =(e)])
= 0. 0

Definition 2.43. A Courant algebroid (£, (-,-), [, ], 7) is called
1. regular if 7 has constant rank,
2. transitive if 7 is a submersion,
3. exact if the sequence below is exact,

0—TM™5 ESTM —s 0.

Observe that exactness implies transitivity which in turn implies regularity of a

Courant algebroid. Now we will look at some examples of Courant algebroids.

Example 2.44. If M is a manifold and TM and T*M denote its tangent and
cotangent bundles respectively, then the vector bundle TM = T'M & T*M, called
the generalised tangent bundle, may be endowed with the structure of a Courant
algebroid by defining the scalar product (-,-), the bracket [-,-], the anchor 7 as

follows:
« (X +&Y +n) =1 ) +nX)) forall X,Y € I(TM) and &, € T(T*M).

o (X +&Y +n =X, Y]+ Lxn—LyE+dEY)) for all X,Y € I'(T'M) and
&nel(T*M).
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o m:TM — T'M is the natural projection X + & — X.
The generalised tangent bundle is an example of an exact Courant algebroid.

Example 2.45. Consider the generalised tangent bundle (TM, (-, -), [, -], 7) with its
canonical Courant algebroid structure. If H € T'(A3T*M) is a closed 3-form, i.e.,
such that dH = 0, then the bracket defined by

X +&Y +np=[X+EY +n+ HX)Y,)

is also a Dorfman bracket and defines on TM another Courant algebroid structure
(TM,{-,-),[-,"]m,m). The Courant algebroid is also called the H-twisted Courant
algebroid.

This is another example of an exact Courant algebroid. In fact it can be shown

that every exact Courant algebroid is isomorphic to a twisted Courant algebroid [S)].

Example 2.46. Let g be a Lie algebra which admits a scalar product that is in-
variant under the adjoint action, i.e. such that ([u,v],w) + (v, [u,w]) = 0 for all
u,v,w € g. Then (g, (-,-)) is called a quadratic Lie algebra. A quadratic Lie
algebra can be considered as a Courant algebroid over a point M = {pt} together

with the trivial anchor map 7 = 0: g — {pt}.

This is one of the simplest examples of a transitive Courant algebroid. Another
example of a transitive Courant algebroid is the odd exact Courant algebroid on the
vector bundle TM @ R described in [Rul, where R is the trivial bundle of rank 1 on
M. Transitive Courant algebroids have been classified by Vaisman in [V]. Now we

will look at a simple example of a regular Courant algebroid.

Example 2.47. A bundle E — M of quadratic Lie algebras can be endowed
with a Courant algebroid structure with the trivial anchor map = = 0 : F —
TM, scalar product (-,-) € I'(Sym* E*) and bracket [-,-] € ['(A2E* ® E) such that
(B, (-, )2 [+, ]z) 18 a quadratic Lie algebra for all x € M.

Since Rk(7) = 0, the example above describes trivially a regular Courant algebroid
which is transitive if and only if M is zero-dimensional. For a complete classification

of regular Courant algebroids, see [CSX].
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2.2.1.1 Structure of a regular Courant algebroid

In the following lemma we describe the structure of a regular Courant algebroid.

This plays a critical role in our proof for the existence of Dirac generating operators

in arbitrary signatures. In particular, we will use this lemma to construct a local

frame for the Courant algebroid, computing with which then leads us to our desired
result, Lemma [£.9) which we need in order to prove Theorem

Lemma 2.48. [CSX|] Let E be a regular Courant algebroid with scalar product (-, -)

of signature (r,s) and anchor w : E — T M.

1.

2.

The bundle ker m C E is a co-isotropic subbundle of E, that is (ker )+ C ker 7.

The bundle E decomposes as E = kerm & F where F is isotropic, that is
FCF-

The bundle ker w decomposes as ker m = (ker m)* @& G where G is orthogonal to

F.

The decomposition of E = ((ker )+ @F) ® G into (kerm)t & F and G is
orthogonal with respect to (-,-). The restrictions of (-,-) to the two factors
(kerm)t & F and G have signatures (1,1) and (r — 1, s — 1), respectively.

Proof. 1. First observe that kerm C FE is a subbundle because the anchor of a

regular Courant algebroid has constant rank. Since for any Courant algebroid,
mom* = 0 as seen from Proposition 2.42] that is Im7* C ker, it is enough
to show that (kerm)* = Im7*. Let x € Im7*. Then there exists £ € T*M
such that © = 7*(¢). If y € kerm, then (7*(¢),y) = &(nw(y)) = 0 implying
z € (kerm)*t. Therefore Im7* C (ker )*. Now (ker )t C Im 7* follows from

comparing dimensions.

. Denote by F':=7(E) CTM and s :=rankF. Let \y: F' — FE be a section of

7, that is m o A\g = idp. Define p: F' — F* by p(X)(Y) = (Ao(X), Ao(Y)) and
let X :=X\g— 37" 0o p: F — E. Since

1
7TO/\:7TO)\0—§7TO7T*Op:IdF,

A is also a section of . Now define F := A(F'). For p € M and e € E,, we
can find f = A(w(e)) € F,. Furthermore for such an f we have 7(e — f) =
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m(e)—m(A(m(e))) = 0. Thus E, decomposes as F,+ker m,, i.e., F is transverse
to ker 7. If now e € FNkerm, then e = A\(X), for some X € F and X = 7(u),

for some u € E. Therefore

and hence e = A\(X) = A(0) = 0. It is left to show that F is indeed isotropic,
ie., (u,v) = 0 for all u,v € F. For that, let u,v € F. Then there exist
X,Y € F such that u = A\(X) and v = A(Y). Then

(u,0) = AX),AY))

= (o(X) = 57 (X)), MlY) — 2 (V)
= (o(X) lY)) — £ ((X). 7 () ~ & (7 (o(X)), Mo(¥))

i (X)), 7 (V)

= (X, (V) = (V)X — 5p(X)(Y)
() (r( (p(V)

= (o(X), 2010} — 5P0(1), 20(X) — 5 (o(X). (V)

3. Define G := ((kerm)t @ F)t = kerm N F*+. Then G is orthogonal to F.

Furthermore
(kerm)* NG = (kerm): Nkerm N F+
= (kerm)t N F*
= (kerm® F)*
= E-=0
Also

(kerm)* +G = (kerm)t + ((kerm)*= @ F)*
= (kerm N ((kerm)*t @ F))*
D ((kerm)H)*

= kerm.
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4. Tt is clear from the arguments so far that the decomposition ((ker )t e F ) ®g
is orthogonal with respect to (-,-). In order to determine the signature of the
restriction of the scalar product to the factors ((ker )t e F ) and G we first
observe that rank ker 71 = rankF and then we verify that (-,-) defines a non-

degenerate pairing between F and (ker 7)=.

Next due to the non-degenerate pairing between F and (ker )+, for every basis
(ug,...,u;) of (kerm)* there exist elements vy, ...,v € F such that (u;,v;) =
dij. Now consider the following basis of ((ker ™)t @ ]-"), up to normalization,
(up +vy, ...,y +v,up — vy, ..., 4 —v;). A simple computation with this basis
now shows that the restriction of the scalar product (-,-) to ((ker mteF ) is
of neutral signature (I,1) and therefore its restriction to G will be of signature
(r —1,s —1) and signature of a scalar product being basis independent proves

our claim. O

2.2.2 Connections, E-connections and generalised

connections

Let (E,(-,),[,"], ) be a Courant algebroid and let V' — M be a vector bundle.
Definition 2.49 (E-Connection). An E-connection is an R-bilinear map
D:T(E)xI'(V) —I'(V), (e,v)+ D.(v),
such that
1. Dteyv = fD.v,

2. D.(fv) =m(e)(f)v+ fD.v,
forall f € C®(M),ec I'(E) and v € ['(V).

Definition 2.50 (Generalised Connection). A generalised connection is an E-connec-

tion on E that is compatible with the scalar product in the sense that
m(u){v,w) = (Dyv,w) + (v, D,w)

for all u,v,w € I'(E).
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Example 2.51. If V is a connection on a vector bundle V. — M, then we have

an induced E-connection on V' given by
D.(v) := Vi) (v).

The following proposition shows how a covariant derivative on a vector bundle

induces a covariant derivative on the associated bundle of Clifford algebras.

Proposition 2.52. Let (E,(-,-)) be a pseudo-Riemannian vector bundle over the

manifold M and V¥ a covariant derivative on E. Then V¥ induces a covariant
derivative VC“F) on the Clifford algebra bundle C{(E) — M such that VC/F)
VEe for e € T(E) if and only if VE(-,-) = 0.

Proof. The covariant derivative V¥ on E induces a covariant derivative V7 on the
tensor algebra bundle TE = @3>, T"F in the standard way. In order to show that
this leads to a well-defined covariant connection on C/(E) it is only left to show
that VL% for any X € I'(T' M) preserves the ideal generated by the Clifford relation
e®e+ {e,e) € [(TE). Now we can calculate that VE(.,-) = 0 is equivalent to

Vx(e®e+ (e,e)) =Vx(e) ®e+e® Vx(
=Vx(e)®e+e® Vx(

= (Vx(e) +e) @ (Vx(e

+ (Vx(e)+e, Vx(e

e) + Vx({e,e))

€) +(Vx(e),e) + (e, Vx(e))
J+e)—e®e—Vx(e) ® Vx(e)

) +e) —{e,e) = (Vx(e), Vx(e)) O
Lemma 2.53. If D is a generalised connectz’on on a Courant algebroid (E, (-,-), [, ], 7),

then D induces an E-connection D“®) on the Clifford algebra bundle C{(E) — M

associated to E.

Proof. The proof follows analogously to the proof of Proposition [2.52] O

2.2.3 Torsion

In classical pseudo-Riemannian geometry, an affine connection on 7'M has a funda-
mental tensor field called torsion. We also have an analogue of that in generalised
geometry which plays an important role in our construction of Dirac generating

operators.
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Definition 2.54. [G] Let E be a Courant algebroid and D a generalised connection
on E. The torsion TP € T(A?E* ® E) of the generalised connection D is defined to
be

TP (u,v) = Dyv — Dyu — [u,v] + (Du)*v

for all u,v € I'(E). Here (Du)* denotes the adjoint of Du with respect to (-, ), that
is ((Du)*v,w) = (v, Dyu).
Torsion can also be defined as follows for all u,v,w € T'(F),
T (u,v,w) == (TP (u,v),w) = (Dyv — Dyu — [u,v],w) + (Dyu, v). (2.29)
In the following lemma we show that torsion is a totally anti-symmetric tensor.

Lemma 2.55. The torsion of a generalised connection in the sense of (2.29) is
totally anti-symmetric, i.e., TP € T'(A3E*).

Proof. To show anti-symmetry in the first two components we use the compatibility
of D with the scalar product and axiom 3 for a Courant algebroid and we see for all
u,v,w € I'(E) that

TP (u,v,w) = (Dyv — Dyu — [u,v],w) + (Dyu,v)
= (Dyv — Dyu,w) + ([v,ul, w) — 7m(w){u,v) + (Dyu,v)
= (=Dyu+ Dy + [v,u],w) — (D,v,u)

= —TP(v,u,w).

With the help of axiom 2 of a Courant algebroid and compatibility of D with the

scalar product, we show anti-symmetry in the last two components:

TP (u,v,w) = (Dyv — Dyu — [u,v],w) + (Dyu,v)
= (Dyv — Dyu,w) + (v, [u, w]) — m(u)(v,w) + (Dyu,v)
= —(v, Dyw) — (Dyu, w) + (v, [u, w]) + (Dyu, v)
= (—Dyw + Dyu + [u, w],v) — (Dyu, w)
= —TP(u,w,v). O

35






Part I: Clifford Module Bundles

I saw all the mirrors on earth and

none of them reflected me..

Jorge Luis Borges, The Aleph and
Other Stories

3.1 Module bundles

All algebras we consider in this thesis are finite-dimensional semi-simple real unital
associative algebras.

Let M be a smooth manifold. Without loss of generality we will take {U, | o € A}
to be a fixed open cover of M such that all bundles defined over M appearing in this
thesis, be they vector bundles, algebra bundles or any other fibre bundle, admit a
family of local trivialisations over it. Let us now fix some notation that will be used
throughout this part. U,g := U, N Up will denote the intersection of the members
of the cover, the restriction of a map f to the subset U, will be denoted by f,
and furthermore, if 7 : V. — M is any fibre bundle, then we use the notation

Vo =1 Y U,).

Definition 3.1. Let A — M be a bundle of algebras whose typical fibre is the
algebra A, let V' — M be a real vector bundle of rank N, I" : A — Endgr(V) a
morphism of algebra bundles and let 7 : A — Endr(R”") be a fixed representation
of the typical fibre of A over the typical fibre of V. We say that (V,T") is a (left)
module bundle of type [y] over the algebra bundle A if and only if there
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exists a family of local trivialisations for the algebra bundle A, {, | @ € A}, and
the vector bundle V', {n, | « € A}, such that for every a € A the following diagram

commutes.

A, ——*— Endg (V,)

J{ga lAd(ﬂa)

Uy x A 2% U % Endg(RY)

Observe that the representations I', : A, — Endg(V},) are by definition equivalent
to the representation v : A — Endg(RY) for every p € M.

Remark 3.2. Analogously we define ‘right’” module bundles by considering anti-

representations.

In fact, for every algebra bundle A and vector bundle V' that have an algebra
bundle homomorphism I" : A — Endg(V) defined, we can always find a family
of local trivialisations of the algebra bundle and the vector bundle, (£,) and (n,)
respectively, such that the above diagram commutes. To show this, in Proposition
3.3 below, we verify that for any local frame {f;} for A there exists a local frame
{s;} for V such that the matrix representation of I'(f;) is equal to the corresponding

matrix representation of v; 1= v(£,(fi)).

Proposition 3.3. Let A — M be an algebra bundle whose typical fibre is an algebra
A and let (e;)"_, be a basis of A. Let I' : A — Endgr(V') be an algebra bundle mor-
phism over a real vector bundle V. — M of rank N and lety : A — Matg(RY)
be a fized real representation of A that is equivalent to I', for all x € M. Let
& be a family of local trivialisations of A and let n be a family of local trivialisa-
tions of V' over a fized open cover. Then A; := ~v(e;) € v(A) is a system of real
N x N-matrices which satisfy certain relations for i = 1,...,n. For an open set
U CRE, then Bi(z) := Ad(1a)(Te (&4 (2, €:))) is another system of N x N-matrices
which depend smoothly on x € U and satisfy the same relations. Assume that for
every x € U there exists an invertible N x N-matriz C(z) such that for every i,
A;C(z) = C(x)Bi(x) but x — C(z) is not necessarily smooth. Then there exist
invertible N x N-matrices D(x) defined in a neighbourhood of some xq € U which
depend smoothly on x such that A;D(x) = D(z)B;(z) for all i.

Proof. For all x € U C R¥ consider the equation 4;Y = Y B;(z) for Y € R[N].
The vector space of solutions to this equation denoted by Sol, C R[N] is clearly
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non-trivial because C(x) € Sol,. Furthermore, dim(Sol,) = dimC({A;}), where
C{A;}) ={Y eR[N] | AiY =Y A, for all i = 1,...,n} is the Schur algebra of the
system {A;}. This is because for every T' € C({4;}) the map T+ TC(z) maps T
into Sol, and for every Y € Sol, the map Y + Y C'(z)~! maps Y into C({A;}). Thus
the dimension of Sol, is constant in x. Therefore Sol := L,cy Sol, — U can be
given a smooth vector bundle structure. The smoothness follows from the smooth
dependence of the Gauss algorithm on the parameters of the linear system which
in turn are smooth functions of x. We are assured then that there exists a smooth
section D € I'(U’, Sol) such that D(x¢) = C(zo) where xq € U" C U. Furthermore,

since D is invertible at z, it is invertible in some neighbourhood of z. O
Now it is easily seen that Proposition [3.3| proves the equivalence stated below.

Proposition 3.4. Let A — M be a bundle of algebras whose typical fibre is a
algebra A, let V.— M be a real vector bundle of rank N and I' : A — Endgr(V) a
morphism of algebra bundles with v : A — Endg(RY) being a fized representation of
the typical fibre of A over the typical fibre of V.. Then (V,T') is a module bundle of type
[v] over the algebra bundle A if and only if for every p € M, T', : A, — Endg(V})

is equivalent to v : A — Endg(RY) as a representation of algebras.

We obtain Corollary [3.5] to Proposition [3.3| which shows that we can always choose
frames for the algebra bundle A and the vector bundle V' in such a way that the

action of the frame of A on the frame of V' has constant coefficients.

Corollary 3.5. Let (V,T) be a module bundle over the algebra bundle A of type [v].
Then there exist local frames (e;) of A and (op) of V' such that e;o, = Y5 Chos

where C’fk are constants.

Proof. Recall that due to Proposition [3.3| we have families of local trivialisations &,
and 7, such that the below diagram commutes.

A, — = Endg (Vo)

lsa JAdwa)

Uy x A 2% U7 % Endg(RY).

Let (e;) be a local frame of A that corresponds to the local trivialisation £ and

let (o%) be a local frame of V' that corresponds to the local trivialisation 7. More
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specifically, if (z;) is a basis of the algebra A, then set e;(p) := &, (p, z;). Likewise,
if (#;) is a basis of RY, then set o%(p) :=n,*(p, #;). Then,

Talei(p))(05) = Tal& (0, 21)) (07 (0, 25))
= Ad(na) " (v(p, ) (0 (0, 25))
= 1o (P 2 )ma (17 (P, 25))
=1, p,ZC 2) %:ijak(p)

where CF; are constants such that (x;)(Z;) = Xy Chiy. O

3.1.1 Irreducible Clifford Module Bundles

Let C{(FE) — M be the bundle of real Clifford algebras associated to the quadratic
vector bundle (E, q) — M where ¢ is of signature (7, s). We now consider module
bundles over C/(E) — M, a bundle of real Clifford algebras with typical fibre
Cl(r,s).

If V. — M is a real vector bundle with typical fibre RY for some N € N and
I': C/(FE) — Endg(V) is a morphism of algebra bundles with ~ : Cl(r,s) —
Endg(R”) being a fixed irreducible representation of the typical fibre of C/(E) over
the typical fibre of V', then applying Definition to this setting, we say that (V,T")
is an irreducible Clifford module bundle over the Clifford algebra bundle
CU(E) of type [v] if there exists a family of local trivialisations for the Clifford
algebra bundle C{(E), {¢, | @ € A}, and the vector bundle V, {nY | a € A}, such

that for every a € A the following diagram commutes,

CUE)e — = Endg (V)

Fa lAd(nX )

Uy x Clr, s) 223 U, x Endg(RV).

Applying Proposition to the specific case of Clifford module bundles, we show
next that given any family of local trivialisations of C/(E) and any family of local
trivialisations of V' we can obtain trivialisations of V' such that the above diagram
commutes. Let V' — M be a vector bundle, I' : C/{(EF) — Endgr(V) an al-
gebra bundle morphism and v : C{(r,s) — Endg(RY) a fixed representation of

the typical fibre. For a fixed open cover {U,} of M, if £, is a family of local
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trivialisations of the module bundle C/(E), and 7Y is a family of local trivialisa-
tions of the vector bundle V' — M, not necessarily such that it makes (V,I) a
C{(E)-module bundle, then we can apply Proposition [3.3| by taking A; = v(e;) and
Bilw) = Ad(Y)(Ta(&5 (2, ) = Ad(C(2))A; = Ad(D())A; and 1Y = D o ¥
to show that we can find local trivialisations 7" of V such that (V,T') becomes a
C{(E)-module bundle.

The corollary below summarises the fact that if we have two irreducible C{(E)-
module bundles S and ¥ and fix a trivialisation for F, then we can find triviali-
sations of S and Y such that they are simultaneously compatible with the algebra

bundle homomorphisms I'* and I'*.

Corollary 3.6. Let (S,T'°) and (X,TF) be CL(E)-module bundles of type [y]. Then
there exists an open cover of M, a family of local trivialisations {&, | a € A} of
CUE), a family of local trivialisations {n3 | « € A} of the vector bundle S — M
and a family of local trivialisations {n> | a € A} of the vector bundle ¥ — M,
such that

rg

CUE)y ——— Endg (S,)

Jfa lAd(nE)
Uy x CU(r,s) ~22% U, x Endg(RY)
Jagl JAd((ng)‘l)

CUE)e — = Endg ()

i.e., such that Ad((nZ) tond)olS =T2.

Proof. That n° and n~ can be determined once we fix &,, follows from Proposition
5.3l O

We will now give an illustrative example of non-isomorphic C/( E)-module bundles

of the same type and thereby further justify the need for our study of such objects.

Example 3.7. Consider the manifold S*. Let T'S' @ T*S! — S! denote the
generalised tangent bundle over S!. Let R denote the trivial line bundle over S*.
Now consider the bundle R ® R — S!. The trivial vector bundle R R — S*
can be endowed with the structure of a C4(T'S* @ T*S')-module bundle of type [7]
where « is the unique irreducible representation v : C/(1,1) = R[2] — End(R?),
using a global trivialization of T'S* @ T*S!.
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Now consider the tensor product bundle (R @ R) ® ¥~ — S! where ¥~ is the
Mobius bundle over S'. Observe that (R & R) ® ¥~ can also be endowed with
the structure of a C{(T'S* @ T*S"')-module bundle of type [y] where v is the same
irreducible representation as in the case of R@® R and C/(T'S* @ T*S') acts only on
R®R. Since R&R and (R®R) ® ¥~ are non-isomorphic as vector bundles, we have

an example of non-isomorphic C/(E)-module bundles of the same type.

3.2 Intertwiners of C/(F)-module bundles

In this section, we will construct the vector bundle of C/(E)-equivariant homomor-
phisms between two Clifford module bundles and show that it is a module bundle
over the Schur algebra bundle. To begin, we define the Schur algebra bundle of a
Clifford module bundle.

Definition 3.8. For a module bundle (S,I") over a Clifford algebra bundle C/(E),
the subbundle of algebras C(S,I") < Endgr(S) of the endomorphism bundle defined
by the subspace C(S,T") = UpemC(S,,I'y) C Endg(S) where, C(S,,I',) := {a €
Endg(S,) | [a,T,(CU(E,))] = 0} is called the Schur algebra bundle of the Clif-
ford module bundle (S,T).

In the lemma below we show the compatibility between the transition functions
of a Clifford module bundle with the action of the Clifford algebra.

Lemma 3.9. Let S — M be a CL(E)-module bundle of type [y] where ~y : Cl(r,s) —>
Endg(RY) is an irreducible representation of CL(r,s) and C{(E) — M is a bundle
of Clifford algebras. If {n3 | o € A} is a family of local trivialisations of S as a
CU(E)-module bundle and {g5; : Uy N Us — GL(RY)} denotes the corresponding

family of transition functions, then

s (D) (1(€) () = 7p(e)(g25(p) (v)) (3.1)
for alle € Cl(r,s), pe M and veRN

Proof. Let {&, | @ € A} be a family of local trivialisations of the algebra bundle
CU(E) — M such that {n° | a € A} is a family of local trivialisations of S — M
as a C{(E)-module bundle and {g3; : Usg — GL(R")} is the family of transition

functions corresponding to {nS | a € A} i.e.,

5o (n3)™": Uug x RN — Ung x RY
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(p,v) — (p, g35(p)(v)),

then g55(p)(v) :=n3 o (n3)~"(v) for all p € Uys and v € RV, and

9as(0)(w(e) () =05 [p o) ™" 1, (vu(e) ()
= 775 lp OFE I (5;1 lp (e)) o (775)_1 lp (v)
=15 [p ol5 |p (65" 1 () 0 (m3) ™ |y (v)

= 7(€)(gap(v));

because 175 [, oI5 |, (&5 |» (€))(v) = 1(8s Ip (€57 [» (€))) (5 |, (v)). —~

In the lemma below we construct a vector bundle of C/(E)-equivariant homomor-

phisms between any two Clifford module bundles.

Lemma 3.10. Let S — M and ¥ — M be CL(E)-module bundles of type |y] with
the family of local trivialisations {n3 : o € A} and {n> | a € A} respectively and
where v : CL(r,s) — Endr(RY) is an irreducible representation of C{(r,s). Then
there exists a real vector bundle L := Homeyg) (S, X) — M with the typical fibre
Homcg(r,s)(RN, RY).

Proof. Let Homeyp)(S, E) 1= Upenr Homey(g,) (Sp, Ep) and 7 @ Homeyg) (S, %) —
M be a surjection such that 71 (U) = Home(g,)(Su, Xir) for any open set U C M.
Let {U, | « € A} be a fixed open cover of M over which we have the local

trivialisations 75 and 7. We define a formal bundle chart as follows,

Dy 7 1 (Us) — Uy x Homey(r s (RY,RY)
by = (p, 1y oYy 0 (7))

where p € U,. With a simple calculation below we verify that ®, is well-defined.
Indeed,

My 0 U0 (1) ((e) (v)) =
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Chapter 3 Part I: Clifford Module Bundles

for every e € CA(E,), v € RY and p € M. It is clear now that {®,} defines a formal

bundle atlas. Furthermore the below map,

d, 0 (q)g)_l : Uaﬂ X Homcg(r7s)(RN, RN) — Uaﬂ X Homcg(m)(RN, RN)
(s f) = (0, ity 3) 7 o £ 13 1e (02) 7 )

is smooth because 7% and 7§ are smooth. Therefore, from Theorem we can
assert that there exists a real vector bundle L := Homeyg(S,¥) — M with the
typical fibre Homey(,. 5 (RY, RY) whose bundle charts are given by @,. ]

In the lemma below we show that the vector bundle of C{(E)-equivariant homo-
morphisms between two Clifford module bundles, as constructed above, is a module

bundle over the Schur algebra bundle.

Lemma 3.11. Let S and ¥ be CL(E)-module bundles. Consider the real vector bun-
dle L := Homeyp)(S,X) — M and let 6 : C(RY,~v) — Endg(Homeg(5)(RY,RY))
be the anti-representation given by (f — (g —> go f)). Then L — M s a right
C(S,T")-module bundle of type [6)].

Proof. In order to show that L is indeed a C(S,I')-module bundle of type [6], we
will need to verify that upon fixing an open cover {U, | a € A} of M and local
trivialisations of C/(E)-module bundles S and ¥, 5 and 1> respectively, for any «
the below diagram commutes.

Oa

C(S,T)q Endg (La)
jAdmf) jAd(%)
Uy x C(RY,7) 24 17, x Endg(Homg(.q) (RY,RY))

Here @, are the charts defined in Lemma [3.10] and ©,, are restrictions of the bundle
morphism O which are defined fibrewise as ©,, : f — (g — gof). For f € C(S,T'),,
veRN and 7 € Homcg(r,s)(RN, RY). Then,

Ad(®,) 0 ©,(f)(1(v)) = B,(O,(F)(@,(1(v))))
=02 (%, (T (S (F(0°), ()
= (S (F((1%), (v))),

and

0 0 Ad(ny)(f)(7(v) = 700 (f ()" (v))).
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3.3 Classification of Irreducible Clifford Module Bundles

With the above calculation, we have shown that the diagram commutes and therefore
L is indeed a right C(S,I")-module bundle of type [6]. O

In the next lemma we show that a C/(E)-module bundle is naturally a left module

bundle over its Schur algebra bundle.

Lemma 3.12. Let S — M be a CL(E)-module bundle of type [y] and let C(S,T") —
M its Schur algebra bundle. Then S inherits the structure of a C(S,I")-module bundle
with C(S,T) acting on S fibrewise from the left.

Proof. Let us fix an open cover {U, | a € A} of M and let {nJ | a € A} be a
family of local trivialisations of the C/(E)-module bundle S over that cover. Since
C(S,T') — M is a subalgebra bundle of the endomorphism bundle Endg(S) — M,
{Ad(n?) | @ € A} will also be a family of local trivialisations of the Schur algebra
bundle C(S,T') as seen in Proposition 2.32] If ¥ : C(S,I') — Endg(S) is an
algebra bundle morphism which is defined fibrewise as ¥, : f — (g — fog) and
¥ : C(RY, ) — Endgr(RY) is the representation given by f — (g +— fog). It is
easy now to see that the below diagram commutes.

C(S,T)y —2= Endg (S,)

lAd(nﬁ ) lAd(nﬁ )

U, x C(RY,7) "% 17 x Endg(RV).

3.3 Classification of Irreducible Clifford Module
Bundles

It is clear that given L. — M, the bundle of all equivariant homomorphisms between
two C{(F)-module bundles S and ¥ as defined above, we can construct the tensor
product bundle L ®r S — M over R. We will now show that this tensor product

bundle is in turn a C/(E)-module bundle in a rather natural way.

Lemma 3.13. Let S — M and ¥ — M be CL{(E)-module bundles of type [7]
where 7 is an irreducible representation of CL(r,s) on RN and L — M, the bundle
of all CU(E)-equivariant homomorphisms between the C{(E)-module bundles S and
Y. Then the tensor product bundle L ®g S — M over R is a C{(E)-module bundle.
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Chapter 3 Part I: Clifford Module Bundles

Proof. Let us fix an open cover {U, | o € A} of M and let {{, | & € A} be a family
of local trivialisations of the algebra bundle C/(E) — M such that {nS | a € A}
and {n> | a € A} are families of local trivialisations of the C¢(F)-module bundle
S and X, respectively, over that cover. Then I'” : C{(E) — Endg(S) denotes, as
usual, the algebra bundle morphism. If A : C/(F) — Endg(L ®g S) denotes the

algebra bundle morphism defined fibrewise as
Ayier— (I®@s— 1@T%e)(s))
and we consider the algebra morphism

& : Cl(r, s) — Endr(Homey(5) (RY,RY) @r RY),
wr— (h@r+— h®y(w)(r)),

then we can show that the following diagram commutes,

Aq

CU(E)q Endg (Lo @r Sa)
[ |rac@azng)

Uy x CU(r, s) 2222% U, x Endg(Homey.)(RY,RY) ®g RY).

Observe that Ad(®, @ n3) : Endg (L ®r Sa) — Endr(Homey(. 5 (RY,RY) @r RY)
takes Endg (Lo ®R Sa) D To i= 7L @75 where 71 € Endg(L |o) and 75 € Endg(S |o)
to Ad(®a ® n7)(7a) = Ad(Q4)(75) ® Ad(13)(73).

For every p € M, e € C{(E), and h ® r € Homey(,5)(RY,RY) @ RY we have,

Ad(®, @ 1;) 0 Ap(e)(h @ 1) = (Ad(D, ® 17;) 0 T, () @ T¥(e) () (h ® 7)
= (Ad(®,)(Id,))(h) ® (Ad(1;) (T (e))(r)
= h@7(&(e)(r)
= (00&(e))(h®r).

Thus we have shown that the real vector bundle L ®g S — M is a C/(FE)-module
bundle of type [d]. O

In the lemma below we show that there is a surjective and Cl(E)-equivariant

bundle homomorphism between L ®g S and X.

Lemma 3.14. Let S — M and ¥ — M be CL(E)-module bundles of type [7]
where 7y is an irreducible representation of CL(r,s) on RY and L — M, the bundle
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3.3 Classification of Irreducible Clifford Module Bundles

of all CL(E)-equivariant homomorphisms between the two CL(E)-module bundles S
and ¥. If LerS — M is the CL(E)-module bundle of type [6] where 6 : Cl(r,s) —
Endg(Homey( 5 (RY,RY) ®@g RY) is the algebra morphism w — (h @ r — h ®
v(w)(r)). Then the bundle morphism Y : L @g S — X given by l ® s — [(s) is

CU(E)-equivariant and surjective.

Proof. The bundle morphism T : L ®g S — 3 given by | ® s — [(s) is clearly
surjective because, given o € X, for any p € M, since S, and X, are irreducible mod-
ules of the Clifford algebra C/(E),, we are assured a C{(E),-equivariant isomorphism
fp: Sy = ¥, such that s := f,(c) and T(f, ® s) = 0.

To show the C/(E)-equivariance of T, take any e € C/(E), and any [®s € L,®rS,

and observe

3.3.1 An algebraic interlude

We recall here the algebraic notion of tensoring modules over an algebra. For refer-

ence see any standard text on Algebra such as [DF] [JS].

Definition 3.15. Let A be a real associative algebra, V' a right A-module, W a left
A-module and U C V ®g W the subspace

= Spang{v-a@uw —-v®a-w|veV, weW andae A}

The tensor product of V and W over the algebra A is given by the quotient

space V @4 W 1= LERI

The usual notion of tensor product is recovered if we take A to be the algebra
of real numbers. We see in the proposition below that the quotient space V @, W

satisfies a universal property.

Proposition 3.16. Let V®4W be the quotient space defined in the definition above
and m: VR W — V@4 W be the corresponding quotient map. Then (V @4 W, )

satisfies the following universal property:
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Chapter 3 Part I: Clifford Module Bundles

1. mo(py @1dy) = wo (Idy @pw ), where py : VR A =V and py : AQW — W

denote the action maps.

2. For any other vector space X and linear map p : V Qg W — X such that
po(py@ldy) = po(Idy ®@pw ) there exists a unique linear map ¢ : VAW — X

such that @ om™ = p, as in the following diagram:

pv QIdw
Vg A W "VorW —T— VoW

ldy @pw 5
P
p

X
Proof. 1. Foranyv®a®@w €V @g A W
mo(py @ldy)(v@®a@w)=7m(v-a®@w)=[v:a® w| (3.2)

and
mo(Idy @pw)(v@a@w)=7m1(v®a-w)=v®a-w (3.3)
Clearly the quantities in equations (3.2) and (3.3 are equal if and only if

v-a®@w—v®a-w € U which is the case. By linearity this extends to prove

part 1 of the proposition.

2. Define p : VW — X as p(v@4w) := p(v@w) for every v@,,w € Ve W.
We show that this is well defined as follows: observe that ¢(4) = 0 because
pv-a@w—-—v®a-w)=pv-a@w)—pv@a-w)=0. foRsw=v
then p(v @4 w — v R w') = (v @4 w) — (v @4 w') € p(Uh) = 0.

For uniqueness, see that if ¢’ : V ®4 W — X is any linear map such that
@' om =p, then ¢'(v®4w) = plv @rw) = P(v @4 Ww). O

Thus we could have defined the tensor product over A equivalently via the uni-

versal property. We note the following general fact with respect to A-modules.

Proposition 3.17. Let A be an algebra, V' a left A-module and A4 be the algebra
A considered as a right A-module. Then there exists a canonical isomorphism ® :

A,V SV of vector spaces.
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3.3 Classification of Irreducible Clifford Module Bundles

Proof. Consider the epimorphism of vector spaces d: A®rV —> V which takes
(a ®@v v+ a-wv). Since

db-a@v—b®a-v)=(b-a)-v—>b-(a-v)=0,
by linearity, this implies I C Ker P,
Consider z € Ker ® such that z = Y tiQuw; for t; € A, w; € V. Then 5@(3;) =0&
Yiticw; =0. Observe v =Y, t; Quw; = >; 1-t; @w; — >, 1 ®t; - w; and by linearity
this implies that Ker ® C 8. Thus we have shown that ® :=d: A®,V = V is an

isomorphism of vector spaces. 0

The above proposition about A-modules inspires the following lemma.

Lemma 3.18. Let CL(E,q) be the real Clifford algebra generated by the quadratic
vector space (E,q), S and 3 be equivalent irreducible CL(E, q)-modules defined by
representations v° and = respectively, C(S,~°) be the Schur algebra of S, and L
the space of all CL(E, q)-equivariant homomorphisms from S to ¥.. Then there exists

a canonical isomorphism of vector spaces ® : L ®¢(g5) S =N

Proof. Note that composing from the right makes L a right C(S,~%)-module and
acting from the left makes S a left C(S,~®)-module. Consider the tensor product
L®c(s45)S as defined in Definition m Let @ : LS —» X be the map [®s — (s)
and observe that it is surjective since there exists a C/(E)-equivariant isomorphism
from S to 3. It induces a surjective linear map @ : L ®¢(s,sy S — X. Therefore,
to prove that ® is an isomorphism, it is enough to note that the vector spaces
L ®¢(s,45)S and ¥ have the same dimension. This follows from the fact that ¥ = S,
implying that L < Homey(g,¢)(S,X) = Homeyg,g) (S, S) - ¢(9,~4%) and therefore
L ®c(s45) S = C(5,7%) ®c(ss) S = S = X, using Proposition in the second

isomorphism. O

3.3.2 Tensoring over the Schur algebra bundle

Henceforth we will assume that S — M and ¥ — M are two C{(FE)-module
bundles of type [y] where ~ is an irreducible representation of C/(r,s) on RV and
L — M is the bundle of all C/(E)-equivariant homomorphisms between the two
C{(E)-module bundles S and . From Lemma we know that L is a right-
C(S,T¥)-module bundle of type [f] and from Lemma we know that S — M
is a left-C(S, I'¥)-module bundle of type [¢].
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Chapter 3 Part I: Clifford Module Bundles

In the lemma below we show that one can quotient the real vector bundle L ®g .S

by a sub bundle that preserves the action of the Schur algebra on L and S.

Lemma 3.19. Let S — M and X — M be two CU(E)-module bundles of type
[v] where v is an irreducible representation of Cl(r,s) on RN and L — M s the
bundle of all CU(E)-equivariant homomorphisms between the CL(E)-module bundles
S and . Let © and V be bundle homomorphisms between C(S,T°) and Endg(L)
and Endg(S) such that L and S are right and left C(S,T"%)-module bundles respec-
tively. Then, there exists a real C{(E)-module bundle 7 : L ®c(grsy S — M where

(L ®C(S,FS) S)p = LI)S%:SP and

A e C(S,,T2)
iy := Spang  =6,(N) () @ s +1© (V,(M)(s))] | € L,
s€.S,

Tl
projection. Let {U, | @ € A} be a fixed open cover of M and @, a family of local

Proof. Let L ®¢(grsy S = Upem L”L;S” and 7 : L ®c(grsy S —> M be the natural

trivialisations of L. A bundle atlas can be defined as

LPLRSP — U, % Home(T,S)(RNw RN) ®r RY
4, U

(®s— (p, ®all) ®115(5)))

where
N eC(RYNy)
U = Spang § —0(N)(I') @ 8" +1' @ (Y(N)(s'))| I € Homey(r, ) (RY,RY)
s e RN

To show that =, defined above is not just a diffeomorphism between L, ®gr S,
and U, X Homcg(T,s)(RN RN ) ® RY but descends to an isomorphism between the

corresponding quotients, we observe that for A € C(Sp,Fg), lelL, seS,and

family of local trivialisations &, of L,

Z(—(0,(N(1) @ s + 1@ (T,(M)(s)))
= —0,(0,(N) (1) @75 (s) + Byl(1) @ S (W,(N)(s))
= —(Folon® onforon® Y @ni(s)

+@,(1) @05 (An®, (15 (5)))

20



3.3 Classification of Irreducible Clifford Module Bundles

=1 oN@s+I'aN(Q)

= —(OW)T) @ ' +1"@ (P(X)(s),
where I = ny ol o 775;1 = ®,(l) € Homeyr(RY,RY), s = nf(s) € RY and
N =nSoXon, be C(RY 7). Therefore, by linearity this 1mphes =p(,) =
Theorem [2.31] now guarantees the existence of a real vector bundle structure 7 :
L ®c(srsy S — M.

From Lemma3.13|we know that L&rS — M is a C/(E)-module bundle. To show
that 7 : L ®¢(srsy S — M inherits the structure of a real C/(E)-module bundle,
it is enough to show that L, and Y are in fact C/(E),- and C{(r,s)-submodules
respectively. To this end, as in Lemma[3.13] let A : C/(E) — Endr(L ®g S) denote
the algebra bundle morphism defined fibrewise as A, : e — (I® s — [@T(e)(s))
and 6 : C(r, s) — Endg(Homey(,s)(RY,RY) ®g RY), the algebra morphism w —
(h®@1r+— h®vy(w)(r)). We verify that A,(C/(E),)(LL,) = &, with the following
calculation.

For any e € CU(E),, A € C(S,,T%),l € L, and s € S,

P =p

Ap(e)(=(0,(N)(1) ® 5 +1@ (T,(A)(5)) = (=(6,(N)(1) @ T7(e)(s))
+ (1@ T(e)(T,(N)(5)))
= (=(6,(N)(1) ® (T%(e)(5)))

+ (1@ (T,(N)(T(e)(5)))-

By linearity we establish the claim. With an analogous calculation it can be shown
that §(Cl(r, s)) (L) = 4. From this it follows that the diagram below commutes and
hence 7 : L ®cgrsy S — M is a real C/(E)-module bundle.

CE(E)Q Bo EndR (La ®C(S,FS) Sa)
lga lAd(‘ba@nE)
Uy % CU(r,s) 225 U, x Endg(Homgy.s) (RN, RY) @c@w o) RY).

[
Proposition 3.20. The real vector bundle 7 : L @c(srsy S — M defined as above

satisfies the following universal property:
1. wo (pr ® Idg) = 7o (Idy ®ps), where p;, : L ® C(S,T°) — L and ps :
C(S,T%) ® S — S denote the action maps defined by composition from the

right and composition from the left, respectively.
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Chapter 3 Part I: Clifford Module Bundles

2. For any other vector bundle X and bundle morphism p : L&®rS — X such that
po(pr®Ids) = po(Idp ®ps) there exists a unique linear map ¢ : L&c(grs)S —
X such that ¢ o = p, as in the following diagram:

pr®ldg
L@rC(S,T%)®rS L& S —— L®csrs) S

Ids ®ps
3!
p < v

X

Proof. The proof is the same as the proof of Proposition [3.16] mutatis mutandis.
The difference is that in this proposition we deal with vector bundles while we deal
with modules in Proposition [3.16} O

3.3.3 Classification Theorem

In the theorem below we bring together all the facts that we have established so far
to answer the question of how two irreducible Clifford module bundles of a type are

related. This is the first main result of this thesis.

Theorem 3.21. Let S — M and ¥ — M be two CL(E)-module bundles of type [7]
where v is an irreducible representation of CL(r, s) on RN. Let L = Homeyp)(S,Z) —
M be the bundle of all CL(E)-equivariant homomorphisms between the module bun-
dles S and X. Then 7 : L Qcsrsy S —> M and ¥ — M are isomorphic as
CU(E)-module bundles.

Proof. From Lemma [3.14] we know that the bundle morphism T : L ®g S — ¥
which maps (I ® s — [(s)) is C{(E)-equivariant and surjective. Lemma shows
that fibrewise T, descends to a C/{(E),-equivariant isomorphism T, : (L ®¢(srs)
S)p — Xp. Thus we have established that 7 : L ®¢(grsy S — M and ¥ — M

are isomorphic as real C/(E)-module bundles. O

We can now establish the below immediate consequences of the theorem. The

corollary below describes how the choice of S and 3 affects the isomorphism L&c¢ g rs)
Sy,

Corollary 3.22. Suppose S — M and S — M are C{(E)-module bundles of type
[v] which are not necessarily isomorphic. Let ¥ — M be another CL(E)-module
bundle of type [y]. Then

Homcg(E)(S, Z) ®C(S’FS) S = Homcg(E)(S', Z) ®C(S’,FS') Sl =3,
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3.3 Classification of Irreducible Clifford Module Bundles

The corollary below describes how the bundle Homey gy (S, ¥) ®¢(srs) S depends

on the choice of Y.

Corollary 3.23. Let S — M be any CU(E)-module bundle of type || and let
Y. — M and ¥ — M be two CU(E)-module bundles of type [y] which are not
isomorphic. Then Homeyg)(S,X) ®csrsy S 2% Homeyr)(S,Y) ®@c(srsy S and in
particular Homey gy (S, X) % Homey gy (S, Y') as bundles of right-C(S,I'%)-modules.

We define below a right regular Schur module bundle.

Definition 3.24. Let S — M be a C{(E)-module bundle of type [y] where ~ is an
irreducible representation of C/(r,s) on RY. Then a real algebra bundle V' —s M
with typical fibre C(RY,~) is said to be a right C(S,T")-module bundle of the
‘regular’ type if and only if V' — M is a right module bundle over the algebra
bundle C(S,T"¥) — M with the action of C(RY,~) on C(RY,~) given by the right
regular representation reg : C(RY,~v) — Endgr(C(RY,7)) where reg : A — (f —

f-A).

Remark 3.25. Observe that L — M as constructed in Lemma [3.10] is an exam-
ple of such a right C(S,I'"¥)-module bundle because Homey(, ) (RY,RY) = C(RY,7)
as right C(RY,~)-module bundles. Furthermore, note that the rank of such right
C(S,T¥)-module bundles of the regular type is the same as the rank of the vector
bundle C(S,T%) — M.

Lemma 3.26. Let S — M be a fized CL(E)-module bundle of type [y]. Then,
Homeyg) (S, —) defines an injective mapping from the set of isomorphism classes of
CU(E)-module bundles of type [] to the set of isomorphism classes of right C(S,T')-
module bundles of the reqular type.

Proof. Tf ¥ and ¥’ are two isomorphic C/(E)-module bundles of type [y] and ¢ :

Y — ¥ is an isomorphism between them, then

b Homeyg) (S, X) = Homeyg) (S, X')
fr—dof.

Injectivity follows from Corollary O]
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Chapter 3 Part I: Clifford Module Bundles

Lemma 3.27. Let S — M be a fized CL(E)-module bundle of type [y]. Then,
—Qc(srs) S defines a mapping from the set of isomorphism classes of right C(S,T'%)-
module bundles of the reqular type to the set of isomorphism classes of irreducible

CL(E)-module bundles of type [7].

Proof. If V and V' are two isomorphic right C(S, I')-module bundles of the regular
type and ¢ : V. — V’ is an isomorphism between them, then

'lZ VvV ®C(S,FS) S i 174 ®C(S,FS) S
VR s — P(v) ® s. O

In the theorem below we establish a classification of irreducible Clifford module

bundles. This is the second main result of this thesis.

Theorem 3.28. Let S — M be a fized irreducible CL(E)-module bundle of type

[v]. Then there exists a bijection between the following sets,

A := {isomorphism classes of irreducible C{(E)-module bundles of type [v]}

!

B := {isomorphism classes of right C(S,T"%)-module bundles of reqular type }.

Proof. From Theorem [3.21}, it follows that (— ®¢(grs) S) o (Homeyg) (S, —)) = Ida.
To show that (Homeyg) (S, —)) o (— ®¢(srsy S) = Idp, take a right C(S, I'*)-module
bundle of the regular type V' — M. First we observe that

V ®¢(s,rsy Homeyg) (S, ) = Homey gy (S, V ®c(s,rs) S)
Zei ® fi— (s — Zei ® f;(s))
i3 2%

for every e; € V, fi € Homey) (S, S) and s € S, is an isomorphism of right C(S, I'¥)-
module bundles where the action of C(S,T*) on V ®¢(s,rsy Homeygy (S, S) is given
by (\,e @ f) — e ® f o A. Since by definition Homey) (S, S) = C(S,T'¥), we have

Homcg(E)(S, %4 ®C(5’,FS) S) =V ®C(S,FS) C(S, FS).
Furthermore note that
V ®C(S,FS) C(S, F) = V

54



3.3 Classification of Irreducible Clifford Module Bundles

v fr—=uv-f

is again an isomorphism of right C(S,I'*)-module bundles of the regular type. With
this we have shown that (Homeyg)(S, —)) o (— ®¢(s,rsy ) = Idp and that there is

a bijection between the sets A and B as stated in the theorem. O]

We use some well known classification results regarding real and complex line
bundles as can be found in references such as [Hal], to make Theorem more

explicit in the remark below:

Remark 3.29. Let S — M be a fixed, rank N irreducible C/(E)-module bun-
dle of type [y]. We know that the Schur algebra C(RY,v) of irreducible Clifford

representations is isomorphic to R, C or H.

Case C(RY,~) @ R: In this case the Schur algebra bundle is trivializable since it is
of rank 1 and possesses a nowhere-vanishing global section given by the unit.
In other words, it is isomorphic to the trivial line bundle. A module bundle
over the trivial line bundle is precisely a real vector bundle. Now the regular
type amounts to these vector bundles being of rank 1. Therefore the bijection
stated in Theorem gives an identification between the isomorphism classes
of irreducible Clifford module bundles and the isomorphism classes of real line
bundles. The set of isomorphism classes of real line bundles is known to be
isomorphic to the first cohomology group H'(M,Z/2Z) with coefficients in
Z/2Z, see Proposition 3.10 in [Hal.

Case C(RY,~) @ C: If we assume that F is orientable and we fix an orientation
w € T(ANE), then the Schur algebra bundle of S is trivializable because it
is a vector bundle of rank 2 with two linearly independent sections: the unit
section and the section given by action with the volume form w € T'(ANE) C
['(CA(E)). In fact we have w? = —1, which follows from the properties of the
volume element in Proposition for the signatures which occur in the case
C(RY,7v) = C as seen in the Table In other words, the Schur algebra
bundle is isomorphic to the trivial complex line bundle. A module bundle over
the trivial complex line bundle is precisely a complex vector bundle. Moreover,
the regular type amounts to these complex vector bundles being of complex
rank 1. Therefore the bijection stated in Theorem [3.28] gives an identification

between the isomorphism classes of irreducible Clifford module bundles and the
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Chapter 3 Part I: Clifford Module Bundles
isomorphism classes of complex line bundles. The set of isomorphism classes

of complex line bundles is known to be isomorphic to the second cohomology
group H?*(M,Z) with coefficients in Z, see Proposition 3.10 in [Hal.
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Part 1I: Dirac Generating

Operators

Sometimes I am convinced that
triangle is another name for
stupidity, that eight times eight is

madness or a dog.

Julio Cortazar, Hopscotch

4.1 Dirac generating operators of Courant

algebroids

In this part, we will apply the classification of Clifford module bundles from Part I to
extend the result of Alekseev and Xu [AX] on the existence of local Dirac generating
operators of Courant algebroids in neutral signature (r,r), to arbitrary signatures.
We begin with the definition of Dirac generating operators of Courant algebroids
(DGOs) where we allow the Courant algebroids to have arbitrary signatures. Recall
from Definition that a Courant algebroid consists of a vector bundle £ — M
with a scalar product (-,-), a Dorfman bracket [-,:] : ['(F) @ T'(F) — T'(F) and an
anchor map 7 : £ — TM.

To simplify our notation henceforth, whenever we talk of a C/(E)-module bundle

(S, T%) of type [y], we will abuse the notation and use ~ to indicate both v and T'°.
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Chapter 4 Part II: Dirac Generating Operators

Definition 4.1. Given a Courant algebroid (F,(-,-),[-,:],7) and an irreducible
C{(E)-module bundle (S,v) a Dirac generating operator (DGO) of a Cou-
rant algebroid E is a first-order differential operator ¢ : T'(S) — T'(S) such that
for all e,e1,ey € I'(E) and f € C*(M)

L [{d,v(e)}, v(e2)] = ([ex, e2]),

2. {ld. fl,v(e)} = m(e)(f),
3. 4> e (M),

where [+, -] denotes the commutator on End(I'(.S)) or the Dorfman bracket on E and
{-, -} denotes the anti-commutator on End(I'(.5)).

Remark 4.2. We would now like to highlight some subtleties regarding the def-
initions of Dirac generating operators that exist in literature. In the unpublished
manuscript of Alekseev and Xu [AX], they define a so-called ‘generating operator’
for a pseudo-Riemannian vector bundle (E, (-, -)) as a first-order odd operator D on
the sections of an irreducible module bundle (S, ) over the Clifford algebra bundle
CU{(FE) associated to (E, (-, -)) satisfying the following properties:

1. For any function f € C*(M), [D, f] € im(7).
2. For any two sections ey, ey € I'(E), [[D, e1], €2] € im(7).
3. D? e c=(M).

They also show that every generating operator on a pseudo-Riemannian vector bun-
dle (E, (-, -)) of neutral signature induces a Dorfman bracket and an anchor map on
E and thus induces a Courant algebroid structure on £. Observe that generating
operators only induce a Courant algebroid structure on E when ~ is injective, i.e.,
only when C{(F) is a bundle of simple algebras.

Assume now that a Courant algebroid E is already given. Consider a gener-
ating operator associated to the pseudo-Riemannian vector bundle underlying the
Courant algebroid E such that the Dorfman bracket and anchor map induced by
the operator coincides with the Dorfman bracket and anchor map of E. Such a
generating operator is called (Dirac) generating operator of a Courant algebroid.

In a large majority of literature starting from Alekseev and Xu in [AX] followed
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4.1 Dirac generating operators of Courant algebroids

by [LWX] [CS, [CD1], [GE] [CS|, [CCLX], Dirac generating operators are defined on
Courant algebroids of neutral signature. This is either explicitly stated or implicitly
assumed. In some places, such as in [CS, LWX] Courant algebroids are not assumed
to be of neutral signature but the DGOs are defined over sections of only those
C{(E)-module bundles that admit a Zy-grading that is compatible with the canoni-
cal Zy-grading of the Clifford algebra bundle. Furthermore, it is also always assumed
to be an odd operator and the definition is stated in terms of the super-commutator
on End(I'(S)). From Proposition from the theory of Clifford modules we know
that a natural Z,-grading on Clifford modules compatible with the canonical Z,-
grading of the Clifford algebra exists when the volume element of C/(FE) satisfies
w? = 1, which, while true for some signatures of £, does not hold in all signatures,
see Equation . Since in this thesis we consider Courant algebroids of arbi-
trary signature, we drop the assumption that Dirac generating operators are odd
operators and state its properties in terms of the anti-commutator and commutator

instead of a super-commutator.
Now we look at the classical examples of DGOs.

Example 4.3. Consider the generalized tangent bundle TM from Example [2.44] on
a smooth manifold M. The sections I'(TM) of TM act on the space of differential
forms I'(S) = Q*(M) = T'(A*T*M) as follows:

(X4 p=txp+EAp

where X € I'(TM), £ e I'(T*M) and p € Q*(M). A straightforward computation
shows us that this action is also a Clifford action and therefore it turns A®* 7™M into
a module bundle over the Clifford algebra bundle C/(TM). The de Rham differential
d on the co-chain complex of differential forms on M defines a DGO over TM as
can be verified from a straightforward computation.

Similarly, on the H-twisted generalized tangent bundle (TM, (-, ), [, ]u,7) from
Example 2.45] the following operator defines a DGO:

dg=d+ HN-

In both of the above cases the DGOs square to zero [AX].
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Chapter 4 Part II: Dirac Generating Operators

4.2 The Existence of Local DGOs

The main theorem of this section is stated below and we will prove it in several

steps.

Theorem 4.4. Let E be a regular Courant algebroid with scalar product of arbi-
trary signature. FEvery CL(E)-module bundle S of type [y], where ~y is an irreducible

representation, admits locally a Dirac generating operator.

Henceforth DGO will always mean Dirac generating operator of a Courant alge-
broid E, whether stated explicitly or not. The signature of the scalar product on
E will be denoted by (r,s). Recall that a regular Courant algebroid is a Courant
algebroid whose anchor map has constant rank.

While the basic strategy for the proof in arbitrary signatures is similar to the proof
in the neutral signature case as in [CDI], we need to generalise this proof in certain
key places and use results about Clifford module bundles that we have obtained in
Part I. To prove the existence of local Dirac generating operators we first show that,
for each pair of generalised connection D on a regular Courant algebroid £ and an
irreducible module bundle over (S,~) over C/(E), there exists an E-connection on
(S,7) that is compatible with the generalised connection D. By compatibility we
mean that the E-connection on (.5,7) respects the Clifford action. In proving the
existence of such an F-connection on (.S,v) we use in critical ways the results that
we have obtained in Part I. Specifically, we use our result on the relation between
two irreducible C/(E)-module bundles of the same type to induce an E-connection
on S from the given generalised connection D on F.

We next use this E-connection on (5,7) to define a Dirac type operator ). We
then propose an ansatz for a DGO, namely, d = I) +~, where T denotes the torsion
of the generalised connection D, and show that it satisfies the first two properties
of a Dirac generating operator of the Courant algebroid E. At this point the gen-
eralised connection D is arbitrary and, in particular, globally defined, in virtue of
which d is globally defined. To show that the ansatz for d also satisfies the third
property, however, we must choose a specific local generalised connection, namely,
the generalised connection D induced from a parallel connection with respect to
a certain structure-preserving local frame for . This means that ¢ can then be
defined only locally. By structure-preserving we mean that this local frame is con-

structed so that it preserves the structure of the regular Courant algebroid E. Here
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4.2 The Existence of Local DGOs

the signature of the Courant algebroid plays an important role. We next compute
d2 with respect to this local frame and verify that it satisfies the third property of
a DGO, namely € C®(M).

In the lemma below we show that upon fixing a generalised connection there exists

a D-compatible E-connection D® on S.

Lemma 4.5. Let E be a reqular Courant algebroid with arbitrary signature and D
a generalised connection on E. If (S,7) is an irreducible module bundle over CL(E),

then there exists an E-connection D° on S which is compatible with D, i.e.,

D7 (7a(5)) = () () + 7a(D(5)) (4.1)
foralle e I'(E), a € I'(CLUE)), s € I'(9).

Proof. Without loss of generality, we fix {U, | « € A} to be an open cover of M
such that all bundles defined over M appearing in this proof, be they vector bundles,
algebra bundles or module bundles, admit a family of local trivializations over it.

Since the bundle (F, (-, -)) locally always admits a spin structure, we can asso-
ciate a spinor bundle X over every open set U,. For example, > can be chosen to
be the trivial C¢(E)-module bundle of type [y] over U,. We show below how the
E-connection D on E induces an E-connection D> on ¥. As we will show, the
connection form of this D* with respect to the local trivialisation of the spin struc-
ture is one half of the connection form of D with respect to the corresponding local
orthonormal frame of E. Both connection forms can be considered as sections of
E* ® so(F) after the identification spin(FE) = so(FE) via the adjoint representation
ad : spin(F) — so(F), ad,(v) = uwv — vu. For the following calculations, let (e;)
be an orthonormal frame of E|y and (0,) a frame of ¥ such that e;o0, = 35 Cj 0
where C’fa are constants. We know that such a frame exists because of Corollary
3.5

Since D is a generalised connection on F, due to the compatibility of D with (-, ),

we have the following expression:
Dv(ek) = —€L ijk(v)e]
J

for v € I'(E|y) and €; = (ej,e;) € {£1} and (wjx) is the skew symmetric matrix of

I-forms. When € (e;) = d;; = €;(e;, ¢;) we have

E3
Z wpj (v 6zaep ®ej — e ® ep)(ex) Z Wy (V) (€pdprej — €0;1p)
(4:p) (4:p)
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Chapter 4 Part II: Dirac Generating Operators

=D wiy(v)(enes) + ; wip(v) (€xep)
j
= —2¢;, Z wik(v)e;.
J
Furthermore, since
> wii(v)(epe, ®@ € — €je; @ ep)(ex) = 2D wyi(v)(epey @ €5 — €je] @ ep)(en),

(4,p) Ji<p

we have

=D wpi(v)(epey, ® ¢j — €je] @ ep)(ex)
Jj<p

=D wpi(v)(ep Agj)(en).
I1<p
The element eye; € spin(E) C C{(E) when i # j acts under the adjoint representa-
tion as e,e5 ®e; —€;e;@e, € s0(E) which corresponds to e, Ae; € A*E, see for
more details. The following computations show that DZ(0,) := 1 3, wiy(€)ejep0q

is compatible with D|y for basis elements.

Dv(ek) O + €L - DE(O’m) = Zwﬂ(v)(eje; X e; — 616: ® ej)<€k>0m

i<j
1
+ =Y wii(v)ereejon,
245
= ZC&)Z]OJ)(QQZK & €; — Eje;f ® ei)(ek)am
i<j

1
+ 3 Z wij(v)exeejom

1<j
1
= Zwij(v)(eiéikej — ejéjkei)am + 5 Zwij(v)ekeiejam
1<j 1<j
1
= 5 Zwij(v)(ei(—%jéjk — €k€j) — (_2€i5ik — eiek)ej)am
1<j
1
+ - Zwij(v)ekeiejam
2 1<j
1 1
=3 > wij(v)(esejen — exeiej)om + 3 > wij(v)ereie;onm
i<j i<j

1
=5 Z wij(v)ee;eom
i<j
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4.2 The Existence of Local DGOs

and
D (eom) = DX(Y Cpos)
B

=>"Cp.DY(os)
5

— Zﬁ: cy (; > wy (v)eieﬂg)

i<j
1
=3 Zwl'j(v>€iej6k0-m.
i<j
For any general local section, we can express them in terms of the local frame and
apply Leibniz rule to show the same compatibility.

Now consider the bundle L := Homeyg) (X, S) — M that we know to exist from
Lemma[3.10/and consider the family of local trivialisations ®,, of L constructed there.
Let (I;) be the local frame of L that corresponds to the local trivialisation ®,. Let
(A\;) be the local frame of the Schur algebra bundle C(3,T*) that corresponds to
the local trivialization Ad(n7) restricted to C(X,,T*) C Homey(g)(Za, Xa). Here 5
is the C/(E)-equivariant local trivialization of ¥ underlying the local frame (oy).

From Lemma[3.11) we know that L is a right module bundle over the Schur algebra
bundle C(3,T'*¥). Therefore, from Corollaryit follows that [;-\; = Y, Nl where
NJ; are constants. Likewise, from Lemma we know that ¥ is a left module
bundle over the Schur algebra bundle C(X, ™) so again from Corollary |3.5|we know
that A, - op = X, B)04 for some constants B},

Consider the trivial connection on L with respect to the local trivialisation ®, and
let DY denote the induced E-connection. Then by construction we have DZ(1;) = 0
for v € T(E) and for all i. Let DF®R¥ denote the local connection over the tensor
bundle L ®g ¥ — M induced by the connections D* and D*. With the following
computation we show that this local connection descends to a local connection on
the Clifford module bundle S = L ¢y X — M, ie. DI¥R* for all v € T'(E)
leaves invariant the space of sections of the subbundle &l := Upentl, — M, where
i, = Spang{—(l - N ®@oc+1®@ (A-0) | l € L,,A € C(E,T), and 0 € X,} is the
subspace defined in Lemma [3.19] For v € I'(E),

DERE(_ (1 M) @ 0 4+ 1, © (M - 05)) = DEERE(—(1; - \p) ® o)
+ Dy (1 @ (A - 05))
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Chapter 4 Part II: Dirac Generating Operators

= Dy (=(li - M) @ 0 + (=i \e) ® Dy (05)
+ DEL) @ M\, -0+ 1; @ DY (N - o)
—(li - M\) ® DX (o) + 1; @ DZ (A, - o)
= —(l; - \y) ® DX (o) + 1; @ \pDZ (o)
e I'(Y),
where in the third step we use l; - \; = >, NF, and D} (l;) = 0. The last step
follows due to the fact that A, - o3 = 3, B}, 0, for some constants By, and because

A € T(C(X,T%)) they commute with e; € T'(E) as can be seen from the calculation

below.

DZ(\, - a;) = DX( ZB,WJQ

= ZB,ZJ. ( Z Wi (v elemaq)

l<m
q
5 Z Wim (V) €1€m (Z Bkj”q)
l<m q
— Z Wim (V)€erem Ay, - 0
l<m
= )\k, Z Wim (V) €1€1,0
l<m
b
= )\kDU (O’j).

Furthermore, we can express any local section of { over an open set U, as a C*(U)-
linear combination of elements —(I; - \y) ® 0; + I; ® (A, - 0;) and apply the Leibniz
rule to show that DL®R¥(s) is again in T'({) for any v € ['(E). Therefore locally
DE®r¥ descends to an E-connection D*®¢=0* on L ®¢(sry X and therefore an E-
connection DSVa on S|y, = L ®c(z,r) 2|v, - Now by gluing the E-connections DAlva
with a partition of unity subordinate to the cover (U,) we get an FE-connection
D5, [

We recall the notion of ‘Dirac operator’ in the context of generalised geometry
given an E-connection D° on a C{(E) module bundle (S, T%).

Definition 4.6. A Dirac operator is a first-order differential operator on S such

that
1 r+s

:—7262
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4.2 The Existence of Local DGOs

where (e;) is any local frame of E and é; is the metrically dual frame, (e;, €;) = d;;.

Note that the Dirac operator is independent of the chosen basis. Next in the
lemma below, we propose an ansatz for a Dirac generating operator and show that

it satisfies the first two properties of a DGO:

Lemma 4.7. Let T € T(A3E*) = T'(A*E) C T'(CU(E)) denote the torsion of D
where D is any generalised connection and let D° be a D compatible E-connection.

Then the operator .
d = lD + Z’YT (4-2)
satisfies conditions (1) and (2) from Definition [4.1]

Proof. We will first show that condition (2) in Definition is satisfied. Since

[yr, f] = 0 for f € C=(M), we have {[d, f], v} = {[P, f], v} for v € T(E). With
1D, f]1 = 5314 w(ei) (f)ve, it follows that {[ID, f], 7w} = m(v)(f) and therefore con-
dition (2) is satisfied.

To show that condition (1) in Definition is satisfied, we need to compute
{1, 7.}, 7] for v,w € T(E). To do this, we first compute

1
{P.w} = =5 2 (v D + 3. D)

1

=5 Z(%}Di% — %}-%Di - 27<e~i,u>D;9i)
1

= _5 Z’V@(Di’% - %De5¢> + Df
1

= _5 Z'Ve}-(’YDeiv + ,}/’UD;S;- - ’YUD(;S;) + D;?
1 S

= _5 Z’Yéf}/Dﬁiv + Dv :

Now,

1
{270} vl = =5 X arDew Yol + 1000

= - Z((émeDEiv — (De,v, w)Ve;) + YDy

1

= Z<D€iva w>’ye} + YDyw—Dyv-

(]
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Using the definition of torsion of D we get

[{lp> ’711}’ ’yw] = VT (v,w) + Vo ,w] -

For any 3-form we can further show that

[{VTa ’71)}7 /yw] = _47T(v,w)'

With this we have shown that

[{da ’7@}7710] = [{ZD + le’YTava}vfyw] = Yw,w]- [

If we can show that { as defined in the previous lemma also satisfies condition (3)
of Definition [£.1], then we have shown the existence of a local Dirac generating
operator on regular Courant algebroids. To analyse condition (3) of Definition ,
we use the Lemma [2.48 on the structure of a regular Courant algebroid. Observe
that Lemma implies that for a regular Courant algebroid E of signature (r, s)
over any U C M sufficiently small, the bundle E|; admits a frame

(p17 -+« Pmin(r,s)> 415 - - -y Qmin(r,s)> tla R 7t|7”—5|) (43)
such that there exists an [, with 1 <! < min(r, s), such that

ker 7 = spang{pa|a < I}
F = spang{q.|a < I}
ker7m D spang{q.|la > 1 + 1}

and

(Pas @) = Oap
[77-<Qa)a W(Qb)] =0

for any 1 < a,b < min(r, s),

for all 1 <m < |r —s| and
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4.2 The Existence of Local DGOs

for 1 <i,j<|r—s|, wheree=—-1lifr <sande=+1if s <r.

We can obtain such a frame as follows: Property 2 of Proposition [2.41] states
that the image of 7 is an involutive distribution and thus by the Frobenius theorem
we can choose a basis ¢, for a = 1,...,1 of F such that [7(q.), 7(gs)] = 0 for any
1 < a,b < 1. Next, choose a basis of (kerm)t, p, where a = 1,...,[ such that
(Das o) = Oap for any 1 < a,b < [. Finally we choose a basis

{pl+17 -+ + 3y Pmin(r,s)s 4i+15 - - - 5 @min(r,s); by, ... 7t|rfs\} cg

in such a way that the relations (pa,ps) = (qa, @) = 0, (Pa, @) = 0q hold for all
a,b>1+1, (t;,t;) = €dij, (Pa,ti) =0 and (g,,t;) = 0 for all a, b, i and where e = —1
ifr<sande=+1ifs<r.

The following lemma will help us in proving that the operator in will indeed
satisfy the third property of Definition [4.1]

Lemma 4.8. For any o € ['(ker), 3, 7(qa) {0, pa) + SF_, w(t:) {0, t;) = 0.

Proof. Bach term in 3, 7(qq)(0, pa) + S8, 7(t;) {0, t;) vanishes: if a < s, then p, €
[(ker7+) and (o, p,) = 0. If a > s+ 1, then g, € T'(ker7) and 7(g,) = 0. Since
t; € I'(ker7), we have 7(t;)(o,t;) = 0 for all i. O

To show the existence of a DGO, we will choose a connection V on E|y with
respect to which the frame ((pa)a, (Ga)as (tm)m), as constructed above, is parallel.
Such a V is flat, preserves the scalar product (-,-) of E and S|y admits a flat
connection V* compatible with V due to Lemma . Then V induces a generalised
connection D on E and V* an E-connection D° on S which is compatible with D.
The next lemma will show us that the operator [4.2] satisfies Property 3 of a Dirac

generating operator.

Lemma 4.9. The operator d = ) + i’yT constructed using D and D® satisfies
&’ e c=(U).

Proof. The Dirac operator I) has the expression:
1 S S £ s 1 S
P2 (Srpp e Sany e uny) =L (Tang) @y
a a =1 a

because p,,t; € I'(kerm). Observe that ((¢u)a, (Pa)as €(tm)m) is the frame that is
metrically dual to the frame ((pa)a, (9a)a, (tm)m), where e = =1 if r < s and € = +1
it s <.
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Since ° = (IP)? + HD . vr} + {574, we compute each of the terms on the right
hand side starting with the square of ) below:

(DY - i(zpp)

1 S S
= Z z{;papranqb

1
=3 2;<pa,pb>Dinb
— 0.

This follows from the flatness of V, that is, Vp, = 0 and [7(q.), 7(g)] = 0 for
any a,b. The last step follows from the fact that (p,), span an isotropic subspace.

Next we compute {/),yr}. The torsion T of D is written as T = £ 3> T ¢, €
CU(E) where (e;) is a D-parallel orthonormal frame and e;j; := e;e;je. The coefhi-

cients T7* are given by
Tk — T(€:,€j,€x) = eicjerT (e, €5, ex) = —€i€ex([€is €], €x), (4.5)

where (é;) is the frame of E|y that is metrically dual to (¢;), ie., €; = €;e; with

¢; = (€, €;). We use the abbreviation ¥ijx = Ve,e;e, and we write

1
{D,vr} = D) {; %;DS’ZTM%M}

ijk

1 .. .. y A
= =15 | 2 alwm(e) (T vz + W DE (vije) + T”k%j’””D2>)
ijkl
1 .. .. > a
= —15 | 2 alum(e) (T g+ T D5y + T”'”@‘j’””Dfl))
ijkl
1 ij ij
- Z];lez(WT(ez)(Tjk)%jk + T]’“{Vzmjk}sz)> :
ij

For a fixed | we have

Z Tijk{%*z ,Vijk} = €1 Z Tijk(%%‘jk + Yijen)

ijk ijk

=€ Z Tijk(—2<€l, €)Yk — Yitjk + Yijk Vi)
ijk
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=& > T7*(=2(ey, ei)vj + 2{er, )Y — 2{e1, €x)Vij)

ijk
— 2Ty + Z 2T Gy — D 2T oury
Jk Y
= =63 T
ik
Further,
> T {ya, i} D = =63 %"CDSZZ allke
ijkl ik
S
=6 vrDi )
ik
s
=0 zk: €5k ijD([ejﬁk])'
j
Therefore,
{D.yr} = _ﬁ eu(ym(en) (T7% ) yign) — Zeﬂek 56D fesex))
15kl Jk

To compute the last term we choose the orthonormal frame (e;) to be

where ((Pa)as (9a)a, (tm)m) is the frame (4.3)) constructed before. Since [7(q,), 7(gs)] =
0, we have 7([e;, ex]) = 0. Therefore,

{Dr} = Z e(nm (e (T )vign). (4.6)

]'2 ijkl

So we have

=1 <:1)> > alm(en) (T i) = ”>

ijkl

First observe

Ze e =y (—2(ei,e5) — ejei)

0.
=2 (ei,e5) — Y _eie; =~ (ei,e;) ZE%
i, i.J Y]
Next we compute
(’YT)Z - ('Vé Zijk Tijk@iik) (,}% Zlmn Tlmnelm")
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ijkplmn
Z TJ T Vijklmn

36 ijklmn
1 I g mn 9 i mn

= — Z T]le YijkVimn — 54 Z ElT JlTl Yijmn
36ijklmn 36 ijlmn

1 .
— _Z Z GlTh]Tlmn/Yijmn;

ijlmn
where the primed summation sign here, and in the following, runs only over pairwise
distinct indices.

Note that in the above calculation, if we let I denote the index set of ordered tuples
(1jklmn) over which our summation runs, and consider the involution 5 : I — [
where (ijklmn) — (Imnijk), then

1 T AL LT TR | o TRy Y
= > = 0.

36ijklmn 2 365(z]klmn) 2

Observe that

Z ElTlijTlmn’Yijmn = Z/ 6lT”jT'lmn")/ijnm + Z elTlijTlmﬁ)/ijm + Z 6ljﬁlijT'hm’}/ihm'

ijlmn ijlmn ijln ijlm
lijrplin,., lijrplmg .,
+ Z ElT T Yijjin + Z ElT T Yijmg
ijln ijlm
/ .. .. .
l l l l
= @l T Yijmn + 4> 6T T " i
ijlmn ijln
12 .. .. .
lijrplmn lijrplin
= Z S R R 4ZEZT YT Viijn
ijlmn ijln
! lij plmn lij g
= Z GZT jT %jmn + 4 Z EZEjT JT j’}/ii
iglmn ijl
12 .. ..
lij rlmn 15\ 2
= Z EZT T P)/l]mn — 4Z€T6j6i(T j) .
ijlmn g
Therefore,

1 / ijrplmn Qir
(vr)? = 1 ( Y T T i — 4 enejei (T )2>.

ijlmn ijr

Similarly,

S (@) T yeige = S 7€) (T ey + 3 m(e) (T e

ijkl ijkl Kl
zlk: ijl
+ > 7w ()T yvavie + Y mw(e) (T )va i
ikl ijl
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/ .. .
= > w(e) (T vavin + 32 m(e) (T ya i

ikl Kl
!
=" w1 (e)(T%) v vim — 3D w(e) (T )vjs.
ikl Kl

Combining the above two expressions and taking into account that for any fixed j

and &£ we have
Y w(e)(T*) = —¢;e Z ([ej,ex), ene
!
= —€j€k Z (lejen], pa) — > m(ti)([e;, ex], ti) = 0,

%

Above we have used Lemma [4.8 Next we obtain the expression

1 /1 - 1 - 1 »
F=1 ( S m (@) (T7%) e yige + 1 > ElTl”Tlm"%‘jm"> 16 > eeie(T)2,

16 3 ijkl ijlmn T
We aim to show that

2 1 i\ 2
d :_16<Z€i€j€r(T ) ) (4.7)

T

For this we need to show that

- Z m(e)( T”k Ve Yijk + = Z € T“’Tlm”%]mn =0. (4.8)

zykl mlmn

To show that the equation (4.7) is true we use the property that [u,[v,w]] =
[[u, v], w] + [v, [u,w]] for all u,v,w € I'(E) and we metrically raise and lower in-

dices as needed:

0 = [ei[ej,ex]] — [[es, e5], ex] — [ej, [ei, ex]]

= Xl: ( — e, Tip'er] + [Tij'er, ex] + [ej,j—;;klel])

= S (—m(e)(Tih)er + m(e) (Tuh)es +Z W T™ = T Ti™)em
I

+ > (=lew, Tijled] + m*d(Tij'er, ex))
l

= Z( m(e:)(Tint)er + m(e;) (Tuh)er) + Z(Tjlez‘zm — Tt Ti™ e + 7 d Ty
lym

Zﬂ- z] el—i_zﬂkal €m
l

= Y mle)(Tyea— ) Z( ZnglTkz €m>

l (4,4,k) cyclic 1
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In the above we have used that 7*df = Y, w(e;)(f)é for all f € C*(M). For any
fixed 1, 7, k, [ we therefore find

m(e)(Tije)ér — > (W(ei)(Tjkl)ez - ZTz’lemmem> =0.

(4,5,k) cyclic 1

Let 4, 7, k, 1 all be pairwise distinct. Now we multiply the above equation with ~**

and sum over 7, 7, k, [ which are pairwise distinct

Ozz’(ﬂez)mmél— > (rledmie - S 1 T ) )

ikl (4,5,k) cyclic 1
’ .
=Y me) Ty =S Y wle) Ty
ijkl ijkl (i,,k) cyclic

+z’< Y YT, Tkml> k)

ijkl (4,3,k) cyclic m
Observe that

ZI ) m(e) (Ti)y'™* = 3Z/W(ei)( Ak — 32 i)y "

igkl (i,5,k) cyclic ijkl 17kl

— _32 ij lzyk

ijkl
and

ZI< Z Z Tkmz> Ik — Z/ <( Z TijmTkml>’Y”jk
5Js

ijkl (4,3,k) cyclic m igklm \ (i,5,k) cyclic

/ ..
=3> T ™ Ty "

ijklm

1 ..
—3 Z T‘ileklm’mek'

ijklm
Combining all the above we obtain
4 Z 6l szk 78171]16 +3 Z €l,T’le,-Z—'hﬂn’}/zymn =0
,7,k,l i,7,l,m,n

which is essentially Equation (4.8) subject to re-organisation of indices. With this
we can conclude that {° € C>(U). O

Lemma shows that d = Ip + iVT satisfies the first two properties of a DGO
and Lemma shows that it satisfies the third, so we conclude that 4 = P + i’yT

is a Dirac generating operator — proving Theorem [£.4]
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4.3 The space of local DGOs in signature (p,p+1):

In this section, we aim to describe the space of local Dirac generating operators in
signature (p, p+1). Having a description of this space is not only important to gain
a better understanding of DGOs of Courant algebroids of the said signature type
but it is also a first step towards constructing the canonical DGO, which would then

be a globally defined operator.

Theorem 4.10. Suppose there exists a DGO d for a Courant algebroid E — M
of signature (p,p + 1) on an irreducible C{(E)-module bundle (S,v). Then, the set
of DGOs for E on (S,v) has the structure of an affine space modelled on

Vi={eecl'(E)]| {d, 7.} € C™(M)}. (4.9)
In particular, Vy is independent of the choice of the DGO d.

The proof of Theorem is in Section [4.3.2]

In all that follows we assume that £ — M is a Courant algebroid and (5, v) an
irreducible C¢(E)-module bundle. In the lemma below, we show that if d is a DGO,
then f + 7. is also a DGO for any e € Vy, where Vy is as described in Theorem m
above. Note that the lemma below holds in all signatures even though we apply it

only in the (p,p + 1) case.

Lemma 4.11. Suppose there exists a DGO d for a Courant algebroid E — M of
signature (1, s) on an irreducible C{(E)-module bundle (S,~). Then for every e € Vy,

where Vy is as in Equation (£.9), d + 7. is a DGO for E.
Proof. For any e € Vy, we verify below that d =4+ 7. is a DGO.
1. Let ey,e5 € I'(E). Then
[{d + Vs Yer }s Vea] = [{d7 Yer }> Veal T+ [{Ves Yer }s Veal
= Ver,ea] T [’}/6’}/517 7@2] + [761767 782}
= 7[81,62]‘
In the last step [VeVe,, Yea) + [Ver Ve, Veo) = 0 due to the Clifford relation.
2. Let e; € I'(E) and f € C*(M). Since [y, f] =0,
{[d + e fl,ver} = s f1. 76} + {[ves flover } = () ().

With this we have shown that ¢‘Z, satisfies condition 2.
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3. If e € I'(E) such that {d,~.} € C*(M), then

2 o
() (d+7e) = &+ {d, e} +7eve € CF(M).
Therefore, ' satisfies condition 3. n

Now we will prove the converse, that is, in signature (p,p + 1) we show that
d— d/ = 7, for some e € Vjy for any two DGOs d and d,. To do this we proceed
as follows. We first observe that [L, f] is a Oth order operator for L := d — d" and
any smooth function f. Then we show that [L, f] = 0 in signature (p,p + 1) and
from this we conclude that L is a 0-th order operator. Next, we show that {L, f}
belongs to the Schur algebra bundle and is therefore a scalar operator. For this the
signature (p,p+ 1) is important. In the final step, due to surjectivity of v and since
{L, f} is a scalar operator in signature (p,p+ 1), we conclude that L = ~, for some

e € I'(F). To this end, we begin with a lemma.

Lemma 4.12. The commutator of any first-order differential operator L and any

smooth function f is a 0-th order operator. Furthermore, if L is a first-order operator
such that [L, f] =0 for all f, then L is of 0-th order.

Proof. Let M be a smooth manifold of dimension n and S — M a real vector
bundle of rank m. Recall that a first-order differential operator on M is a linear
map L : I'(S) — T'(S) that has the following property. Each point of x € M
has a neighbourhood U with local coordinates (z1,...,z,) and local trivialisations

Xt © S |y—> U x R™ in which L can be written in the form:
L=) A'x A°
Z axl + A%(x),

where each A’(x) is an m x m-matrix of smooth real-valued functions such that
A" £ 0 for some i. Let (&1,...,&,) be a local frame for S over the neighbourhood
U. Write any g € I'(S|y) as ¢ = >, ;& where g; € C*(U). Now by the Leibniz

rule,
(L = FL) (g1 gm) (ZA’ Ly >> (o o)

_f<ZAz

) (o290

74



4.3 The space of local DGOs in signature (p,p + 1):

— iAi(x) ((9(f(g15 - 79m))>
”fiAi(x) (‘W)

=3 A 00) (gf) |

Since each component of the above m-tuple is a C*(U) function, [L, f] is a 0-th
order operator for all f € C®(U).

Now to show that L is of 0-th order when [L, f] =0, let f =z forany 1 < j <n.
Given that [L, f] = 0 for all f € C®(U) we have the following:

Ki A"(:c)aii + Ao(x)> ,:cj] ((g1,- .., gm)) = 0.

Y A @)1, s gm) (dz(Ds,)) = 0.

=1

With this we have shown that A’(x)(gy,...,gm) = 0 forallz € U and all ;. Without
loss of generality, now let g be such that g; are nowhere vanishing functions for all
i. This would imply that A7(x) = 0 for all j. Thus L is of 0-th order. O

In particular, from Lemma it follows that if L := d — d/, where 4 and d/ are
DGOs on a Courant algebroid E — M, then, [L, f] is a 0-th order operator for all

fec>(M).

Remark 4.13. From property 2 of Definition [.1] it is clear that {[L, f],7.} = 0
for all e € I'(E).

The lemma below shows that [L, f] is C/°( E)-equivariant.

Lemma 4.14. If L = [ — d/ where d and d/ are DGOs on a Courant algebroid
E — M of signature (r,s), then [L, f], where f € C*°(M), commutes with C{°(E)

and anti-commutes with C0*(E).

Proof. For L := ¢ — ' it follows from property 2 of DGOs that {[L, f], 7.} = 0 for
all e € I'(F). Now from the Clifford relations the proof follows. O

Let (7, s) be the signature of the Courant algebroid £ — M. We show below that
when the Clifford algebras C/(E), are isomorphic to R{N|@®R[N] or H{N]®H[N] for
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Chapter 4 Part II: Dirac Generating Operators

some N € N, i.e., when r — s = Tmod 8 or r — s = 3mod 8 respectively, [L, f] is in
fact zero. Note that metric of signature (p, p+1) is a special case of r —s = 7mod 8.
The fact that [L, f] is zero is necessary for our proof of Theorem [4.10]

Note that in both of the above stated cases, there are two inequivalent irreducible
representations, v+ of C/(E) and a unique irreducible representation 5 of C{°(E)
such that v |cpoz)= 7 as representations. This fact is critical in our proof showing
that [L, f] is zero.

Lemma 4.15. Let E — M be a Courant algebroid whose signature (r,s) is such
that ¥ — s = Tmod8 orr — s = 3mod8 and let L := d — ¢‘Z’ where d and d/ are
DGOs. Then [L, f] =0 for all f € C®(M).

Proof. e Caser—s=T7mod8: Let v :Cl(E) — Endgr(S) be an irreducible rep-
resentation of C£(£) and let C(S, v|ceo()) be the Schur algebra bundle of the re-
striction of y to the even part C(°(E). Clearly I'(C(S, v|cwor))) C T'(Endgr(S)).
Since [L, f] is a 0-th order operator, [L, f] € T'(Endg(S)). Furthermore,
{IL, f],7.} = 0 for all e € T(E) implies [[L, f],7(T'(C*(E)))] = 0. There-
fore [L, f] € T'(C(S,v|coo(m))). Since C(S,¥|cwry)p = R, [L, fl, = Ap1dg, for
some A\, € R for all p € M. Observe that {[L, f],7.} = 0 for all e € I'(E) also
implies that {[L, f],7(T(C¢*(E)))} = 0, that is for all n € v(T'(C/'(E))):

{[L, f], n}p =N IdSp Mp + MpAp IdSp
=2\

=0.

This can only hold for all 5, € 7,(C¢*(E)) and for all p € M, if A\, = 0. Thus
we have shown that [L, f] = 0.

o Caser—s =3mod8: Let v : C/(E) — Endgr(S) be an irreducible representa-
tion on C/(E) and let C(S,v|cwo(r)) be the Schur algebra bundle of the restric-
tion of v to the even part C{°(E). Clearly I'(C(S,v|ceor))) C T'(Endg(S)).
Since [L, f] is a 0-th order operator, [L, f|] € I'(Endr(S)). Furthermore,
{IL, f],7.} = 0 for all e € T(E) implies [[L, f],7(T'(C*(E)))] = 0. There-
fore [L, f] € T'(C(S,¥|cw(ry))- Recall that C(S, v|cew(r))p = H. Let I, J,, K, €
Endg(S,) be the endomorphisms that correspond to the quaternionic units
{7, 4, k} via the identification C(S,7|co(m))p = H. Then

L, fl, = alds, +bl, + cJ, + dK,
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4.3 The space of local DGOs in signature (p,p + 1):

for some a,b,c,d € R. Observe that {[L, f],7.} = 0 for all e € I'(E) also
implies that {[L, f],7(T'(C¢*(E)))} = 0, that is for all n € v(T'(C(*(E))),

{IL, 11, U}p = 2a(77p IdSp) + b(Ipnp + nplp) + C(Jpnp + 77pJp> + d(Kpnp + 77pr>‘

Note that by the natural action of C(S,v), = H, S, is a left H-module. Further-
more, since by definition y(Cl¢(E),) commutes with C(S,~), = H, it is clear
that the action of C/(E), on S, is H-linear. Observe that C(S,7|cor))p =
C(S,7), = H, therefore, we have:

{[L; fl,n}p = 2a(n, IdSp) +2b(np1,) + 2¢(npdp) + 2d(n, K,) = 0.

Since {Idg,, I, Jp, K} are linearly independent, this can only hold for all
Ny € Yp(CLY(F)) and for all p € M, if a = b= ¢ = d = 0. Thus we have shown
that [L, f] = 0. O

The next lemma about Clifford modules will supply us with the final part neces-
sary to prove Theorem [4.10}

Lemma 4.16. Let C/(E) be a Clifford algebra whose underlying pseudo-FEuclidean
vector space has signature (p,p + 1) and let (S,7y) be an irreducible C{(E)-module.
Let A € End(S) and assume that for all v € E we have {A,v,} = Aldg for some
A€R. Then A =~, for someu € E.

For the proof of this lemma, which is written in Section in full detail, we find
a basis of End(S) in terms of the Clifford generators of C/(E). We do this by first
determining the kernel of 7 and then use the surjectivity of v when the signature of
Eis (p,p+1). Note that, to avoid cumbersome notation, unlike in the rest of the
text we use the symbol C/(FE) here to indicate a Clifford algebra instead of Clifford
algebra bundle.

We begin with the observation that if C/(E) is a Clifford algebra whose underlying

pseudo-Euclidean vector space has signature (p,p + 1), then

CUE) = Clp,p+1)=CL0,1)@CL1,1) @+ ®CL1,1).

p times

This is a standard fact about Clifford algebras which follows from Theorem [2.12]
Now we fix algebra isomorphisms C/(0,1) = R®R and C4(1, 1) = R[2]. We do this by

7



Chapter 4 Part II: Dirac Generating Operators

allowing {(1,1), (1,—1)} to be the images of Clifford generators {Id,T'} of C¢(0,1)
and the matrices below to be the images of Clifford generators {Id,I';,I";,T's3} of
Ce(1,1):

1 —
0 1 -1 0 0 -1 -1 0

The lemma below gives an explicit form for an isomorphism C/(p,p+1) = (R®R)®
R[2] ® - -+ ® R[2] in terms of the above generators.

p times

Lemma 4.17. Let {I'1,Ty,...,[op11} be a set of generators of Cl(p,p + 1) such
that T2 = —1 fori < p and T? =1 for i > p. Then there exists an isomorphism of
Clifford algebras

O:Clp,p+1) — R2]®---®R[2)) ® (R2] ®---®R[2])

p times p times

which maps the generators as follows.

O =ld® - QUK Q- K, [d®--- @ IdI 9 K®---® K)

-1 p—I -1 p—1
P(Tp1) =K@ @K, — K® - ®K)
p p
OTpriy) =(lde- - @deJOK® - 0K, ld® - 9lde/e K@ - @ K)
-1 p—l1 -1 p—lI

forall1 <1 <p.

Proof. First we verify that the images ®(I';), for 1 < [ < 2p + 1, of the Clifford

generators satisfy the Clifford relations:

d(T))* = —1d, V1 <Il<p,
@(Fp+1+l)2 - Id, vo S l S p7
®(T,,)®(I)) = —d(T)®(T,,), VI<m,l<2p+1,m#l

This is a straightforward verification, using the relations between I, J and K. So
we conclude that & defines a homomorphism of algebras.

Observe that C£(p,p + 1) has dimension 22**! and R[2]*? @ R[2]*” has dimension
2(47) = 2%*1 Therefore, in order to show that ® is an isomorphism it is sufficient

to prove that ® is surjective.
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Surjectivity of ® follows from the fact that the elements ®(I'), for 1 <1 < 2p+1,
generate the algebra R[2]*” @ R[2]*?. By explicit computation one can verify that
the elements in the set below can all be obtained as products of elements ®(I';), for
1<1I<2p+1.

A€ {(Ll)?(la_l)}
G={A®ld® - ®ldeT®ld®---®1d | T € {I,J K}
—_——— ~—_———
-1 p—1 1§l§p

Since G generates the algebra (R @ R) @ R[2]*", this concludes our proof. O
Remark 4.18. Denote by (Fg-p]) the Clifford generators of C4(p,p + 1). Then note

that from Lemma |4.17|it follows that @(FEP]) = @(ng—l]) ® K for all 1 < j < pand
oy = oy @ K forall p < j < 2p+ 1.

Without loss of generality, hence forth we will consider the irreducible represen-
tation v : Cl(p,p + 1) — End(R?") that linearly maps I'; — m; o ®(T;) for all
generators I'; of C/(p,p + 1) where 7 is the projection of C{(p,p + 1) onto the first
component of R[2]*? & R[2]*".

In what follows we will obtain an explicit description of the kernel of  in terms of
the generators of the Clifford algebra. Before we give the abstract description of the
kernel of v for C4(p,p+ 1) in full generality, we will take a look at some examples in
lower dimensions. We explicitly compute below the kernel of v for C/(1,2), C{(2, 3)
and C((3,4).

Example 4.19. C/(1,2)
Let {Id,I'1,T'5, '3} be a set of generators for C4(1,2). Then

{Id7 Fl? F27 F37 F1F27 F1F37 F2F37 F1F2F3}

forms a basis for C4(1,2). Explicitly, an isomorphism & as in Lemma maps the
above basis of C£(1,2) to the following elements in R[2] & R[2]:
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It is now easy to see that the kernel of v is as follows:
Ker(y) = Spang{l'y — ['ol'3, 'y — I'1['3, I's + 1Ty, T o3 + 1d }.

Example 4.20. C{(2,3)

Let {Id,T';,T'9,T'3,T4,T's} be a set of generators for C/(2,3). Then the isomor-
phism ¢ as in Lemma maps a basis of C/(2,3) constructed from the generators
of C/(2,3) to elements in R[4] & R[4] as follows.

ld— (1®1,1®1) DiTols = (—J @ —1,—J @ 1)
= (I®KI®K) [l — (K@ -1, K® 1)
Ty (1®1,1®1) Dol = (IT®1,I1®1)

Iy (K@K, ~K®K) Nl - (-1lo K, 10 K)
Iy~ (JOK,J®K) T35 = (=T ®J,J®J)
I's—(1®J1®J) N — (K@ JKeJ)
Dy (I®J,1®J) Dol = (I@1,1® 1)
M= (-J®1,J®1) ToTsTs = (K@ —1, K ®1)
My~ (K1, K®1) Lol'yls = (J@ —1,J ® —1)
[l (IR1,IRI) D3yl = (1@ J,—1®J)
Dl = (Ko —J,K®J) [0l = (1@ J, -1 —J)
Doly = (J@—J,J@—J) [yl = (I @ K, I ® —K)
Mol — (1 K,1® K) Lyl = (-1 1,1 1)
My = (ol —1®1) [0l = (K@ -K, K® —K)
D3l (K@, —K®I) [0l = (—J @ —K,—J ®@ K)
Lyls = (J@1,J®1) [0y = (-1 ®1,-1® —1)

The kernel of v is as follows:

ker(y) = spang{I'1['ol's'y s + Id, T4 To'sTy + I's, [ol's s — Ty,
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[ D305 + Do, T Tolals + Ty, Iy Dal's s — Ty,
[hDoly — Tyls, T Dol'y + D'sl's, Ty Tol's — I'sly,
WDy + Dol's, I sy — oIy, I Ty + Dol
Pol'sl'y — I 5, Dol'sTs + Iy Ty, Pal'yI's — ' 1,
[Tls — DTy,

Example 4.21. C{(3,4)

Let {Id, 1,5, '3, T4, T'5, 6, I'7} be a set of generators for C4(3,4). Then explic-
itly, an isomorphism ® as in Lemma 4.17) maps these generators to the following
elements in R[6] & R[6].
d—(1®1®1,1®1®1)

I~ [[K®K I®K®K)
= (10K 1I®K)
I3 (1®11L,1®1®I)

= (KKK -K®KR®K)
Is—(JOK®K,J®K®®K)
Te— (100K 12 J0K)
i (11,101 J)

The kernel of v is spanned by the elements
[0l — Id

and

Ly o Ty (DD sy — 1d)

L
where 1 <k <34, €{l,...,7}and iy < -+ < .
Below we give a general description for kernel of ~.

Lemma 4.22. The set

i) H = (i17i27"'7ik)7

+1

r, (rlrz...r2p+1+(—1)“’2 + Id) 0<|u=k<p,
1< < <y, <2p+1

forms a basis of the kernel of the irreducible representation v : Cl(p,p + 1) —
End(R*) where yr, = Id when |u| = 0.
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Proof. Let (ng ]) be generators of C4(p,p+ 1). First we will show by induction on p

that
ArPTH T ) = @f KUK

Observe that for C/(1,2), the volume element gets mapped by ~ as follows,
AUy = 1k g

Assume that for p — 1 the volume element gets mapped as

Y(w) =PI Tk = @ KK

Then
APTE T ) = (v Pl el e ).

From Remark [4.18 it follows that
11} ® KQp_l)F[Q@H)-

A(PTE TR ) = (e Tk

Now due to the induction hypothesis we have

(TP T = (1P () (@ KT TR @ K y(T),0),

By substituting v(Fg’]) =ld® --®Id®I and 'y(FgﬂH) =1ld®---®Id®J into the
p—1 p—1
previous equation and simplifying we get
) =@V KK @ (1) KT
= @V KUK @ (1P KPR T
=@ KUK

STU KN ¥ 2

From now on we will drop the superscript p from the symbol ng] denoting the

generators of C{(p,p + 1) and we observe the following:

YT Ty.. . Topyy) = @b, KK
=@ (- K* Y

=@, (-1) KT

= ®?:1(_1)l
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p(p+1)
2

— (—1)"5" 1d.

. p(p+1)+1
From this, we can not only conclude that I''\['y ... Ty, 4+ (—1) 2 Id belongs to

the kernel of v but also that the set described in the statement of this lemma does.
We can further simplify and show that the elements of this set are either of the
form I''\Ty ... Tgppq + (_1)%“ Id or of the form I';, ... T, £1%,,, ... T

1§]{I§p, 217722p+1€{1772p+1}7 21<<’lk andik+1<~--<z’2p+1. It

irp 1 Where
is now easy to see that these elements are linearly independent. A straightforward
combinatorial computation shows that the total number of elements of the stated
form is 3-%_, (2p;r1> which is equal to dim Cl(p,p + 1) — dim End R¥. Thus we can

conclude that these elements form a basis of the kernel of ~. O

Using dimensional arguments and the basis for the kernel of 4 from Lemma [4.22]

we can further conclude that the set described below forms a basis of End(R%").

{w, Tw= (i, yig), 0L [ p|<p, 1< <---<ip <2p+1land 1 <k <p}
(4.10)
where yp, = Id when |u| = 0.
Before concluding the proof of Lemma we will prove it in the special case of
Cl(2,3) as an illustration.

Lemma 4.23. Consider the Clifford algebra C0(2,3) and let (S,7) be an irreducible
Cl(2,3)-module. Let A € End(S) and assume that for allv € E and for some A € R
we get {A,v,} = Adg. Then A =, for some u € E.

Proof. Consider C/(2, 3) and the irreducible representation y : C¢(2,3) — End(Rzz)
that linearly maps I'; — m o ®(I';) for all generators I'; of C¢(2,3) where 7y is the
projection onto the first component of R[4] @ R[4]. Let {I';,T's,T'5,T'y,I's} be a set
of generators for C/(2,3). Then A € End(R¥) has the following expression

5 5
A=Md+ Z AiYi + Z NijYijs
i=1 @4<j1
,J]=

where 75 := yr,7r,71,- Imposing the condition that {A,v;} = n; Id for some n; € R,

we obtain the following equations.

m Id = 2 Ay — A Id 42237193 + 2047124 + 2X25V195 + 2347134 + 2A35V135 + 2 457145
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N2 Id = 2y — A2 Id +2A137213 + 2M147214 + 2157215 + 2A347234 + 2A357235 + 2457245
n3Id = 2Ay3 + A3 Id +2A 127123 + 2A 147314 + 2A157315 + 2A247324 + 2A257325 + 2457345
NaId = 2Xyy + Mg Id +2X 197124 + 2A137134 + 2X 157415 + 2X23Y234 + 2X95Y254 + 2357354
n5 Id = 25 + A5 Id +2 127125 + 2A137135 + 2147145 + 2A237235 + 2A247245 + 2347345
Since for any five pairwise distinct 7, j, k, [, m we have 7, = Vi, the latter of

which belongs to the basis of End(R%’), we can conclude that if {A,~,} = n1Id for
all v € R?3, then A = ~, for some u € R*3. O

4.3.1 Proof of Lemma [4.16

We are now ready to prove Lemma in full generality:

Proof of Lemma[{.16. Consider C{(p,p+ 1) and let {T'y,...,T'9,11} be a set of Clif-
ford generators. Consider the irreducible representation v : C4(p, p+1) — End(R?")
that linearly maps I'; — m o ®(I';) for all generators I'; of Cl(p,p + 1) where m is
the projection onto the first component of R[2]*” & R[2]”. Let v, := 4, where
o= (i1,02,...,i5), 0<|u| <p, 1 <ip <---<ip<2p+1land 1<k <p Then
A € End(R?") has the following expression in terms of the basis of End(R*") as in
(4.10):

A= Z&L%
o

2p+1
t=1 i

11 <<
i1,..,8¢€{1,...,2p+1}

where A\, €R. Let ¢ = +1foralll <l <pandg=—-1forallp+1<1<2p+1.
For each k such that 1 < k < 2p+ 1 by imposing the condition that {A, v} = nx Id

where 7, € R, we obtain the following equation:

2p+1

e Id = 2oy, + Z Z Niyie Vi s Vi) (4.12)
t=1 i

11 < <1t
01,0t €{1,...,.2p+1}

Observe that there are four cases to consider in order to determine {v,,7;} when

|pt| > 2 namely:
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Case (1)

Case (2)

Case (3)

Case (4)

4.3 The space of local DGOs in signature (p,p + 1):

|pe| is even and k € pu :

In this case, the length of the string p is |u| = 2r for some r € N. Since the
index k € p its position in the string p will divide p into parts of length x and

Y

such that 2r = x + 1 + y. Since this would imply that x +y = 2r — 1, this
would further imply that only one of x and y is even while the other is odd.

From this we can conclude that {v,,v:} = 0.

|pe| is even and k & p :

When k ¢ p and the length of p is even {v,, v} = 27, where p/ is a multi
index of length || + 1.

|pe| is odd and k € p :

In this case, the length of the string p is |u| = 2r + 1 for some r € N. Since
the index k is such that k € p, its position in the string p will divide p into
parts of length x and y

such that 2r+1 = x+14y. Since this would imply that z +y = 2r, we would
have two possibilities, x and y are both even or both odd. When x and y are
both even, {v,, v} = 2¢,7y,s where g is a multi-index of length |p| — 1. When
x and y are both odd, {v,, 7} = —2€x,v.

|p| is odd and k ¢ p :

It is clear that in this case again {,,7x} = 0.

In the simplified expression for {4, v, } after incorporating the results for {v,, v}

coming from the above considerations, no two terms will have the same basis element
of End R?. To demonstrate this, consider the expression that we have for A
in terms of the basis in of End R?. The indices of the basis elements v, have
length |p| € {0,...,p}. In the anti-commutator {A,~;} the terms {~,, v} will be

equal to av, for some appropriate scalar a € R. By carefully observing the way the

length of u changes upon the action of the anti-commutator with v, on A according
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to the above analysis, we find that if p is of even length, then the term becomes 0 or
|t/| = || +1 and if 4 is of odd length, then the term becomes 0 or |u/| = || —1. This
means that all the terms whose basis elements have indices of length 1 will either
become 0 or some scalar times Id, all the terms whose basis elements have indices
of length 2 will either become 0 or some scalar times basis elements whose indices
are of length 3 while all the terms whose basis elements have indices of length 3 will
either become 0 or some scalar times basis elements whose indices are of length 2
and so on.

Observe that if p is odd, then all the terms whose basis elements have indices of
length p will either become 0 or some scalar times basis elements whose indices are
of length p—1. There will be no basis elements whose indices are of length p—1 that
come from anywhere other than this reduction. Therefore we can be certain that in
the simplified expression for {A,~;} after incorporating the results for {~,,7}, no
two terms will have the same basis element. Below is a helpful diagram to illustrate
this. Here the numbers denote the length of u and the arrows denote the length to
which g changes upon the action of the anti-commutator with ~, on A, when the

terms don’t vanish:

NN\ DTN

If p is even, then all the terms whose basis elements have indices of length p will
either become 0 or some scalar times basis elements whose indices are of length
p+1. When |u| = p+ 1 we know from the description of the kernel of 7 (cf. Lemma
that v, = £7,e where ¢ := {1,...,2p + 1} \ p is the complement of the set
underlying p in the set {1,...,2p + 1}. Since in this situation there are no basis
elements whose indices are of length p that are coming from anywhere other than
this reduction, we can be certain that in the simplified expression for {A,~;} after
incorporating the results for {7,, v}, no two terms will have the same basis element.

Below is a helpful illustrative diagram, analogous to the one above:
0 \ 2 \ 4 \ : p \
\ 1 \ 3 \ 5 p+1
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4.3 The space of local DGOs in signature (p,p + 1):

Computing {A, v} for every 1 < k < 2p + 1 in this way, we obtain a system of

equations of the below form:

\uli2q \u\:gqﬂ
k¢u kep
= Z 2>\H’}/ﬂ/ — Z 2)\“€k7”/
Iuli&z |u|=l§q+1
k¢p kep
' |=[pl+1 [ [=]pl—1

where ¢ > 0 and in each equation no two terms will have the same basis element.
Comparing the two sides of the equation, we can then conclude that the only non-
zero coefficients are A\, where 1 < k < 2p + 1. From this we can conclude that
A = 7, for some u € E = R?*1, O

We are now ready to prove Theorem [£.10}

4.3.2 Proof of Theorem [4.10

Proof of Theorem[{.10 From Lemma it is clear that if there exists a DGO
for a Courant algebroid E' — M on an irreducible C/(E)-module bundle (S,~),
then 4+, is a DGO for every e € Vy = {e € ['(E) | {d,~.} € C*(M)}. Conversely,
we have to show that given DGOs  and d/ there exists an e € Vj such that L :=
d' — d = ~.. First we observe that [L, f] is a 0-th order operator for all f € C°°(M)
due to Lemma [4.12] Then we see from Lemma that [L, f] is not only C{°(E)-
equivariant but it also anti-commutes with T'(C/'(E)). From this, it follows that
[L, f] = 0 as seen in Lemma[4.15] Given this, we can now conclude that L is in fact
of 0-th order due to Lemmal[4.12] Now if L is of 0-th order and ~ is surjective, L =,
for some a € T'(C/(E)). Next we observe that {L,~,} commutes with I'(C/(E)) in
virtue of the property 1 of DGOs as in Definition and therefore it is a section of
the Schur bundle of the representation . Since the signature of E is (p,p + 1) the
Schur algebra bundle C(.S, v) is isomorphic to the trivial real line bundle therefore we
can conclude that {L,~,} is a scalar operator. From Lemma , we can conclude
that L = =, where e € T'(E). Now property 3 of the Definition applied to
d/ = { + v, implies that e € Vy.

The claim that Vj is independent of the choice of d is now immediate because if d
and d are two DGOs, then ¢’ = d + Ye for e € Vy C I'(E). Now applying property
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3 of Definition to ¢’ and due to the symmetry in exchanging ¢ and f, it follows
that Vy = V. O

Remark 4.24. We have stated and proved Theorem for the signature (p, p+1).
Since in virtue of the classification of Clifford algebras, any Clifford algebra C{(r, s)
for r — s = 7mod 8 is isomorphic to C/(p, p + 1) for some p, the result is true more

generally also in these cases.
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