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Abstract

Generalized geometry is a recently discovered branch of differential geom-
etry that has received a reasonable amount of interest due to the emergence
of several connections with areas of Mathematical Physics. The theory is
also of interest because the different geometrical structures are often gener-
alizations of more familiar geometries. We provide an introduction to the
theory which explores a number of these generalized geometries.

After introducing the basic underlying structures of generalized geometry
we look at integrability which offers some geometrical insight into the theory
and this leads to Dirac structures. Following this we look at generalized
metrics which provide a generalization of Riemannian metrics.

We then look at generalized complex geometry which is a generalization
of both complex and symplectic geometry and is able to unify a number of
features of these two structures. Beyond generalized complex geometry we
also look at generalized Calabi-Yau and generalized Kéahler structures which
are also generalizations of the more familiar structures.



This work contains no material that has been accepted for the award of
any other degree or diploma in any University or other tertiary institution
and, to the best of my knowledge and belief, contains no material previously
published or written by another person, except where due reference has been

made in the text.

I give consent to this copy of my thesis, when deposited in the University
Library, being available for loan and photocopying.



Acknowledgements

I would like to thank both my principal supervisor Nicholas Buchdahl
and secondary supervisor Mathai Varghese for their for their advice and as-
sistance. In particular Nicholas Buchdahl has been influential in directing
my interests towards differential geometry as well as assisting me in attaining
a D.Phil position at Oxford with Nigel Hitchin to be my supervisor.

The material in this thesis is heavily influenced by the theses of Marco
Gualtieri [11] and Gil Cavalcanti [5] as well as (unpublished) notes from Nigel
Hitchin [16] which T am grateful to have received. Although the presentation
and proofs given in this thesis are my own work, most of the results are can
be found in these references.



Contents

1 Introduction

2 Generalized tangent bundle
2.1 The generalized tangent bundle . . . . .. .. ... ... ...
2.1.1 Imtroduction . . . . . .. ... o
2.1.2  The Mukai pairing . . . . . .. ... ... ... .. ..
2.2 The Courant bracket . . . . . .. ... ... ... ... ...
2.2.1 Motivation and properties . . . . . . . ... ... ...
2.2.2  Failure of the Jacobi identity . . . . . . .. .. ... ..
2.3 Symmetries . . . ...
2.4 Gerbes and twisting . . . . . .. ...
24.1 Twisting by agerbe. . . . . . ... ...
2.4.2 The twisted Courant bracket . . . . . . ... ... ...
2.5 Courant automorphisms . . . . . . .. .. ... ... ...

3 Integrability
3.1 Involutive subbundles . . . . . . . . . ... ... .. ... ...
3.2 Liealgebroids . . . . . ... ... ...
3.3 Generalized foliations . . . . . . . . . ... ... ... ...
3.4 Dirac structures . . . . . . . ...
3.5 Integrability in the twisted case . . . . . . . .. ... .. ...

4 Generalized metrics
4.1 Generalized metrics . . . . . . ...
4.1.1 Generalized isometries . . . . . . . ... .. ... ...
4.2 Connections . . . . . . . . . ..
4.3 The Born-Infeld metric . . . . . . . . .. ... ...
4.3.1 Induced metric on the generalized tangent bundle . . .
4.3.2 The Born-Infeld metric . . . . . . ... ... ... ...
4.3.3 Hodge theory for generalized metrics . . . . ... ...



5

7

Generalized complex geometry

5.1 Generalized almost complex structures . . . .
5.1.1 Linear generalized complex structures .
5.1.2 Relation to isotropics . . . . . . . . ..
5.1.3  Description of maximal isotropics . . .
5.1.4 Relation to spinors . . . . .. ... ..
5.1.5 Examples . ... ... .. ... ....
5.1.6  Generalized almost complex structures

5.1.7  Topological conditions for almost structures . . . . . .

5.2 Imtegrability . . . . ... ... ... ... ...
5.2.1 Geometry of regular points . . . . . . .
5.2.2 Integrability and spinors . . . . . . ..
5.2.3 More on the Mukai pairing . . . . . . .

5.3 Generalized Calabi-Yau manifolds . . . . . . .

5.4 Deformations of generalized complex structures

Generalized Kahler geometry

6.1 Generalized Kahler Structures . . . . . . . ..
6.2 Relation to bi-Hermitian geometry . . . . ..
6.3 Hodge Theory for generalized Kahler structures

Closing remarks

42
42
42
43
44
46
48
49
20
o1
93
o4
56
o8
60

62
62
64
66

68



Chapter 1

Introduction

Generalized geometry was created by Nigel Hitchin [15] originally as a way
of characterizing special geometry in low dimensions [13],[14], and has been
further developed by Hitchin’s students M. Gualtieri [11], G. Cavalcanti [5]
and F. Witt [20]. The initial motivations for the subject have since been
overshadowed by the remarkable appearance of certain concepts from string
theory and supergravity such as B-field symmetries, 3-form flux, D-branes,
and connections with skew torsion.

This thesis is an introduction to generalized geometry with the intention
of organizing the different geometrical structures encountered in generalized
geometry into a consistent framework. In Chapter 2 we introduce the the
fundamental structure underpinning all further structures, the so-called gen-
eralized tangent bundle.

The various structures of generalized geometry can often be described as
a reduction of structure of the generalized tangent bundle together with an
integrability condition. In Chapter 3 we look at the integrability of subbun-
dles which naturally leads to the concept of Dirac structures, introduced by
Courant and Weinstein [8],[9].

In Chapter 4 we investigate a natural way in which Riemannian geometry
extends to generalized geometry. The result is that a number of related
concepts such as the Levi-Civita connection and Hodge star also have natural
extensions.

Chapter 5 looks at generalized complex structures, one of the most impor-
tant structures in generalized geometry. These structures are simultaneously
a generalization of complex structures and symplectic structures. Also in this
chapter we consider the deformation theory for generalized complex struc-
tures as well a look at generalized Calabi-Yau manifolds which may possibly
be an appropriate setting for mirror symmetry with torsion.



In Chapter 6 we look at generalized Kahler structures which are a natu-
ral extension of Kahler manifolds to generalized geometry. The remarkable
feature of generalized Kahler manifolds is that there structure can be equiv-
alently described by a bi-hermitean structure first discovered by Gates, Hull
and Rocek [10] arising from non-linear sigma models with N = (2, 2) super-
symmetry.

Generalized geometry has developed rapidly into a considerably large
subject. There are numerous topics which this thesis does not touch upon
such as generalized submanifolds [11],[1] and their relation to D-branes, T-
duality in generalized geometry [5] following the framework of T-duality in
[3],[2],[4] and moduli spaces [21] to name just a few.



Chapter 2

Generalized tangent bundle

Generalized tangent bundles play a role in Generalized Geometry that resem-
bles the tangent bundle in more familiar geometries. In particular they come
equipped with a naturally defined inner product as well as a skew-symmetric
bracket acting on sections; moreover the exterior algebra of the cotangent
bundle plays the role of spinors with the generalized tangent bundle acting
on the exterior bundle by a naturally defined Clifford action. The untwisted
generalized tangent bundle is simply the direct sum of the tangent and cotan-
gent bundles. Beyond this there are the twisted generalized tangent bundles,
so named because they are formed by twisting by a gerbe.

2.1 The generalized tangent bundle

2.1.1 Introduction

We present the fundamental structure of Generalized Geometry. Let M be
a smooth manifold. The generalized tangent bundle is the bundle EM =
TM & T*M over M. When the manifold in question is understood we will
often simply write 7" and 7™ for the tangent and cotangent bundles and F
for EM. There is a naturally defined bilinear form on this bundle arising
from the pairing of dual vector spaces and is given by

(X +EY +n) = S(n(X) + £(V) 2.1)

Where XY are tangent vectors and &,n are cotangent vectors, all over the
same base point. This bilinear form has signature (n,n) where n = dim M.

Each fibre of the generalized tangent bundle has an action on the corre-
sponding fibre of the exterior bundle AT* given by



(X+&) w=ANw+i1xw (2.2)

where ¢ty denotes contraction by X. It then follows that
(X +8) - (X+8) w) =¢X)w=(X+§X + 8w

and thus the exterior algebra is given the structure of a bundle of Clifford £
modules with respect to the natural bilinear form on E. The corresponding
bundle of Clifford algebras generated by the relation (X + £)? = £(X) is
denoted Cliff(£).

The form (, ) on E allows one to reduce the structure group of E to
O(n,n); in fact by considering first Stiefel-Whitney classes we can further
reduce the structure to SO(n,n) since wy (T & T*) = wi(T) + w (T*) = 0.
As SO(n,n)-bundles we have the isomorphism Cliff(E) ~ AE ~ AT @ NT™.
A spin structure for E is then a lift of the transition functions of E from
SO(n,n) to Spin(n,n) with the cocycle condition preserved. In the case of
an SO(n)-bundle, the obstruction to such a lift is the second Stiefel-Whitney
class wy. However for an indefinite metric, as is the case here the obstruction
is different. Given a bundle E with SO(p, q) structure we can always reduce
structure to the maximal compact subgroup S(O(p) x O(q)) which corre-
sponds to decomposing the bundle E into a sum of positive and negative sub-
bundles, E = E* @ E~ (this can be done by the Gram-Schmidt procedure).
Then as worked out by Karoubi in [17], the obstruction to finding a lift of
the structure of E from SO(p, q) to Spin(p, q) is precisely wo(E™T) —wo(E7).
In the case of the generalized tangent bundle, £ = T & T™, we find that if
E is decomposed as E = E* @ E~, then the projection 7 : E — T induces
isomorphisms 77 : ET ~ T, 7 : E- ~ T and thus we(E") — we(E~) = 0
showing that a lift of the structure of E to Spin(n,n) is always possible.

The Clifford algebra Cliff(n,n) corresponding to a vector space of signa-
ture (n,n) has a unique irreducible representation. Then since Spin(n,n) <
Cliff(n,n) one can use this representation combined with a spin structure for
the generalized tangent bundle E to construct the spin bundle S(E) for this
spin structure. It is shown in [11] that there is a lift of the GL(n) < SO(n,n)
structure of T @ T* to a spin structure such that S(E) ~ AT* ® |detT]|z, i.c.,
the forms tensored by a trivial line bundle. The effect of tensoring by the
|detT’| factor can be thought of as a change in how the transition functions
act on AT* by a multiplicative factor. However this line bundle is trivial
so by an appropriate choice of transition functions it has no effect at all.
Therefore we shall always consider AT™ as the space of spinors in generalized
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geometry. The representation of the Clifford algebra used to construct the
spin bundle S(FE) also defines Clifford multiplication, a bundle homomor-
phism ¢ : Cliff(F) ® S(E) — S(F) which is nothing more than the action
(2.2).

The decomposition of S(E) into its two irreducible Spin(n,n) representa-
tions S(E)* corresponds to the splitting of AT* into AT*"\°_ the even and
odd forms which follows since the Clifford action (2.2) changes the parity of
forms.

2.1.2 The Mukai pairing

The spinors have a bilinear form (, ) : S ® S — detT™ known as the Mukai
pairing. Let a denote the main anti-automorphism of the Clifford algebra
Cliff (E) given by af(ejes...er) = e ...ese1. Then the form is given by

(s,t) = [a(s) A tliop (2.3)

where [ |;op denotes taking the top degree part of the form.

Proposition 2.1.1. The bilinear form on spinors satisfies
(vs,vt) = (v,v)(s,t). (2.4)

where v € E acts on spinors by Clifford multiplication.

Proof. For v =X + £ and s a form of degree k we have

a(vs) = altxs +ENs) = (—1)"ixa(s) +a(s) A
and so if ¢ has degree n — k where n is the top degree then
[a(vs), vt]iop = (— 1) Mixa(s) AEAL+ als) AENALxL.
Also
0 = wx(a(s) NEATL)
= ixa(s) NEAL+ (=D)Fa(s) AEX) At + (=D a(s) A& A uxt.

Combining these two gives

(vs,vt) = £(X)(s,t) = (v, 0)(s,1). (2.5)

as required. Il
We also have that (s,t) = (—1)%@, s). Recall that Spin(E) =
{erea...ea | (ej,e;) = £1}. It follows that ( , ) is invariant under the

connected component Spin't(E).



2.2 The Courant bracket

The third important piece of structure to be introduced is the Courant
bracket, a bilinear, skew-symmetric bracket on the sections of F:

Definition 2.2.1. The Courant bracket is the bilinear form [, | on sections
of E given by

] = X+ EY 4] = [X,Y] + Lan — £r€ — L d(n(X) ~ £(Y))  (26)

where u = X +&and v =Y + 1.

2.2.1 Motivation and properties

The Courant bracket is skew-symmetric but it does not satisfy the Jacobi
identity and as such it may appear unnatural at first. The bracket was first
introduced in [8],[9] in the study of Dirac structures. We will introduce Dirac
structures in section (3.4), but here we will derive the form of the bracket
using spinors. First recall the following relations

EX = dLX + Lxd (27)

L[X,y} = [Ex,Ly] 2.

where the bracket in (2.8) is the ordinary Lie bracket. Combining (2.7) and
(2.8) we have

L[X’y] = dbey + Ldey - LydLX — LyLXd. (29)

Equation (2.9) uniquely defines the Lie bracket. Now just as vector fields
have the natural action of contraction on forms, we have an extension of
this action to generalized tangent vectors given by Clifford multiplication
(2.2). Replacing the contractions in (2.9) by the Clifford action of sections
of E will then uniquely define a bracket operation on sections of F. Skew
symmetrization of this bracket will yield the Courant bracket. To determine
this bracket we first determine

Lxiedw = (X +&dw+d((X +&w)
txdw+ENdw + d(txw + € ANw)
= E;@d—l—df/\u}.
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So we obtain
(X+&Y +n]-w = [Lxie, YV +n)w
= Lx(yw+nAw)+dEA (tyw+nAw)
—(Y 4+ 1) (Lxw+dé Aw)
= xyw+Lx(MAw) —nALxw+dENA yw
—y (d€ N w)
= xyw+Lx(m) Aw—yd§ ANw.
This defines a bracket operation called the Dorfman bracket
(X +&Y +nlp=[X,Y]+ Lxn — 1yd§. (2.10)

The Dorfman bracket is not skew symmetric; its skew-symmetrization [u, v] =

1

+[u, v]p — 3[v,u]p is the Courant bracket. We now establish some properties

of the Courant bracket. Actually it is easier to work out the properties of
the Dorfman bracket first. First we have the relation

[u,v] = [u,v]p — d(u,v) (2.11)
which follows from
[u,v]p + [v,ulp = Lxn + Ly& — txdn — 1ydé = d(exn + wy€) = 2d(u, v)

where u = X + ¢ and v = Y + 7. This relation shows that if v and v
are orthogonal with respect to ( , ) then [u,v]p = [u,v]. If 7 : E — T is
projection onto the first factor then

m([u,v]p) = [m(u), (v)] (2.12)
and similarly for the Courant bracket
7([u, v]) = [ru, 7v). (2.13)

Proposition 2.2.1. [11] For sections u,v,w of E we have

7(u)(v,w) = ([u,v]p,w) + (v, [u, w]p). (2.14)
Proof. Let u=A+a, v= B+ 3, w=C+~. We start with the right hand
side

([A,B] + Laf — tpda,C + )+ (B+ 5, [A, C) + Lay — teda)
= %(L[ABW + 1c(Laf — tpda) + tac)B + te(Lay — teda))

([Lay By +tclaf + [La,ic)B+ t5La7)
= 3(Latpy + LatcP)
= Ay +tcfB)
= (u)(v,w)

= DN

as required. O
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Corollary 2.2.1.1. For sections u,v,w of E we have
7(u) (v, w) = ([u,v] + d(u,v),w) + (v, [u,w] + d(u, w)). (2.15)
Let u, v be sections of ¥ and f be a function. Then one verifies

[, folp = fluvlp + ((u) fo (2.16a)
o, ulp = flo,ulp + (x(u) v — 2(u, v)df (2.16b)

and it follows directly that
[u, fol = flu,v] + (7 () f)v = (u,v)df. (2.17)

2.2.2 Failure of the Jacobi identity

We have already mentioned that the Courant bracket fails to satisfy the
Jacobi identity, but it will be useful for later to determine exactly what the
failure is. Therefore we define the Jacobiator

Jac(u, v, w) = [[u, v], w] + [[v, w], u] + [[w, u], V] (2.18)

defined for sections u, v, w of E. To find an expression for the Jacobiator we
first establish the following identity for the Dorfman bracket

[u, [v,w]|plp = [[u, v]p, w]|p + [v, [u, w]p]|p. (2.19)

This identity says that [u, |p acts as a derivation of the Dorfman bracket.
If the Dorfman bracket were skew-symmetric this would be equivalent to the
Jacobi identity. To establish (2.19) let u = X + v =Y +n,w = Z + ¢.
Then

[[w, v]p, w]p + [v, [u, w]p]p
= [[X,Y]+Lxn—wd&, Z+ ¢| +[Y +0,[X, Z] + Lx¢ — 17dE]
= [[X,Y],Z] + [V, [X, Z]] + Lixy1¢ — tzd(Lxn — tyd§)
+Ly (Lxp — 17dE) — vx,z1dn
= [X, [V, Z]] + LxLy¢ — LyLxd — 1zLxdn — 1z7Lyd¢
+LyLx¢ — Lytzd§ — 1x,zdn
= [X,[YV.Z]] + LxLy ¢ — t|y,71d§ — Lxizdn
= [X,[Y,Z]| + Lx(Lyd — tzdn) — ty,zdE

= |u, [v,w]p]p.
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Next we relate [[u, v]p,w]p to [[u,v],w]:

[[u,v]p,wlp = [[u,v]+ d(u,v),w|p
- [[u,v],w]p
= [[u,v],w] + d([u, v], w)

where we have used the fact that [a,b]p = 0 when a is a closed 1-form. Now
we can finally calculate

Jac(u,v,w) = [[u,v],w]+ cyclic permutations
= ([[u,v]p,wlp = [[v,ulp, w]p — [w, [u,v]p]p + [w, [v,u]p]p + cp)
= 1(([w, [v,w]plp = [v, [u,w]p]p) + (=[v, [u,w]p]p + [u, [v,w]p]p)
—[w, [u,v]p]p + [w, [v,u]p]p + cp))
= 1(=[v, [u,w]p]p + [u, [v,w]p]p + cp)
= 1([[w,v]p, w]p + cp)
= ([[u,v], w] + d([u,v], w) + cp)
= Lac(u,v,w) + 2d(([u,v], w) + ([v, w],u) + ([w, u],v)).

We thus have
Jac(u, v, w) = d(Nij(u, v, w)) (2.20)

where we define Nij(u, v, w), the Nijenhuis operator by
Nij(u, v, w) = %(([u, v],w) + ([v,w],u) + ([w, ul,v)). (2.21)

The reason behind the nomenclature will become clear later. Note however
that the Nijenhuis operator is not tensorial.

2.3 Symmetries

Before we can extend the structure of section (2.1) to the more general set-
ting we need to understand some symmetry properties of the natural pairing
and of the Courant bracket. The issue of symmetries is further clarified in
section (2.5).

We are interested in maps that preserve the structure of the generalized
tangent bundle. We first turn to the linear theory. Given a vector space V'
one can form the vector space £ =V & V* with the natural bilinear form
of signature (n,n). The linear endomorphisms of E preserving the bilinear
form is the orthogonal group O(E) = O(n,n). The Lie algebra so(E) of
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O(FE) (and SO(E)) is the Lie algebra of endomorphisms of £ which are skew
adjoint with respect to the bilinear form. Any such endomorphism L can
be viewed as a skew-symmetric bilinear form via u,v — (Lu,v). Under this
identification so(E) ~ A’E = A*(V @ V*) ~ A’V @ End(V) & A?V*. We
now establish how these three components act on E. First consider a 2-form
B € A?V*. Then B acts as an endomorphism of E via

B(X +¢) = BX = 1xB. (2.22)
The exponential e? € SO(E) then acts as
X+ =1+B)(X+&=X+E4+1xB. (2.23)

The transformation 2.23 is known as a B-transformation. Similarly consider
3 € A2V. Then (3 acts on E via

BX +&) = 1w (2.24)

and its exponential by
X+ =X+1B+E (2.25)

known as a (-transformation. Lastly consider A € End(V'). Then its action
on I is

A(X +¢) = AX — Al (2.26)

where the minus sign is used to yield a skew-symmetric action of A on F.
The exponential is

X+ =e"X+e V=X + ((eM)) e (2.27)
More generally for any P € GL(V) we have a SO(E) action
P(X +¢&)=PX +(P) ¢ (2.28)

We now return to setting of a smooth manifold M with generalized tan-
gent bundle 7 : F — M. The transformations established above still apply,
only they become bundle endomorphisms, i.e., sections of End(T & T*). For
example a B-transform now involves using a section of A?T*, a 2-form. These
transformations preserve the bilinear form (, ) on each fibre. Nevertheless,
it will turn out that B-transformations play a much more important role than
the other 2 types of transformations. This fact will be established in section
(2.5) but at present the following proposition will give an indication as to
why this is so.

14



Proposition 2.3.1. [11] Let u= X + & and v =Y + n be two sections of
T®T" and B a 2-form. Then
[ePu, ePv] = eP[u,v] — tx1ydB. (2.29)

Proof.

B B

e"u,ev] = [X+E&+uxB,Y +n+ 1y B]

]
]
= [u,v]+ (Lxty — Lytx +diyix)B
= [u,v] + (Lxty — tydix)B
= [u,v] + (Lxty — tydix)B — tyixdB + tyLxdB
= |u,v]|+ (Lxty —tyLx)B + tyixdB
= [u,v] +yxy)B — ixtydB
= ePlu,v] — 1x1ydB

]

Notice in particular that for B a closed 2-form, the Courant bracket is
preserved.

2.4 Gerbes and twisting

We present two extensions to the theory of the generalized tangent bundle
presented in section (2.1). In the first extension the generalized tangent
bundle is twisted by a gerbe, while the second involves a modification to the
Courant bracket and exterior derivative to twisted versions. The relation
between the two types of twisting is shown.

2.4.1 Twisting by a gerbe

First we examine twisting by a gerbe. A gerbe is one of a number of objects
in a hierarchy. Let M be a smooth manifold. The first object is a function
g: M — U(1). Given an open cover {U,} of M. We can also view it as
a collection of functions g, : U, — U(1) such that on U, N U, go = g,
i.e., a O-cocycle in HY(M,U(1)). The second object in the hierarchy is a
U(1) line bundle which can also be viewed as a 1-cocycle in H'(M,U(1))
or by the U(1) transition functions g.g, and the third object is a gerbe, a
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2-cocycle in H?(M,U(1)), a collection of U(1) valued functions g,s, defined
on the triple intersection U,y = U, N Ug N U, satisfying gm(;g;;(sgaggg;ﬂlv =
1 on U,gys. Continuing the analogy between these objects, one defines a
connective structure on such a gerbe as a collection of 1-forms A, defined
on double intersections such that A,3 = —Ag, and on triple intersections
satisfying

Aag + Agy + Asa = apy9apy (2.30)

taking exterior derivative gives
dAag + dA,g,Y + dA,ya =0. (231)

A standard argument using a partition of unity shows that (possibly after
passing to a refinement of the cover) we can find 2-forms B, defined on the
U, such that on double intersections

By — Bo = dAugs (2.32)

and finally we have the globally defined 3-form H = dBs = dBg called the
curvature of the gerbe. Notice that 5=[H] is integral.

Given a gerbe G with connective structure A,z we can twist £ =T @ T™
to produce a new vector bundle E(G). Over each U,, the fibres of E(G) are
the same as T ® T™ however in the transition from U, to Ug the fibres are
related via a B-transform

X+E&—X+E+ Ldiag. (233)

Thus a section of E(G) is given by a collection {X +&,} such that on double
intersections they satistfy {3 = &, + txdA,s. Note that by equation (2.31)
this construction satisfies the cocycle condition, furthermore the transitions
are B-transforms by the closed 2-forms dA,s so both the form ( , ) and
Courant bracket [, | are well defined for E(G). The bundle F(G) is called a
generalized tangent bundle or twisted generalized tangent bundle to emphasize
the twisting.

Now we consider the relation between gerbe twisting and the spinors
AT*. In order for the Clifford action (2.2) to remain well-defined under B-
transformations it needs to be equivariant, i.e., the bundle map

ANE @ NT* — NT*

given by Clifford multiplication is equivariant under B-transforms. Given a
2-form B, its action as a map B : T — T* is an element of so(£) and so

16



uniquely lifts to an element of spin(E) and then exponentiates to an element
of Spin(E) covering the B-transformation e € SO(FE). As an element of
Spin(E) the action of B on a spinor w is

wi—e B Aw (2.34)

where the exponential is e =1 - B + %B A B + ... and this makes the
Clifford action invariant as can be verified directly. Also, since this element
of the spin group is in the connected component of the identity it leaves the
form (, ) on spinors invariant.

Given a gerbe G with connective structure A,s, one wishes to have a
well-defined Clifford action of the twisted generalized tangent bundle E on a
spinor bundle. Recall E is constructed by patching together 7'&® T over U,
to T'@® T™ over Ug by a B-transformation using dA,s. In exactly the same
way we can use the corresponding action of B-fields on AT™ to construct a
bundle of twisted spinors S(E). Equivariance of the Clifford action under B-
transforms implies that there is a well defined Clifford action of E on S(E).
A section of S(F) is a collection of forms w, defined on U, such that on the
double intersection

wg = e~ Hasy,,. (2.35)

As the form ( , ) is invariant under B-transforms the spinors S(E) still retain

this form. In addition the exterior derivative is well defined on sections of
S(E) for we have

d(wg) = d(e”Meb,) = e~ sy,

Thus after twisting by a gerbe we still retain all the structure of section 2.1.
To summarize we have

e A vector bundle 7 : E — T
e A symmetric bilinear form (, ) on E of signature (n,n)

e A skew-symmetric bracket [, ] on sections of E

A Clifford action of E on a bundle of spinors S(E)

e A bilinear form (, ) on the spinors

e A differential operator for spinors d : I'(S*(E)) — I'(ST(E)).

Note that the bracket on E still satisfies equations (2.13), (2.15) and
(2.17) (in (2.15) and (2.17), d is still the exterior derivative ).
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2.4.2 The twisted Courant bracket

We now show how all of this structure can be related back to the untwisted
tangent bundle. Given a gerbe G with connective structure A,z we can find 2-
forms B, such that on the double intersection Bg— B, = dA,g. Such 2-forms
yield an isomorphism ¢ : T'é® T* ~ E which over U, is given by ¢ : X + & —
X + &+ 1xB,. However we will see that F is distinguished from 7' @ T™ by
the additional structures. Locally the isomorphism ¢ is a B-transform by B,.
Thus for sections u = X + & and v =Y +n of E, (¢p(u),d(v)) = (u,v) and
[D(u), p(v)] = d([u,v]) — txtydBy = ¢(u,v]) — txty H where H = dB,, over
U, is the curvature of the connective structure. Thus under the identification
of E(G) with E, the bracket [, ] on E(G) does not get identified with the
Courant bracket but rather with a modified bracket which we now define.

Definition 2.4.1. Let H be a closed 3-form. The twisted Courant bracket
is the bracket on sections u = X + ¢ and v =Y +n of E given by

[u, v|g = [u,v] — txty H. (2.36)

Note that we require H to be closed but it is not necessary that ﬁ[[—[ ]
is integral. The isomorphism ¢ now gives

[6(u), o(v)] = dlu, v]n.

The twisted Courant bracket allows us to rewrite equation 2.29 as

[ePu, ePoly = ePlu, v]miap. (2.37)

Before examining the twisted Courant bracket any further, let us consider

the spinors S(E). Recall that a section of S(F) is a collection of forms w,
defined on U, such that on the double intersection

_ A

wg Py

Then we have ePswy = ePow, is a globally defined form w with w, = e Pew.
This gives as isomorphism S(E) ~ AT*. Under this isomorphism we have
that the exterior derivative on S(E) becomes eBede P =d —dB, =d — H
where H is the curvature of the connective structure. We use the notation
dyg = d — H. Thus spinors for E can be thought of as differential forms but
with the exterior derivative d replaced by dy.

Thus we have transported all the structures of the twisted generalized
tangent bundle back to £ =T & T*. In summary we have

e Thebundle 7 : E=ToT* - T
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A symmetric bilinear form (, ) on F of signature (n,n)

The twisted Courant bracket [, |5 on sections of F

A Clifford action of F on a bundle of spinors S(E) = AT™*
e A bilinear form (, ) on the spinors
e A differential operator for spinors, dy : ['(S*(E)) — T'(ST(E)).

The twisted bracket [ , |x still satisfies equations (2.13), (2.15) and (2.17),
however it no longer agrees with the Lie bracket on vector fields as there is
an additional term. Thus at times we will need to distinguish between the
twisted Courant bracket and the Lie bracket.

The twisted Courant bracket means that ultimately one can avoid using
gerbes and use only the untwisted tangent bundle £ = T & T* but with
a twisted Courant bracket and twisted exterior derivative on spinors. The
point of view we adopt will usually be the latter, as it does not require the
3-form H to be integral and it avoids having to introduce a local cover.

2.5 Courant automorphisms

At this point one is tempted to ask if there is a natural way to define mor-
phisms for generalized tangent bundles so that they form a category, presum-
ably with a forgetful functor back to the category of smooth manifolds. It
is not clear if there is a fruitful definition of such morphisms between differ-
ent manifolds yet there is a natural concept of automorphism which we call
Courant automorphism. The definition and characterization of these maps is
the subject of this section.

We are interested in diffeomorphisms of F which preserve all the structure
of E. In particular this means that such a map ¢ must act on any given fibre
as a linear map to another fibre, i.e., there is an underlying diffeomorphism
f of M such that 7 = fr. The map ¢ must also preserve the inner prod-
uct and the twisted Courant bracket, [pu, pv]lg = @lu,v]g. The following
proposition characterizes such maps:

Proposition 2.5.1. [11]

Let f: M — M be a diffeomorphism and let ¢ : E — E be a diffeomor-
phism of the generalized tangent bundle E =T M &'T*M such that restricted
to the fibre over any x € M, ¢ : B, — Ey(,y is a linear map from E, to Ey,
and such that ¢ preserves (, ) and [, |g. Then ¢ is a composition of the
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map f. ® (f7Y)* : E — E with a B-field transformation by a closed 2-form
B.

Proof. The map f, ® (f~!)* : E — E satisfies the assumptions in the propo-
sition. Thus we may compose ¢ with the inverse of f, @ (f~!)*, hence it
suffices to assume f is the identity, in which case ¢ is simply a section of
End(E). We now use equation 2.17 to proceed. Let u, v be sections of E and
h be a function. Then

plu, ho] = [pu, hpu]
= hlpu, pv] + (Te(u)h)pv — (pu, pv)dh
= hylu,v] + (me(u)h)pv — (u,v)dh.

Yet also

olu,hv] = @(hlu,v] + (r(u)h)v — (u,v)dh)
= hplu,v] + o((r(u)h)v) — (u,v)p(dh)
= holu,v] + (m(u)h)pv — (u,v)edh.

So equating these we have
(rp(u)h)pv — (u,v)dh = (m(u)h)pv — (u, v)pdh. (2.38)

First consider the case when v = X and v = Y are vector fields. Substituting
and applying 7 to equation (2.38) gives

(mp(X)h)meY = (Xh)mpY.

Note that m¢ : T'— T is an endomorphism of 7" which by (2.13) preserves the
Lie bracket. So mp can not completely vanish and it follows that mpX = X.
Now letting v = X and v = 7, a 1-form and substituting into (2.38) gives

(Xh)en —n(X)dh = (Xh)pn — n(X)edh

which implies that ¢ acts as the identity on 1-forms. As a matrix ¢ must
therefore have the form
10
=5 1)

and moreover since ¢ preserves the form ( , ) it follows that B is skew-
symmetric. Thus ¢ is a B-transform and as it preserves [, |z we must also
have dB = 0. [l
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Thus we define a Courant automorphism as the composition of a diffeo-
morphism and a closed B-transform. There is however a larger class of maps
which will sometimes be useful. If we transform by a B-field then equation
(2.37) shows that when B is not closed then one twisted Courant bracket
is mapped onto another twisted Courant bracket. In this sense such a B-

transform is a morphism carrying the structure of one twisted bracket to
another.
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Chapter 3

Integrability

The Frobenius integrability theorem is a remarkable result because it con-
nects the geometric notion of foliations to the analytic notion of involutive
subbundles of the tangent space. It is natural therefore to question whether
there is a geometric interpretation of subbundles of T' & T™ which are invo-
lutive with respect to the Courant bracket. This is indeed the case and is
a topic of considerable importance to generalized geometry. The Chapter is
largely influenced by the [11].

Definition 3.0.1. Let V be a subbundle of T'éT™ we say that V' is Courant
involutive or Courant integrable if the sections of V' are closed under the
Courant bracket.

We shall similarly use the terms Frobenius involutive or Frobenius inte-
grable for subbundles of T' that are involutive with respect to the Lie bracket.

3.1 Involutive subbundles

It turns out that Courant integrable subbundles are divided into two classes.
This classification is closely related to the notion of isotropic subbundles
which we now define.

Definition 3.1.1. Let V be a subbundle of T' & T*. We say that V is
isotropic if the restriction of the bilinear form (, ) to V' completely vanishes.
An isotropic subbundle is further called mazimal isotropic if it has the same
rank as the tangent bundle which is the largest possible rank for an isotropic

subbundle.

We argue that n = rk(7") is the maximal rank for an isotropic subbundle
as follows: let I be an isotropic subbundle of E. Non-degeneracy of ( , )
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gives an isomorphism E ~ E* and upon restriction a surjective map 6 : £ —
I*. The inclusion ¢ : I — E maps into the kernel of § implying rk(F) =
rk(ker(0)) + rk(0) > rk(I) 4+ rk(I*), hence 21k(]) < rk(E) = 21k(T) = 2n.
On the other hand we know that 7" and 7™ are isotropics of dimension n so
this is the maximal rank attained. We can now state a classification result
for Courant involutive subbundles.

Proposition 3.1.1. [11] Let V' be a Courant involutive subbundle of E =
T & T*. Then either V 1is isotropic or V has the form V =U & T where U
is a non-zero subbundle of T which is Frobenius involutive.

Proof. Suppose V is involutive but not isotropic, so there is a section X + &
such that at some point m € M, {(X),, # 0. But then for any function
fLIX+6FX 48] = (XX + &) — &X)df so by integrability of V
we have df,, € V,, for every f and so T, C V,,. The inclusion must be
proper since 7} is an isotropic subspace. This shows that the rank of V'
exceeds the maximal rank for isotropics and hence every fibre of V fails to be
isotropic. Therefore the above argument applies to every fibre of V' showing
that 7% = ker (77 : V' — T') is a smooth subbundle of V. Then since T™ is
isotropic the inclusion must be proper. Hence V' can be written V =U & T*
where U us a non-zero subbundle of 7. Lastly U must be Frobenius integrable
since the Courant bracket agrees with the Lie bracket on vector fields. [

We see that there are essentially two types of Courant integrable subbun-
dles. Those of type V. = U @ T* are uniquely determined by U = 7p(V),
a Frobenius integrable subbundle and as such they do not give us any new
types of geometry. This leaves the second, more interesting type of Courant
integrable subbundle, those that are isotropic. The most interesting case is
when we have an integrable, maximal isotropic subbundle for we have the
following proposition:

Proposition 3.1.2. [11] Let V' be a mazimal isotropic subbundle of E. Then
the following are equivalent:

o V is involutive
e Jacly =0
e Nij|y = 0.

Remark 3.1.1. This also holds for maximal isotropic subbundles of T"® C.
These will be of particular interest later.
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Proof. Suppose V' is involutive. Then since V' is also isotropic it follows from
(2.21) that Nij|y = 0.

Now suppose Nij|y = 0. This immediately implies that Jac|,, = 0. Lastly
suppose Jac|y = 0. It remains to show V is involutive. Suppose to the
contrary that there are sections u,v of V' such that [u,v] is not a section of
V. Then since V' is maximal isotropic there is a third section w of V' such
that ([u, v],w) # 0. Note that by (2.15) we have that for any three section
a,b,cof V

0 =m(a)(b,c) = ([a,b],c) + (b, [a, c]).

from which it follows that

Nijly (u,v,w) = 3(([u, 0], w) + ([v,w], u) + ([w, u],v)
= 3(([uw 0], w) = ([v,u), w) = ([u, w],v))
= 3(([uw. 0], w) = ([v,u],w) + ([u, v], w))
= ([u,v],w)

Then for any function f we have
0 = Jacly(u,v, fw)
= dNijly (u,v, fw)
= d(fNijlv(u,v,w))
= dfNij|y (u,v,w) + fJac|y(u, v, w)
= df([u,v],w).

This is a contradiction and therefore V' is integrable. Il

Note that in this proof we discovered that the Nijenhuis operator, when
restricted to an isotropic subbundle V' takes the form

Nij|V(u’U’w) = ([u,v],w) = ([U7w]’u) = ([wvu]’v) (31)

and in particular its restriction to an isotropic bundle is tensorial, indeed it
is a section of A®V*. The interesting conclusion to draw from this result is
that for a maximal isotropic subbundle V| integrability is equivalent to the
Courant bracket satisfying the Jacobi identity on sections of V.

3.2 Lie algebroids

We have seen that for integrable maximal isotropics, the Courant bracket sat-
isfies the Jacobi identity on its sections. In addition equation (2.17) simplifies
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to
[u, fo] = flu,v] + (7 (u)f)v.

Bundles with such structure play an important role in generalized geometry
SO we now examine a suitable abstraction of this data.

Definition 3.2.1. Let M be a smooth manifold. A Lie algebroid is a vector
bundle V' over M equipped with the following structures:

e a bundle morphism a : V — T'M called the anchor

e a bilinear form [, | : I'(V) @ I'(V) — I'(V) making (I'(V),[, ]) a Lie
algebra

such that a : I'(V) — I'(T'M) is a Lie algebra homomorphism and

[u, fv] = flu, 0] + (a(u) f)v (3.2)
where u, v are sections of V' and f is a function on M.

Note that we can also consider complex Lie algebroids where T'M is re-
placed by its complexification. The generalized tangent bundle F fails to be
a Lie algebroid as it fails to satisfy two conditions in the definition, however
when restricted to an integrable maximal isotropic subbundle both of these
conditions are satisfied and provides the key example of a Lie algebroid. An-
other example is given by Frobenius integrable subbundles of 7" with the
anchor being inclusion. Lie algebroids generalize the structure of the tangent
bundle and keeping with this analogy we now devolop their differential ge-
ometry.

First we define the differential dy : T(AFV*) — T'(A*1V*) by

k
de(u07 Uy, - - - 7uk> = Z(_l)ia<ui)w<u07 s ﬂzia s 7uk)
- (3.3)
+ Z(—l)zﬂw([ui,uj], U, - - - ,lzi, ce ,sz, c. ,Uk).

1<j

It should be noted that dyw is tensorial because of property (3.2) and further-
more this satisfies di- = 0 and dy oa* = a* od where d is the ordinary exterior
derivative. Next we have contraction ¢ : T'(V)@T(AF1V*) — T'(AFV*) which
for u € T(V) is written ¢, : T(A*1V*) — T'(A*V*) and is given by

(Lyw) (U, ..y ug) = w(u,ug, ..y ug). (3.4)
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Naturally this leads to defining a Lie derivative £ : T'(V) @ T(AFV*) —
[(A*V*) given by
ﬁu == dVLu —+ Ludv. (35)

These three types of operators span a graded Lie algebra satisfying

[dy, L] =0 (3.6a)
{dv,u} =L, (3.6b)
['Cua Lv] = Ly, (36C)

where { , } denotes an anti-commutator. The graded algebra I'(AV*) is
then a representation of this algebra. Furthermore we have that dy,¢,, L,
are graded derivations of the wedge product of degrees 1, —1,0. That is we
have:

dy(aAB)=dyanf+ (=)o Adyg (3.7a)
(A B) = a A B+ (=) As (3.7b)
L(aNp)=LyaNP+aNL,p. (3.7¢)

We define the cohomology of a Lie algebroid to be the cohomology of the dif-
ferential complex (I'(AV*), dy ) and shall be denoted H*(V'). Given a function
f and section u of V' we have by definition (dy f)(u) = (a(w))(f) = (df)(a(u))
so that dy f = a*df. Now given a section w of AV* we have that [dy, flw =
dy(fw)— fdyw = dy(f) ANw = a*(df ) Aw. This shows that dy is a first order
differential operator with principal symbol s : T*M — End(AV*) given by
s(€) = a*(§)A, moreover it is clear that if s(§)w = a*(§) A w = 0, where
¢ # 0 then w has the form w = a*(§) A v and so the complex (I'(A*V*),dy)
is elliptic and in particular for compact manifolds Lie algebroid cohomology
is finite dimensional.

There is another particularly useful construction for Lie algebroids which
is an extension of the bracket [ , ] to a graded skew-symmetric bracket on
sections of AV called the Schouten bracket defined by

[Ug A= Ay, v A -2 A g

~

= (1) g, 0] Aug Ao At A A Avg A NG A+ A
i
(3.8)

and [u, f] = —[f,u] = a(u)f. This bracket makes I'(AV') a graded Lie algebra
with the degree k part being I'(A*¥*1V). That is, we have the following
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identities:

[, v] = —(=1)@ DDy 4] (3.9a)
[, [o, w]] = [[u, o], w] + (=1)" "V D]y, [v,w]] (3.9b)

where we use the notation (—1)* = (—1)* to denote the sign of the degree
of u € T(A*V). The second relation says that ad, = [u, | is a derivation of
[, ] of degree deg(u) — 1. We also have that ad, is a derivation of the wedge
product of degree deg(u) — 1, that is

[, v Aw] = [u,v] Aw + (=1)“D% A [u, w]. (3.10)

3.3 Generalized foliations

We have seen that isotropic Courant integrable subbundles of the generalized
tangent bundle are Lie algebroids. In this section we explain the geometric
implications of Lie algebroids on the underlying manifold.

We need the concept of a generalized foliation. A leaf of M is an injective
immersion [ C M such that for each point x € [ there is an open neighborhood
U of x in M such that the connected component of x in UNM is an embedded
submanifold of M. A generalized foliation of M is a collection of leaves which
form a disjoint cover for M. In the usual definition of a foliation the leaves
all have the same dimension but for generalized foliations they are allowed
to vary. A distribution A\ is a collection of subspaces {A(z)|x € M} such
that A(z) is a subspace of T, M. We say that a distribution A is of finite
type if for any x € M there is a neighborhood U of z in M such that over
U there exist smooth vector fields Xi, X»,... X} such that for any y € U,
A\, is the space spanned by X;(y), ... X(y). Note that we are not assuming
pointwise linear independence of the X, ... X, so that the dimensions of the
A, may vary. Note that a generalized foliation gives rise to a distribution by
taking the tangent spaces of the leaves; however it need not be a finite type
distribution. This is clear from the fact that the dimension of the leaves of a
finite type distribution must be lower semi-continuous which in turn follows
from the fact that the dimension of the span of vector fields Xy,... X} is
lower semi-continuous. The importance of finite type distributions is that,
as worked out by Sussmann [19], the Frobenius theorem generalizes:

Proposition 3.3.1. [19] Let A be a distribution of finite type. Then /A is the
distribution arising from a generalized foliation if and only if it s involutive,
that is if X, Y are vector fields with values in /\ then so is [X,Y].
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We now show how Lie algebroids give rise to generalized foliations. Let
V' be a real Lie algebroid. Associated to V is the distribution A = a(V)
where a : V' — T is the anchor. Let X;,... X} be a local frame for V. Then
a(X1),...a(Xy) locally span a(V) = A so we have that A is of finite type.
Moreover, since [a(u),a(v)] = a([u,v]) it follows that A is involutive and
therefore gives rise to a generalized foliation.

Now consider a complex Lie algebroid V' with anchor a : V' — T'®C. This
time we can not just take a(V) so first we define K = {X € Vl]a(X) = a(X)}
and we let A = a(K) € T. We have that A is involutive using [a(u), a(v)] =
[a(u),a(v)]. However we can not so easily conclude that A is of finite type.
To proceed note that K is the kernel of i(a — @) : V' — T so when this map
is surjective, K is a smooth subbundle of V' and we can use a local frame of
K to show A is of finite type. But i(a — @) : V' — T is surjective if and only

if a(V)+a(V) =T ® C.

To summarise, a real Lie algebroid V always gives rise to a distribution
A = a(V') which arises from a generalized foliation. A complex Lie algebroid
V gives rise to a distribution A = {a(X)|a(X) = a(X)} and in the case when
a(V)+a(V) =T ® C we have that A arises from a generalized foliation.

There is an additional feature for complex Lie algebroids. As before we

assume a(V) +a(V) =T ® C. Let us also assume we are in a neighborhood
in which the dimension of A ® C = a(V) Na(V) is constant. Thus a(V)
has constant dimension as well. Note that a(V) is a complex integrable
subbundle of 7 ® C and that since a(V) + a(V) is integrable we can use the
Newlander-Nirenberg theorem to conclude that in a neighborhood there are
complex valued functions {z1,...z,} such that {dz,...dz,} are pointwise
linearly independent and such that they annihilate a(V). That is, if a(V)

has codimension k, then there are k transverse complex coordinate functions

{z1,.., 21}

Definition 3.3.1. Let A be a generalized distribution on M. A point x € M
is called a regular point of the distribution if x has a neighborhood in which
the dimension of A is constant.

Thus we have that a complex Lie algebroid V' such that a(V') + a(V) =
T ® C, then we have a generalized distribution such that in a neighborhood
of a regular point there are transverse complex coordinates.

28



3.4 Dirac structures

We have seen that amongst the integrable subbundles, a particularly inter-
esting class are those that are maximal isotropic. Therefore we make the
following definition:

Definition 3.4.1. An almost Dirac structure is a maximal isotropic subbun-
dle of the generalized tangent bundle. An almost Dirac structure is said to
be integrable to a Dirac structure if it is Courant integrable.

Note that we can also define complex Dirac structures by considering
subbundles of the complexified generalized tangent bundle. These will play
a substantial role later on. Given an almost Dirac structure V, it follows
from (3.1.2) that V' is a Dirac structure if and only if the Nijenhius operator
completely vanishes on V' and moreover since V' is isotropic the Nijenhius
operator restricted to V' is given by (3.1).

We give some examples of Dirac structures:

Ezample 3.4.1 (Foliations). Let U C T be a smooth distribution of constant
rank. Then U determines a maximal isotropic bundle V = U @ Ann(U). We
claim that V' is Courant involutive if and only if U is Frobenius involutive,
i.e., if and only if U arises from a foliation of the manifold. First it is clear
that if V' is Courant involutive then U is Frobenius involutive. Conversely
assume U is Frobenius involutive. From (3.3) it is clear that if £ € I'(Ann(U))
then d§ € I'(Ann(U)). This clearly implies V' is involutive.

Ezample 3.4.2 (Pre-symplectic geometry). The tangent bundle is a Dirac
structure. If we use a 2-form w € T'(A?T*) to B-transform 7' we have that

T ={X +wX| X € T}

is an almost Dirac structure. In fact, using (2.29) we see that T is integrable

if and only if dw = 0. More explicitly, we calculate Nijenhius operator for
sections e* X, e?Y,e“Z € I'(e*T).

Nij(e* X, e*Y,e“Z) = ([e*X,e*Y],e"2)
e[ X, Y] — ixtydw, e Z)
[e“[X,Y],e“Z) — (txtydw, Z + wZ)

(
(
(le
(X,Y],Z) — %Lszbydw
1dw(X,Y,2)

where we have used the fact that e“T" is isotropic so that we may use the
simpler expression for the Nijenhius operator on e“T.
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Ezample 3.4.3 (Poisson geometry). In contrast to the last example we can
start with 7™ which is also a Dirac structure and then perform a (-transform
(see equation 2.25) by a bi-vector field 8 € T'(A?T). Thus we have that

T ={¢+pE| € T}

is an almost Dirac structure. The bi-vector 3 determines a bracket operation
on functions f, g given by

{f,9} = B(df,dyg). (3.11)

We determine when this space is integrable by determining Nij|.s7-. Since
Nij|.s7+ is tensorial, it suffices to consider three sections of the form e?df, e?dg, e®dh
for functions f, g, h. We find that

Nij| o+ (€?df, e dg, e?dh)
= ([df + Bdf,dg + Bdg], dh + Bdh)
({f: Y +df {g, } +dgl.{h, } +dh)
(LS. Y Ag, Y +alf.g} — dlg. [} = 5d({f. g} = {g. [} AR, } + dh)
(S 1Ay, H+d{f.g}.{n, } +dh)
%(dh([{f, FoAg M) +{hAS 9}})

{f: 49, ht} = {9, 41, b3} +{n A S, 9}})
{f: g}y +{g.{h, f}} +{nA{S . 9}}).

Therefore we find that the almost Dirac structure e’T* is integrable if and
only if the bracket { , } defined by [ satisfies the Jacobi identity, i.e., 3 is
a Poisson structure. One can also rephrase this using the Schouten bracket.
Using (3.8) we find that

16, 81(df ,dg, dh) = 2{f,{g, h}} + 2{g, {h. f}} + 2{h.{f.9}}  (3.12)

and it follows that

Nij|(e”¢,e’n, e’ ¢) = 1[8, B](&,n, ¢) (3.13)

so ePT* is integrable if and only if [3, 3] = 0.

Suppose we are given two transverse Dirac Structures V and V', that is
E =V &V’ Then the form (, ) allows us to identify V' with V* so we have
E =V @ V*. This generalizes the splitting £ = T & T™*. Notice that the
bilinear form on E given by the pairing of V' and V* is the same as the form
obtained by pairing 7" and T™.
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Proposition 3.4.1. [18] Let E =V & V* be a splitting of the generalized
tangent bundle into transverse Dirac structures. Given sections u,v of E
write them as u =X +§ and v =Y +n where X,Y € I'(V), {,n e I'(V*).
Then the Courant bracket of u and v is given by

(X +&Y +n=[X, Y]+ Lxn— Ly — %dV(LXU —y§

)
3.14
+ [6,77] + [,gy — EnX — %dv* (LéY — LWX)' ( )

Proof. 1t is clear that when u,v are sections of V' then (3.14) simplifies to
[u,v] and similarly for sections of V*. Thus we assume u = X € I'(V)
and v = n € I'(V*). Note that since X € I'(V) we have 7(X) = a(X)
where a : V' — T is the anchor of the Lie algebroid V. Furthermore if
a, : V* — T is the anchor for V* then a® a, : V& V* — T is the projection
m:T®T* — T. We have seen that for a function f, we have dy f = foa so
that (df, ) = 3df om = (dy f + dy~f, ). Using (2.15) we thus find

T(X)(n.Y) = a(X)(nY)
((Xom] +d(X,n),Y) + (n, [X, Y]+ d(X,Y))
((X,n],Y) + (dv(X,n),Y) + (1, [X,Y])

= i [X,n] 4+ Toydvn(X) + $n([X.Y])
stv[Xom] + a(Y)n(X) + 5n([X, Y]).

Therefore

wlXon = a(X)n(Y) - 3a(Y)n(X) —n([X,Y])
= (dyn)(X,Y) + za(Y)exn
= tyitxdyn + %Lydv(bxn)
=y (Lxn — 3dv(ixn)).

Thus the V* part of [X, 7] is Lxn — 3dy(txn). Interchanging V and V* we
have that the V part of [, X] is £,X — 2dy-(¢,X). Thus we have found

[X,n] = Lxn — 5dv(exn) — Ly X + 5dy+(1,X)
which completes the proof. O]

Now that we have the general formula for the Courant bracket we are
ready to prove a key result for Dirac structures:

Proposition 3.4.2. [18] Let E = V & V* be a splitting of E into Dirac
strucures and let € € T(A*V*). Then V. = {X + eX| X € V} is an almost
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Dirac structure. V. is integrable if and only if € satisfies the generalized
Maurer-Cartan equation

dye+ 3le,e] =0 (3.15)
where dy : T(A*V*) — T(A*V*) is the differential of V and [, | : T(A*V*) —
L(A3V*) is the Schouten bracket for V*.

Proof. 1t is clear that V. is an almost Dirac structure. We will complete the
proof by showing that for sections u, v, w of V' we have

Nij(e“u, ev, e‘w) = £ (dve + 3[e, €])(u, v, w). (3.16)

Using (3.14) we may write the Courant bracket as [, | =1[, |v +[, |v+
where

(X +&Y +nlv = [X, Y]+ Lxn — Ly& — 3dv(exn — ty€) (3.17)

X+ 4y = (€] + £eY — £,X — by (1 — %), (3.18)
Thus

Nij|v. (e“u, €“v, e“w) = ([e“u, ev], ew) = ([e“u, ev]y, e“w)+ ([e“u, ev]y+, ew).

Thus we need only show

([e“u, ev]y, e‘w)|y, = %(dve)(u,v, w)

and

v. = 1le €l (u, v, w).

But we have already seen this in the examples (3.4.2) and (3.4.3). The
algebra here is essentially the same and so we have completed the proof. [

([e“u, ev]y«, ew)

3.5 Integrability in the twisted case

So far in this chapter we have only considered using the untwisted Courant
bracket. Generalizing the results to the twisted Courant bracket is straight-
forward and we summarise here. In this section we consider twisting as the
modification of the Courant bracket by a closed 3-form H.

First of all one defines the Jacobiator and Nijenhuis operators by the
same equations (2.18) and (2.21) and and one finds that

Nij; (u, v, w) = Nij(u,v,w) + LH(m(u), 7(v), 7(w)) (3.19a)

Jacy (u,v,w) = Jac(u, v, w) — 3d(tr(uybn(v)tr(w) H) (3.19Db)
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where the subscript denotes that the operator corresponds to the twisted
bracket. We have that Proposition (3.1.2) still holds in the twisted case.
On isotropic subbundles we still have that Nij, is tensorial and given by
the simpler formula (3.1). Now twisted Courant involutive subbundles, just
like the untwisted case are Lie algebroids. We can define a twisted Dirac
structure, noting however that there is no difference between almost Dirac
structures in the twisted and untwisted case. We now re-examine two of our
examples of Dirac structures in the twisted case.

Ezample 3.5.1 (Twisted pre-symplectic geometry). Let w € T'(A*T*) and
consider the almost Dirac structure V = ¢e* = {X + wX| X € T'}. With the
aid of example (3.4.2) we see that

Nijylv(e“ X, e*Y, e Z) = §(dw + H)(X,Y, Z).
Therefore V' is twisted Courant integrable if and only if dw = —H.

Example 3.5.2 (Twisted Poisson geometry). Let 3 € T'(A?T) and consider
the almost Dirac structure V = eT* = {£ + B¢] € € T*}. Once again we
refer back to the untwisted case, example (3.4.3) to see that

Nijglv(e’€, e”n,e0) = 18, B1(&n, ¢) + 5H(m(e"€), m(e"n), m(e”))
= 5[8.81(& . 0) + 3H(BE, B, 59)
= 5(308.8] + 5" H)(&,. 9).
where the bracket is the (untwisted) Schouten bracket and *H is the pull-

back of H by (3 :T* — T. Therefore by equation (3.12), we see that V is a
twisted Dirac structure if and only if

{1, 9%, 1}y +{{g. 0}, 1} + {{n. f}. 9} = =57 H(df, dg, dh). (3.20)
Finally, we can combine these two examples just as we did in the untwisted
case to prove the following:

Proposition 3.5.1. Let H € T(A*T*) be a closed form used to twist the
Courant bracket. Let E =V & V* be a splitting of E into twisted Dirac
strucures and let € € T(A*V*). Then V. = {X + eX| X € V} is an almost
Dirac structure. V; is twisted Courant integrable if and only if € satisfies the
twisted generalized Maurer-Cartan equation

dye+3le,e]l = —n*H (3.21)
where dy : T(A*V*) — T(A3V*) is the (untwisted) differential of V, [, ] :

L(A2V*) — T(A3V™) is the (untwisted) Schouten bracket for V* and 7w :V —
T is the anchor.

Proof. Using m(e‘u) = 7(u) the proposition follows from equation (3.19a)
and equation (3.16) of Proposition (3.4.2). O
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Chapter 4

(Generalized metrics

The addition of further structures associated to a generalized tangent bun-
dle leads to various geometries. The first such structure is a generalization
of a Riemannian metric and is thus called a generalized metric. One could
therefore describe this geometry as generalized Riemannian geometry. From
a generalized metric one produces generalizations of the Levi-Civita connec-
tion, the Hodge star, the inner product on forms and the Laplace-de Rham
operator.

4.1 Generalized metrics

We motivate the definition of a generalized metric by the following obser-
vation. Suppose we have a Riemannian manifold (M, g). The metric g is
completely determined by its graph G = {X +gX|X e TM} CTM &T*M
where ¢ is viewed as the map g : TM — T*M given by X — ¢(X, ). One
then finds that (X4+¢X,Y +gY) = g(X,Y), i.e., the restriction of the natural
form (', ) to G is positive definite.

Definition 4.1.1. Let E be a generalized tangent bundle for M. A gener-
alized metric V' is a positive definite subbundle of rank n = dim M, that is,
the restriction of the form (, ) to V is positive definite.

Given a generalized metric V C F, we define V* =V and V— = V*,
the orthogonal complement of V. Thus E = V* @& V™| the form ( , ) is
positive definite on VT, negative definite on V~. Thus a generalized met-
ric is equivalent to a reduction of the structure group of E from O(n,n) to
O(n) x O(n). To proceed further let us first consider the untwisted case
E =T @& T*. Note that as T* C FE is isotropic, T* N VT = 0. So just as
in the motivating example one can write V1 as a graph {X + tX|X € T}
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where t : T — T*. Splitting ¢ into symmetric and anti-symmetric parts,
t = g + B we have that V't consists of elements of the form X + ¢gX + BX
while V'~ consists of elements of the form X — ¢gX + BX. One finds that
(X +9gX + BX,Y +gY 4+ BY) = ¢g(X,Y) and since V't is positive definite,
g is an ordinary Riemannian metric. So in the untwisted case a generalized
metric is equivalently given by a Riemannian metric g and a 2-form B which
is known as the B-field.

In the twisted case one can still locally write VT as a graph X +¢, X + B, X
which under the transition between coordinate patches U, — Up changes to
X + g X + B, X +1xdAys = X + g3 X + Bz X. Thus on equating symmetric
and skew-symmetric parts g, = g3 = ¢ still defines a Riemannian metric
while Bg = B, + dA,s so in the gerbe twisted case a generalized metric is
equivalently given by a Riemannian metric g and a collection of 2-forms B,
transforming under Bg = B, 4+ dA,3. Notice that we have a globally defined
3-form H given locally as H = dBg = dB,, the curvature of the gerbe.

4.1.1 Generalized isometries

We now consider which Courant isomorphisms preserve the structure of a
generalized metric. More generally we can consider the action of Courant
automorphisms on generalized metrics. Suppose we have a generalized met-
ric V* and a Courant automorphism ¢ which is the combination of a diffeo-
morphism f followed by a B-transform by the 2-form B. Thus the action of
@ is given by

X+&m LX+ ()¢ +1.xB. (4.1)
Since ¢ preserves the form ( , ), the image (V) is also a generalized
metric. We write VT as a graph X + ¢X + B*X and the image under ¢ is
LX + () (9X + BYX) + 15, xB. Letting Y = f.X we see that a generic
element of (V') has the form Y + ((f~1)*(¢ + B"))Y + BY. Thus the
metric g and B-field BT transform under ¢ according to

e.g = (f")"g (4.2a)
0.BT = ()BT +B. (4.2b)

Definition 4.1.2. Let VT be a generalized metric, ¢ a Courant automor-
phism. Then ¢ is a generalized isometry if (V) = VT,

From the transformations (4.2), it follows that ¢ is a generalized isometry
if and only if g = (f~!)*g and BT = (f~!)*B*+B. In particular a generalized
isometry always has an underlying isometry, in fact given any isometry f we
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could combine it with the B field B = B*—(f~1)*BT to produce a morphism
that carries VT onto itself, however we might not have that B is closed.

4.2 Connections

Associated to every generalized metric V' is a connection on V*+ compatible
with the metric. Recall equation (2.15), a relation reminiscent of the condi-
tion for a connection to be compatible and will be used as motivation. We
assume v and w are sections of V' and X = 7(u) is a vector field. If we
choose u = X~ to be the extension of X to V'~ then (2.15) simplifies to

X(v,w) = ([X7,v],w) + (v, [ X, w)). (4.3)
Therefore we tentatively define
VXU = [X_, ’U]+

where we use a superscript + to denote extension to V* and a subscript + to
denote orthogonal projection onto V*. We now verify this defines an affine
connection on V. From equation (2.17) we see that

Vxfo=(fIX",0] + (Xfv)+ = fVxv+ (X[
and also that
Vo = [FX 0l = FIX7, 0] — (7() )X )y + (X, 0)dfs = fVx

hence V defines a connection on V. Furthermore it follows from (4.3) that
V is compatible with the metric on V. Although V is a connection on V*
we can use the projection 7 to identify V' with the tangent bundle 7" and
we obtain a corresponding connection which will also be denoted V on T
defined by

(VxY)T =VxYT =[X" YT],. (4.4)

Observe that (4.4) does define a compatible connection on 7. Now [X~, Y *], =
([X~,Y*] — [X,Y]7);. The benefit of writing this is that 7([X~,Y*]) =
7([X,Y]7) =[X,Y] so that [X~,Y*] — [X,Y] is a I-form. Thus it has the
form 2¢gZ for some vector field Z. Thus (VxY)" = (2gZ), = Z*. The last
equality holds since 297 = (Z + gZ + BZ) — (Z —gZ + BZ) = Z* — Z~ is
the decomposition of 2gZ. Thus VxY = Z. Hence

2VxY = [X,Y*] - [X,Y]". (4.5)
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In fact we can repeat the above using the twisted Courant bracket [ , |g,
in which case the connection is given by

29VxY =X, Y ]y — [X,Y]". (4.6)
Note that the second bracket is a Lie bracket.
Proposition 4.2.1. [16] The connection V onT' has torsion T = —(dB+H).
Proof. We have
29(VxY = VyX —[X)Y]) = [X, YTy — [V, X g —2[X, Y] —2¢[X,Y].
Note that the omission of the subscript H indicates the Lie bracket.(4g())

simplify this expression first observe that as the Courant bracket of two 1-
forms is zero then [XT — X~ YT — Y]y = 0, so expanding gives

XYy + (XY g = (X, Y g + X, Y0

Thus (X T, Y g+ [X YT g =3(XT+X,YT+Y ]y). Bt X"+ X~ =
2(X + 1xB) and the properties of the Courant bracket imply

[X + L)(B7Y + LyB]H = [X, Y}H + L[X,y}B — L)(LydB
= [X, Y} + L[X7y]B — Lxl,y(dB + H)

Thus
[X+, Y_]H + [X_, Y+]H = 2[X, Y] + 2L[X7y}B - 2L)(Ly(dB + H) (48)
Substituting (4.8) into the (4.7) we find the right hand side becomes

Q[X Y] —I— 2L[X7y]B — 2L)(Ly(dB + H) — Q[X, Y]_ — 2g[X, Y]
= 2[X,Y]+ 2uxy)B — 2uxiy (dB + H) — [X, Y] — [X, Y]
2[X,Y] + 2B[X,Y] — 2uxiy (dB + H) — 2([X,Y] + B[X,Y))

—2bey(dB + H)

Thus the torsion is given by
g(VxY —=VyX — [X)Y]) = —itxy(dB+ H). (4.9)
O

Remark 4.2.1. One can similarly define a connection using the orthogonal
complement V' ~. All the algebra is the same except that g is replaced by —¢g
and so equation (4.9) shows that the connection obtained on 7" has torsion
+(dB + H). Thus there are actually two compatible connections V* arising
from a generalized metric, with torsion F(dB+ H). Thus $(V*+ V") is the
Levi-Civita connection.
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4.3 The Born-Infeld metric

4.3.1 Induced metric on the generalized tangent bun-
dle

A generalized metric V' decomposes the (untwisted) generalized tangent
bundle £ = V™ & V™ into positive and negative definite subbundles. By
switching the sign of the metric on V'~ we obtain a positive definite metric
on E. Another way to view this is by defining the bundle endomorphism
G € End(FE) which is defined as multiplication by +1 on V*. Then we have
that the bilinear form (G__ ,__ ) on FE is positive definite and symmetric
and thus defines a metric on E. By restricting to T" we obtain a Riemannian
metric. Our presentation of this metric and the Hodge theory that follows is
greatly influenced by [12].

The map G can be expressed in terms of the metric g and B-field B. First
consider the case when B = 0. Then for a tangent vector X, 2X = XT+ X,
s0 2GX = XT — X~ =2¢X. Similarly G(9X) = X so in matrix form G is

G= <2 901> . (4.10)

Now we suppose there is a B-field B. Then V* = BV where V are the
corresponding subbundles when B = 0. It follows that G = e®Gye B, where
G is as given in equation (4.10). In matrix form this is

(1 0\ /(0 g 10\ —g !B g !
G_(B 1) (g 0)(—3 1)_(g—Bng Bg7 ') (4.11)

The restriction of the metric (G__,__ ) to T is thus (GX,Y) = (—¢g 'BX +
(9— Bg'B)X,Y) = (9X,Y) — (Bg 'BX,Y) = g(X,Y) + (¢ BX, BY) =
g(X,Y)+ g Y(BX, BY), where we have used the fact that B is skew adjoint.
We thus have

(GX,Y)=g(X,Y)+g¢ '(BX,BY). (4.12)
Note that we can also write g— Bg™'B = (9 — B)g '(g+ B). So (GX,Y) =
((9=B)g~ (g+B)X.Y) = (g7 (9+B)X, (9+B)Y) = g~ ((9+B)X, (9+B)Y)
is another expression for this new metric. We let dvolg denote the volume
form corresponding to this metric.

4.3.2 The Born-Infeld metric

The next construction is a generalization of the Hodge star which in turn
will allow us to define a metric called the Born-Infeld metric on spinors. Let
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* = ejes...e, where e, ...e, is an oriented orthonormal basis for V. Then
* acts on AT* by Clifford multiplication and we have that x* = (—1)%
Consider first the case when B = (0. Then an oriented orthonormal basis for
V*tis {0 + dz',...0, + da"} where {9,} is an oriented orthonormal basis
for T and {dz"} the dual basis. So * = (0; + da')--- (9, + dz™). Then if o

denotes the main anti-automorphism of the Clifford algebra then we have
o(x)w = o(*w)

where x is the ordinary Hodge star for g. Let us also define & = x % a so if «
has degree k then & = (—1)*™%q. Now we see

[a AxBliop =[x Ak x Bliop
= [*a/\B]mp
= ()" ok A Doy
= ()" [0(5) A o (x)]ion
= ()" o) A o(x)alep
= [Ci(ﬁ)/\*a]mp
= (B,%a)
= (sB,xxa)
= (a,f)

n(n—1)

where we have used o(x) = (—1)" 2z *. So we have

g(a, B)dvol, = («, *ﬁ)

where ¢g(f3, a) denotes the metric on forms induced by g. In the general case
where we have a B-field we define a bilinear form G on spinors by

G(a, B)dvolg = (o, %3). (4.13)

Now let VT = eBV,", where V" is the corresponding generalized metric
when B = 0. If {e,} is an oriented orthonormal basis for V5" then {e"e,}
gives such a basis for V* and hence * = e®x. Recall equivariance of the B-
field on the Clifford action (e®u)(e~Pw) = e~ (uw) where u is in the Clifford

algebra of E and w is a spinor. Thus (ePu)(w) = e B(uePw). Therefore as
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spinor endomorphisms we have * = e™5 %, e®. Now we find that

o)
= (a,e B xebp)
= (ePa, *OeBﬁ)
= (ePa, *OeBﬁ>

= g(ePa,ePB)dvol,

G(a, B)dvolg =

where we have used the invariance of ( , ) under B-transforms. Thus in
particular we find that G(«, ) is symmetric and positive definite. By inte-
gration we have a metric on differential forms which, following [12] we define
as the Born-Infeld metric.

Definition 4.3.1. Let M be compact. The Born-Infeld metric is the metric
h on differential forms given by

ha, B) = /G(a,ﬁ)dvola = /(a, %) = /g(eBa, P 3)dvol,,. (4.14)

4.3.3 Hodge theory for generalized metrics

Associated with the spinors is a differential complex
dy :T(ST) = T(S7) (4.15)

where S* = A®\°%T*  The main distinction compared to the de Rham
complex is that in the generalized case we only have a Z, grading. We now
turn to the question of finding an adjoint for dy. First some properties of
the ~ operation, a@ = * * a.

aNB=anp (4.16a)
o(w) = (@) (4.16b)
dpw = dg® (4.16¢)
eBw = B3 (4.16d)
o = %0 (4.16¢)
o = *0 (4.16f)
(@ 08) = (a,8) (4.16g)
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Note that (4.16f) follows from (4.16d) and (4.16e) since * = e~ xy eZ. Now
if s has degree k then

dgs ANt + (=1)*sAd_gt = dsAnt—HAsNt
+H(=DFsAdt 4 (=1)Fs ANH At
= d(sNt)

So on replacing s by o(s) and noting that d(o(s)) = (—1)*c(ds), we find that
the expression (dys,t) + (s,d_gt) is exact. Now we have

/@wﬁ@:=/@$%@
_ _/<§,dg(*ﬁ)>
_ _/<*§,*d_g(*5)>
- —p/kabﬂd_ﬁ(*ﬁ%*gy

So the adjoint of dy is dj; = — * ' d_z*. Note that in even dimensions
~H=1H.

We can form the operator D, = dy + d};. Now the principal symbol s(&)
of D, is given by
s(E)w =ENw—xHEN*w).

But using * = e~ % e? we find that
ePs(€)(ePw) = ENw — #3H(EA*w) = EAW + ELw.
This last expression is just the principal symbol for d 4+ d* and shows that

D, is elliptic and therefore so is Ay, = D3 = dydj; + djydg. The index for
dy : T(ST) — T'(S7) is clearly the Euler characteristic.
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Chapter 5

Generalized complex geometry

Generalized complex structures are of central importance in generalized ge-
ometry. They are simultaneously a generalization of complex and symplec-
tic geometry. Generalized complex complex manifolds have at each point
an integer called the type which can jump discontinuously throughout the
manifold. Symplectic manifolds have type zero throughout while complex
manifolds have maximal type throughout equal to their complex dimension.
More generally in an open set with constant type k, a generalized complex
manifold admits a foliation, the leaves of which are symplectic and there are
2k transverse coordinates which have a complex structure.

5.1 Generalized almost complex structures

Just as in complex geometry there are generalized almost complex structures
and an integrability condition for them to be generalized complex structures.
In this section we focus on generalized almost complex structures.

5.1.1 Linear generalized complex structures

First we consider the linear theory consisting of £ =V & V* where V is a
vector space. A complex structure on V is an endomorphism J : V — V
satisfying J? = —1. A symplectic structure on V is a linear homomorphism
w: V — V* such that w is skew-symmetric (wX)Y = —(wY)X and non-
degenerate which translates to w being invertible. Alternatively we can use
the natural form (, ) on E to rephrase this as (wX,Y) + (X,wY) = 0. We
can generalize both of these structures with the following definition
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Definition 5.1.1. Let V' be a vector space. A linear generalized complex
structure is a linear homomorphism J : T'@® T* — T & T™* such that

e J is a complex structure J? = —1
e J is skew-adjoint (JX,Y)+ (X,JY) =0

where (, ) is the natural bilinear form on 7" @ T*.
Equivalently, the condition that J is skew-adjoint can be replaced with

requiring .J to be orthogonal for we have JJ* =1 & J2J* = J & J* = —J.

A complex structure J : V' — V canonically defines a generalized complex

structure
-J 0
7-(3 %) 5.0

where J! denotes the dual map J' : V* — V*. Likewise a symplectic structure
w : V — V* canonically defines a generalized complex structure

J = (2 _%1) . (5.2)

5.1.2 Relation to isotropics

We now consider alternative descriptions of generalized complex structures.
Just as in the ordinary complex case we have that the complexification £ ®C
splits into the +7 eigenspaces of a generalized complex structure J:

E®C:V+Z@V_l

with the projections being Py, = %(1 FiJ). In addition we also have that
the form (, ) extended to £ ® C vanishes when restricted to the eigenspaces
V4, for we have for u,v € V;

(u,v) = (Ju, Jv) = (iu,iv) = —(u,v).

Recall that we call such subspaces isotropic. Moreover since the eigenspaces
have the same dimesion as V', they are maximal isotropics. Therefore we have
that a generalized complex structure gives a splitting of E®@ C = W @ W
where W is a maximal isotropic subspace. Conversely, given a maximal
isotropic W of E ® C such that W NW = {0} then we can define a gener-
alized complex structure J simply by specifying W to be the +i eigenspace
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of J and W to be the —i eigenspace. Therefore we have found an equivalent
description of generalized complex structures, a maximal isotropic subspace
W of E®C with WNnW = {0}.

A generalized complex structure J defines the group U(n,n) = GL(2n,C)N
O(2n, 2n) where GL(2n, C) is the group of linear automorphisms commuting
with J. Notice that this shows that generalized complex structures only ex-
ist in even dimensions. The eigenspaces W, W of J are G L(2n, C)-invariant.
Thus the splitting of F® C into U(n, n)-irreducible representations is simply
the splitting £ ® C ~ W @ W given by J. Now O(2n,2n) acts transi-
tively on the space of maximal isotropics with real index zero by W — TW
and consequently there is also a transitive action of O(2n,2n) on generalized
complex structures given by conjugation J + T JT~!. The stabilizer of this
action on a given J is the group U(n,n). Therefore a generalized complex
structure is equivalent to a coset of U(n,n) in O(2n,2n) and the space of
generalized complex structures is the homogeneous space O(2n,2n)/U(n,n).
This shows that a generalized complex structure is equivalent to a reduction
from the group O(2n,2n) to U(n,n). Note however that the generalized
complex structures J and —7 lead to the same reduction of structure.

5.1.3 Description of maximal isotropics

We consider now the task of classifying the maximal isotropic subspaces. If
U is a subspace of V then U @ Ann(U) is a maximal isotropic where Ann(U)
is the Annihilator of U, Ann(U) = {¢ € V*|£(U) = 0}. We denote the
space U @ Ann(U) by L(U). We can also perform a B-transform to L(U)
to obtain e®L(U), which is also maximal isotropic. In fact e L(U) only
depends on the restriction of B to U. For any ¢ € A2U* we can form the
space L(U,je) = {X +¢| &y = eX}. Then if ¢ : U — V is inclusion and
1*B = € we have that L(U,¢€) = e L(U) so that the space L(U, ¢) is maximal
isotropic. In fact we now show every maximal isotropic has this form.

Proposition 5.1.1. [11] Every mazimal isotropic subspace of V@& V* is of
the form L(U,¢), where U is a subspace of V, e € N2U* and U, € are unique.

Proof. Let W be an isotropic space. Let m : V & V* — V be projection
onto the first factor and similarly 7 for the second factor. Let U = m(W).
We define € : U — U* ~ V*/Ann(U) as follows. Given X € U, let £ be any
element of V* such that X +& € W. We let eX = {|y. To show this is well
defined suppose that X + & and X + & are both elements of W lying above
X. Then for any Y € U, choose Y +7n € W. Now W is an isotropic subspace
500 = (X +&) = (X +&),Y +1) = (& —&)(Y). Thus & — & € An(U)
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as required. Also (eX)(X) = & (X) = 0 showing skew-symmetry ¢ € A2U*.
Thus we have shown that W is a subspace of {X +¢ | €|y =eX} = L(U,e).
Finally, when W is maximal we must have W = L(U, ¢) since L(U, ¢) is also
maximal. In this case U and € are uniquely determined. [

So we have an alternative characterization of maximal isotropics, as a
subspace U of V' (or V @ C in the complex case) together with a 2-form € on
U, e € N2U*.

Definition 5.1.2. Let W be a maximal isotropic subspace of V & V*. Let
U = w(W) be the projection of W onto V. The type of W is the codimension
of Uin V.

Note that if W is a complex subspace of the complexification £ ® C
of E =V & V* then the above definition still holds, taking the complex
codimension of (r®1)(W) in V ®C. Also note that if ¢« : U — V is inclusion
then

eBL(U,¢) = L(U, e+ 1*B) (5.3)
and as such B-transforms preserve the type of maximal isotropics. We are

lead to ask what the condition W N'W = {0} for a maximal isotropic trans-
lates into in terms of U and e.

Definition 5.1.3. Let IV be a maximal isotropic subspace of £ ® C. The
real index of W is the complex dimension of W N W.

This definition is such that generalized complex structures are equivalent
to maximal isotropics W of F ® C of real index zero.

Proposition 5.1.2. [11] The mazimal isotropic W = L(U,€) of E ® C has
real index zero if and only if U+ U =V @ C and w = Im(e)| g is non-
degenerate.

Proof. If W has index zero then E ® C = W @ W and hence U + U =
V ® C. Let B € A’2V* be such that *B = e. Suppose there exists a
real 0 # X € UNU such that wX = 0. Then (B — B)X|y,z = 0.
Hence (B — B)X = a + 3 where @ € Ann(U) and 8 € Ann(U). Since
U+U =V ®C, then Ann(U) N Ann(U) = {0}. Then as (B — B)X is
imaginary we have 3 = —@. Thus BX —a = BX —a = &, say. Then ¢
is real, |y = BX|yp = eX and {J]g = €X. Thus 0 # X + £ € WNW, a
contradiction so w must be non-degenerate.

Conversely suppose U + U =V ®C and w is non-degenerate. Suppose
X+&eWnW. Then €y = eX and £l = €X. Thus wX = 0 so by
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non-degeneracy, X = 0. This in turn implies |y = 0 and &|; = 0 hence
¢ = 0 and thus W has real index zero. O

Thus we have determined precisely the conditions for an isotropic L(U, €)
to define a generalized complex structure.

5.1.4 Relation to spinors

There is a connection between isotropic subspaces and spinors and it will
lead to another description of generalized complex structures. Given a spinor
¢ € NT™ consider the subspace of E defined by

Ly, ={veFE|vp=0} (5.4)

If u,v € Ly then
= v + vup = 2(u, v)e

so if ¢ # 0 then (u,v) = 0 and thus L, is an isotropic subspace. Now the
Clifford action is Spin(V & V™*) equivariant so for any element g € Spin(V &
V*) we have (gv)(g¢) = g(ve). It follows that L,, = gLs. In particular for
a B-transform we have e®Ly = L,-5,.

Definition 5.1.4. A spinor ¢ is called pure if L, is a maximal isotropic
subspace.

Now consider the maximal isotropic W = L(U) = U & Ann(U).

Proposition 5.1.3. The spinor ¢ satisfies Ly = W = U & Ann(U) if and
only if ¢ is a non-zero multiple of e; N\ --- A ex where {e;} is a basis for
Ann(U).

Proof. Let {u;}} be a basis for U and let {v;}? be a basis for a complement of
Uin V. Let {u;}} U{v;}} be a dual basis so in particular {v}} is a basis for
Ann(U). Suppose the spinor ¢ satisfies Ly = W. Then for each j, 0 = vi¢ =
viA¢gand so ¢ =vi A+ Avp Aw = Q Aw where w is a form involving only
the {u}} and Q = vi A--- Av}. Furthermore 0 = u;¢ = 1,0 = (—1)*Q A 1, w
for all 7 so that w = ¢ a non-zero constant. The converse is trivial. O

Corollary 5.1.3.1. The spinor ¢ satisfies L, = W = L(U,¢€) if and only if
¢ is a non-zero multiple of e~ PQ where B € N*V* is any 2-form such that
B =c¢€and Q) =e; N---Aeg is an orientation for Ann(U).

Proof. Suppose ¢ is such that Ly = W. Then L.z, = e PW = L(U,0) =
U @® Ann(U). Thus eB¢ = Q2 where c is a non-zero constant. Similarly the
converse holds. O
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Corollary 5.1.3.2. Every mazimal isotropic W has, up to non-zero multi-
ples, a unique pure spinor p such that W = L,. If W = L(U,€) and B is any
2-form with 1*B = € then p = ce BQ where ¢ is a non-zero scalar and Q) is
an orientation for Ann(U). The type of W is the degree of €.

Proof. This follows since every maximal isotropic has the form L(U,€). Also
note that the type of W is the codimension of U which is the dimension of
Ann(U), the degree of €. O

Thus a spinor p is pure if and only if it has the form p = eBQ, where
Q = e A+ ANeg. In the case of complex maximal isotropics we write
p = eBt%) where B and w are real.

We have established the relation between pure spinors and maximal isotrop-
ics. Now we wish to describe which pure spinors correspond to a generalized
complex structure. This happens if and only if the maximal isotropic has
real index zero.

Proposition 5.1.4. Let p; and py be pure spinors. Then L, N L,, = {0} if
and only if (p1, p2) # 0, where (, ) is the bilinear form (2.3) on spinors.

Proof. By the invariance of ( , ) under B-transforms, it suffices to consider
the case where Wy = L, = L(Uy,e) and Wy = L,, = L(U;,0) = Uy @
Ann(U,). Let B be any 2-form such that :*B = € so that W; = P L(Uy,0).
After rescaling we can assume p; = e 5, and ps = Qy. Then

<P1a P2> = [U(@_BQI) A QQ]tOP
[0(Q21) Aa(e™®) A Qaliop
= j:[@B N Ql AN QQ]top~

Consider first the case where Uy +Us # V®C. Then Ann(U;)NAnn(Us) #
{0} and so Q2; AQy = 0, thus (p1, p2) = 0. But since Ann(U;) C W, fori = 1,2
we also have Wi N Wy # {0}, proving the result in this case.

Thus we now assume U;+U; = V®C. Choose a basis f1, ... f,. for UyNUs.
Let ey, . . . e; be a basis for a complement of U;NU, in Uy and similarly g1, . . . g;
for a complement of Uy N Uy in Ua. Let {fy,... f}{el, . ep} {91, g5}
be corresponding dual bases. Then W; has basis

{6Bf1,...erT,eBel,...eBek,gik,...g;}

and Wy has basis
{fi,- - frion,...gj,€l,... €}
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Then Wy N W, = {0} if and only if the wedge product of these two bases is
a non-zero element of det(V @ V*) ® C. Their wedge product is

(i +BA)A...(fr + Bfy) A(ex + Ber) A= A(ex + Bex) Agi A--- A gj
NN NHENG A ogiNeTN---Nej,
—defiA AfAe A Aes Agi A Agi ABfLA . B AQyAQ

where ¢ is a non-zero constant. Therefore this quantity is non-zero if and
only if the quantity

Bfi AN+ ANBf, ANQp A Qg € detV™ (5.5)

is non-zero. We write B = A 4+ C' where the two form A involves only the
basis elements {f;,... f} while C' contains all terms of B involving other
basis elements. Then 5.5 is non-zero if and only if

Afy A ANAF AN AQy

is non-zero. Note that A is a skew-symmetric map from the span of { fi, ... f..}
to the span of {ff,... f*}. The expression Af; A--- A Af, can be thought
of as the determinant of this map. Now as A is a skew-symmetric, we can
instead use the expression [e4],, which is essentially the Pfaffian of A. It
follows that (5.5) is non-zero if and only if

(€], A Q1 A Qy =[P A Q1A Qaiop
is non-zero. This last quantity is £(p;, p2) which completes the proof. [

Corollary 5.1.4.1. Let p be a pure spinor. Then L, has index zero if and
only if (p,p) # 0.

Thus we have that a generalized complex structure is equivalently given
by a pure spinor p = B+t such that {p,p) # 0. This in turn is equivalent
to [o(eBHwQ) A B~ # 0, that is [e729Q A Q # 0]iop # 0. Note that
this expression is zero unless dim V' = 2n is even. This is another way to
see that generalized complex structures exist if and only if dim V' is even. If
the generalized complex structure has type k£ then {2 has degree k. Thus we
have further shown that the type satisfies 0 < k < n = %dim V. And the
condition (p,p) # 0 can finally be rewritten as w™ * A QA Q # 0.

5.1.5 Examples

We have seen that generalized complex structures can be described in three
different ways; as an endomorphism 7, as a maximal isotropic W and as a
pure spinor p. We now illustrate these with our motivating examples.
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In the case of a complex structure .J, we have the associated generalized
complex structure J given by (5.1). The +i eigenspace of J is therefore
W = AODY g AGOV* Thus U = 7y (W) = AODV g0 if dimV = 2n
then U has codimension n and hence W has maximal type & = n. Now the
annihilator of AOYV is AGOV* so W = L(U,0). Therefore the pure spinor
pisgiven by p=dz! Adz?> A+ Ndz" = Q.

In the case of a symplectic structure w, we have the associated gen-
eralized complex structure J given by (5.2). The +i eigenspace of J is
W={X—iwX|X € V®C}. Thus U =my(W) =V ®C. So U has codi-
mension 0 and so W has minimal type k = 0. We have W = L(V ® C, —iw)
and so the pure spinor p is given by p = e™™. Note that non-degeneracy of
w, w" # 0, is precisely the condition for p = e~ to satisfy (p,p) # 0 and
hence define a generalized complex structure.

5.1.6 Generalized almost complex structures

Now that we have worked out the linear theory we can return to the setting
of a manifold.

Definition 5.1.5. Let M be a smooth manifold. A generalized almost com-
plex structure for M is an endomorphism J : T T* — T & T* such that J
is a linear generalized complex structure on each fibre.

As in the linear theory we see that this is equivalent to a bundle splitting
E®C =W W, where W is a maximal isotropic subbundle of £® C. Thus
a generalized almost complex structure is equivalent to a maximal isotropic
subbundle W with W N W = 0, where 0 denotes the zero bundle. In terms
of spinors, a generalized almost complex structure is equivalent to a line sub-
bundle I of AT™ consisting of pure spinors, i.e., such that for any non-zero
¢ € K, we have (¢,¢) # 0. This line bundle is called the canonical bundle
since in the case of an ordinary almost complex structure it is the canonical
bundle A™OT* Note that finding a globally-defined pure spinor ¢ is equiva-
lent to finding a generalized almost complex structure with trivial canonical
bundle. In particular this is the case for a symplectic manifold M, w in which
case the globally defined spinor is e=®. Lastly, a generalized almost com-
plex structure is equivalent to a reduction of the structure group of £ from
O(2n,2n) to U(n,n).
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5.1.7 Topological conditions for almost structures

In this section we show that a manifold admits a generalized almost com-
plex structure if and only if it admits an almost complex structure. Since
any almost complex structure has an associated generalized almost complex
structure it remains to show that given a generalized almost complex struc-
ture J we can construct an almost complex structure. The proof is in two
steps. First we show that we can reduce the structure group of the general-
ized tangent bundle from U(n,n) to U(n) x U(n) and then we identify one
of the U(n) factors with the tangent bundle so that we can transport J to
an endomorphism on 7.

The first step is to reduce the structure group from U(n,n) to U(n) X
U(n); that is we seek a splitting of E into a positive and a negative definite
subbundle £ = V*t @ V~ such that V* are J-invariant.

Proposition 5.1.5. A principal U(n,n) bundle can always be reduced to a
principal U(n) x U(n) bundle.

Proof. We give two proofs, the first is a local construction using frames while
the second is a more direct proof using algebraic topology.

We may think of a principal U(n,n) bundle as a principal bundle of
frames together with a signature (n,n)-metric and complex structure J pre-
serving the metric. To reduce structure to U(n) x U(n) we must find local
frames of the form {ey, Jei,ea, Tea, ... en, Ten, f1, T f1,--, fn, T fn} such
that (e;,e;) = 0ij, (fi, f;) = —0ij, (&, fj) = 0. Such a basis is easily con-
structed by a Gram-Schmidt style proces as follows: take an element v; of
positive norm, then vy, Jv; are linearly independent and since J preserves
the metric, Jv; has positive norm as well. If they do not span a max-
imal positive definite subspace then we can find vy of positive norm and
vy, Jv1, V9, Jvg are linearly independent. Continue in this manner to obtain
v, JV1, ..., U,, Jv, which span a maximal positive definite subspace. Then
perform Gram-Schmidt on vy,...v, to obtain ey, Jeq,...,e,, Je,. Now we
have a J-invariant positive definite subspace V. Take the orthogonal com-
plement V'~ and repeat the above to obtain f1, 7 fi,..., fu, J fn as required.

For the second proof note that a principal G-bundle P has a reduction
of structure to a subgroup H < G if and only if the fibre bundle P xpg
(G/H) admits a section. In the case of U(n) x U(n) < U(n,n) we have that
U(n)xU(n) is homotopic to U(n, n) and so the quotient space is contractible.
Thus the fibre bundle P xy (G/H) has contractible fibres and so admits a
section. [l
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Thus given a generalized almost complex structure J we can find a split-
ting £ = V' @V~ of E into positive and negative J-invariant subbundles.
Since V' is positive definite we have that the projection 7w : E — T gives
an isomorphism 7 : VT — T. Using this isomorphism we can identify J|y+
with an almost complex structure on 7. Thus we have proven the claim of
this section.

5.2 Integrability

A generalized almost complex structure is a purely algebraic struture and
so far there have been no analytic conditions. But just as with ordinary
complex structures or symplectic structures there is an analytic condition.
For complex structures the condition is closure of the space of eigen-sections
of the complex structure while for symplectic structures the condition is that
the symplectic form is closed. We introduce an integrability condition for
generalized almost complex structures and show that this generalizes these
two conditions for complex and symplectic structures.

Definition 5.2.1. Let J be a generalized almost complex structure and let
W be the +1 eigenbundle of J. We say J is an integrable generalized almost
complex structure or that J is a generalized complex structure if W is Courant
involutive.

The results on integrability developed in Chapter 3 apply here and in
particular integrability of a generalized almost complex structure is equiv-
alent to the Courant bracket to satisfy the Jacobi identity when restricted
to the corresponding maximal isotropic subbundles. We thus have that the
maximal iostropic subbundles associated to integrable generalized complex
structures are Lie algebroids.

Let us examine the integrability condition for the complex and symplectic
cases to see that this does indeed generalize more familiar conditions. In the
complex case the +i eigenbundle is W = ACDT @ ACOT* If we take two
vector fields X, Y € AODT then their Courant bracket is just the Lie bracket
so this is the usual integrability condition for almost complex structures. It
should be noted that the only term of a bracket [X + £, Y + 7] of sections
of W, that might not remain in W is the [X,Y] term so in fact Courant
integrability is in this case equivalent to the usual integrability condition. In
the symplectic case, the +i eigenbundle is W = {X —iwX | X € T ® C}.
Note that this is the same as in Example (3.4.2) except we are now using
iw in place of w. Therefore the condition for integrability is that dw = 0.
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The integrability condition in the general case can be viewed as a combina-
tion of the conditions in the complex and symplectic cases as the following
proposition demonstrates:

Proposition 5.2.1. [11] Let V be a subbundle of T ® C and € € T(A*V*).
Then the mazimal isotropic subbundle L(V,e¢) is Courant integrable if and
only if V is Frobenius integrable and dye = 0 where dy : T(AFV*) —
D(AMYV*) is the differential associated to V which is a Lie algebroid when
V' is Frobenius integrable.

Proof. Since the Courant bracket and Lie bracket agree for vector fields V'
must be Frobenius integrable for W = L(V,¢) to be Courant integrable.
Therefore we assume V' is Frobenius integrable. Consider now the case ¢ = 0.
Then W = L(V,0) = V@& Ann(V). Let u = X + ¢ and v = Y 41 be sections
of L(V,0). Since we are assuming V' is Frobenius integrable and since 1-forms

Courant commute, we need only consider the case where u = X and v = 7.
We have

1
[w, v] = [X, ] = Lxn = 5dn(X) = 1xdy
since 7 is a section of Ann(V'). Now if Z is any section of V' then
exdn(Z) = dn(X, Z) = n(X) = n(Z) =nlX, 2] = 0

where we have made use of the Frobenius integrability of V. So we see
that L(V,0) is Courant integrable if and only if V' is Frobenius integrable.
Now consider the case where we have a 2-form ¢ € T'(A?V*). Choose a
smooth extension of €, a smooth 2-form B € T'(A?V*) with € = (*B. Then
W = L(V,e) = ePL(V,0). Any two sections of W have the form ePu, eBv
where u, v are sections of L(E,0). Then

[ B B

eBu, ePu] = eP|

u,v] — txtydB.
Thus W is Courant integrable if and only if txtydB = 0 for all vector fields
on V, ie., dB|ygy = 0 or equivalently, dye = 0. [

Note however that a generalized almost complex structure can only be
written in the form L(V¢), for V' a subbundle of T" in a neighborhood where
the type is constant. In the more general case integrability is given by the
vanishing of the Nijenhuis operator, as established in Section (3.4) on Dirac
structures.
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5.2.1 Geometry of regular points

Given an generalized almost complex structure J, consider the i-eigenbundle

V. This is a complex Lie algebroid such that T ® C = (V) 4+ 7(V). Let
U=mn(V)sothat U4+ U =T ®C and let A = U NU be the corresponding
real distribution.

Recall that for a generalized distribution a regular point is a point with a
neighborhood where the dimensions of the fibres of the distribution does not
vary. In the present situation the dimension of the fibres of A = U N U are
2m — 2k where T has dimension n = 2m and k is the type of J at that point.
Thus a point is regular if and only the type is constant in a neighborhood.

We are in the situation discussed in Section (3.3) where we have a gen-
eralized foliation corresponding to A such that at regular points there are
k transverse complex coordinate functions where k is the codimension of
m(V) = U, that is k is the type of J at this point. In this sense we can inter-
pret the type of a generalized complex structure as the number of complex
coordinates. However we can conclude even more. In the vicinity of a regular
point we can write V' = L(U,¢) and by Proposition (5.2.1) we have that U
is a Frobenius integrable subbundle of the tangent bundle and dye = 0. By
proposition (5.1.2) we have that the leaves of the foliation around a regu-
lar point inherit a non degenerate 2-form w = Im(e)|, 7. Note that since
dye = 0 we have that w restricted to a given leaf is a closed non-degenerate
2-form. Thus the leaves are symplectic manifolds of dimension 2m — 2k.

So far we have found that in a neighborhood of a regular point of type k a
foliation consisting of symplectic leaves and complex transverse coordinates
can be found. In fact even more than this can be said. First we note that
there is a canonical example of a 2m dimensional generalized complex mani-
fold M2™ of constant type k for 0 < k < m. Let (C", J) denote C" with the
standard complex structure J and let (R", w) denote R** with the standard
symplectic form w = da® Adx! + -+ - + da®" "1 A dz®. The symplectic form w
induces a generalized complex structure J,, of type 0. Then we define M2™
as the generalized complex manifold (C* x R*™=2¢ 7 @ J,). Likewise we can
construct generalized complex manifolds of dimension 2m and constant type
k by replacing C* with open subsets of C*. The following theorem states
that modulo B-tranforms, generalized complex manifolds always take this
canonical form around regular points.

Proposition 5.2.2 (Generalized Darboux Theorem, [11]). Let x be a regular
point of type k in a generalized complexr manifold of dimension 2m. Then
there exists a neighborhood U of x such that U 1is diffeomorphic to the product
of an open set in C¥ with the standard symplectic space R*™=2k and such that
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after a B-transform on U, the generalized complex structure on U agrees with
the generalized complex structure on the product space.

The generalized Darboux theorem contains both the ordinary Darboux
theorem and the Newlander-Nirenberg theorem as special cases.

5.2.2 Integrability and spinors

The connection between maximal isotropics and pure spinors furnishes an
alternative description of integrability and moreover a Z-grading to spinors.

Let E =V @V be the splitting of E into the maximal isotropics of a
generalized almost complex structure and let /C be the corresponding canon-
ical bundle. The pairing ( , ) can be used to identify V with V*. Clifford
multiplication gives a bundle endomorphism ¢ : Cliff(V@V*)@K — AT*. As
a SO(V @& V*) bundle Cliff(V & V*) is just the exterior bundle A(V & V*) ~
AV @ AV*. Tt is clear that ¢ is surjective and the kernel of ¢ contains the left
ideal generated by V' so by dimension considerations ¢ gives an isomorphism
c: ANV*®K — AT*. This provides AT* with a new Z-grading NT™ = &7_,U;
where U; = NV* - K. Notice that as Clifford multiplication changes the
parity of forms and since pure spinors have either even or odd parity then
this new Z-grading refines the Zy-grading of spinors into even and odd forms.
Also note that Clifford multiplication by elements of V* increases the degree
by 1 while Clifford multiplication by elements of V' decreases the degree by 1.

Now we consider how integrability relates to spinors. Let u, v be sections
of Vysou-K =0and v-K =0. We have that [u,v] is a section of V' if and
only if [u,v] - K = 0. Let ¢ be a local trivialization of K, a pure spinor. We
seek to evaluate [u, v] - ¢. Recall that the Dorfman bracket was defined as a
generalization of equation (2.9), that is we have

[u,vlpp=du-v-¢)+u-dv-¢)—v-dlu-¢)—v-u-dp. (5.6)
In the case where u and v are sections of V' and ¢ is a pure spinor then we have
[u,v]-¢ = [u,v]p-¢ = —v-u-dp = u-v-dp = (uAv)-d¢. Globally, this says that
[u,v] is a section of V if and only if (u Av)-d(T'(K)) = 0. Tt is clear however
that QB;?:OU]- = EB?ZO N V*. K is the space of spinors that are annihilated
by AMH1V. Thus V is integrable if and only if d(T'(Uy)) C T'(Uy) @ T'(Uy).
Moreover, since d changes the parity of forms we have that V' is integrable if
and only if d(I'(Uy)) C I'(U;). We thus have

Proposition 5.2.3. [11] Let K be the canonical bundle of a generalized al-
most complex strucure J. Then [J 1is integrable if and only if

d(I'(Uo)) € T'(Uh) (5.7)
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where U; = N'V* - K and V is the +i eigenbundle of J. Alternatively, J is
integrable if and only if every local non-vanishing section ¢ € T'(K) (i.e., a
pure spinor) satisfies
do=v-¢=1xp+ENG (5.8)
where v =X + & € T'(V*).
Note that in the twisted case d is replaced by dy. We have noted that dy

changes the parity of spinors. Now that we have a finer grading we can split
dy into its constituent parts. In particular we make the following definitions

Definition 5.2.2. Let AT* = &7_,U; be the Z-grading on spinors induced
by a generalized almost complex structure. We define differential operators
EH = Tky1© dH . F(Uk) — F(UkJrl)
8H = Tk—19 dH . F(Uk) — F(Uk_l)

where 7, denotes projection onto Uy.
The utility of this definition is that it allows us to rephrase the integra-
bility condition in a familiar way:
Proposition 5.2.4. [11] Let NT* = ©}_yU; be the Z-grading on spinors in-
duced by a generalized almost complex structure. Then the generalized com-
plex structure is twisted integrable if and only if
dy = Og + Ox. (5.9)

Proof. Note that by Proposition (5.2.2) we have that integrability is equiv-
alent to dy = Oy + Oy as an operator dy : ['(Uy) — T(AT*). Therefore
we need only show that this identity remains for all spinors when we have
integrability. We use induction on spinor degree. The result is true for Uj.
Now suppose the result is true for U; for all j < k. Let uw,v € I'(V) and let
¢ € I'(Ug). Note that it suffices to show v - u - dy¢p € ['(Ug_3) & I'(Ux_1).
From (5.6) we have
vou-dgp=dg(u-v-¢)+u-dg(v-¢) —v-dg(u-¢)— [u,v]p uo.

Integrability shows [u, v]p g is a section of V', and since Clifford multiplication
by elements of V' reduced the degree by 1, the result follows by induction. [

Note that we assumed (5.6) still holds in the twisted case. This is indeed
true and it defines the twisted Dorfman bracket

[X+£,Y+’I7]D,H: [X,Y]+£XT]—Lyd§—beyH (510)

the skew-symmetrization of which is the twisted Courant bracket.
We have the following alternative description of the spinor decomposition:

95



Proposition 5.2.5. [5] Let J be a generalized almost complex structure
acting on an n = 2m dimensional space. Then Uy is the i(m — k)-eigenspace
of J, where the action of J is obtained by lifting J from so(n,n) to spin(n,n)
and using Clifford multiplication.

Proof. First recall that the action p of Spin(E) on E is given by p(x)e =
z-e-x~!. This extends to an action of Spin(E) on Cliff(E) given by the same
formula. For x € spin(F) the associated Lie algebra action is the Clifford
commutator dp(z)e = [z,e] = x-e —e-x. Now if ¢ is a spinor and w € V*
then

J(w-¢) = (J- -w)
= [J,wlp+wT¢.

Now since the action p of Spin(E) on Cliff(E) factors through to the funda-
mental representation of SO(E) on E, we have that [J,w] = J(w) = —iw
since V* is the —i-eigenspace of J. Thus it follows that the elements of
V* act as lowering operators sending an eigenvector ¢ with eigenvalue A
to an eigenvector w¢ with eigenvalue i(A — 1), similarly elements of V' act
as raising operators. Note that J acting on the complex spinors must
have at least one eigenvector. Then by applying raising and lowering op-
erators we see that U, is an eigenspace of minimal weight while U, is an
eigenspace of maximal weight. The eigenvalues of J acting on spinors are
say i\, i(A+1),...,i(A+n). We also have that J is a real operator so there
must be symmetry of the eigenvalues under conjugation. Thus A = 3 =m
and the result follows. O

Note that for an integrable generalized complex structure dg = 0y + O
and d%; = 0 so we find 97 = 0, 51211 = 0and 90y +0x0y = 0. We also define
an operator dy, = i(0y — Oy). Then by (5.2.5) we have that d, = [dy, J).

5.2.3 More on the Mukai pairing

We now wish to consider how the Z-grading on spinors relates to the Mukai
pairing. There is an alternative way to understand the Mukai pairing which
will be useful. First note that if w € AT* and X € T then the Clifford
multiplication gives

X wtw-X=ixw

which can be shown by induction on the degree of w. It follows that X A
o ANXpw  XgA A X =0y, s X A A X If we let f € det(T)
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be a non-zero determinant form then it follows that a(f) - w- f = tyw - f
where a denotes the main anti-automorphism of the Clifford algebra. Thus

s f = ulals) Aoy - f
= ylals)nt)- f
= a(f)-als)At-f
= a(s-f)-t-f.

The left ideal in CLff(T" @ T™) generated by det(7') is a Clifford module
isomorphic to AT* where the Clifford action is simply left multiplication.
In fact this action is the familiar action (2.2) which we shall denote by ¢ :
Cliff (T @ T*) — End(AT*) which is given by

(c(uw) - f=u-w-f.
Thus if s,t € AV* and ¢ is a pure spinor then we have

vple(s)g,c(t)o)f = alc(s)g-f)-c(t)p- f
= afs-¢-f)-t-9-f
= a(¢-f)-als)-t-¢-f
= a¢-f)-(als)Nt)-o- f
Now we claim that ¢ - f has the form A -6 where )\ is a non-zero determinant

form for V and 0 € AV* is non zero. We have that if v € V thenv-¢ - f =
c(v)p - f =0. Thus we may write A -0 = ¢ - f then we have

vi{els)g,c(t)o)f = a(f) - a(A) - (a(s) At)-A-0
= af) - (s, th)r - 0.

Thus we have related the Mukai pairing on AT™* with the Mukai pairing on
AV*. Now suppose that s € AJV* and t € AFV*. Then (s,t) = 0 unless
j+k = n where n = 2m is the top degree. But then c¢(s)¢ € U; and
c(t)p € Uy and it follows that the Mukai pairing U, ® U; — A™T™ is zero
unless k + j = n. Now if ¢ is a pure spinor then (¢, ¢) # 0 so it follows
that ¢ € U, or as a global statement, Uy = K = U,. In fact since Clif-
ford multiplication by elements of V' lowers spinor degree by 1 while Clifford
multiplication by elements of V* = V raises degree by 1, it follows that
U; = U,_;. Then since d is a real operator we have that d¢ = 9(¢).

The Mukai pairing gives an isomorphism Uy ® U, — det(7™) but since
a generalized almost complex structure implies existence of almost complex
structures we have that M is orientable and so det(7™) is trivial. We also
have that Uy = K and U,, = det(V*) ® K so putting it altogether we have
K® K ~det(V).
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5.3 Generalized Calabi-Yau manifolds

In this section we introduce a special class of generalized complex manifolds
which have been proposed as a setting for mirror symmetry. Different ge-
ometrical structures in generalized geometry can often be understood as a
reduction of structure of the generalized tangent bundle together with an
integrability condition. We use this approach to arrive at a definition of
generalized Calabi-Yau manifolds. However we will only briefly look at the
problem of classifying them.

There actually are a number of inequivalent definitions of Calab-Yau man-
ifolds but the definition we shall take is that a Calabi-Yau manifold is a man-
ifold whose holonomy is contained in SU(n). This in turn is equivalent to
being a Kéhler manifold such that the canonical line bundle is holomorphi-
cally trivial.

Recall that a generalized almost complex structure is equivalent to a re-
duction of structure of the generalized tangent bundle to U(n,n). We shall
think of almost Calabi-Yau structures as reductions of structure of the gen-
eralized tangent bundle to SU(n,n). As usual, a generalized almost complex
structure J provides a decomposition £ = V @& V™ of the generalized tangent
bundle. Then the corresponding structure group U(n, n) at a point x consists
of the endomorphisms of £, commuting with 7, and preserving the duality
pairing. A U(n,n) endomorphism of E, is then an element of SU(n,n) if
it preserves a volume form on V, that is if its induced action on det(V') is
trivial. However if K is the canonical bundle of J then we have seen that
K ® K ~ det(V) so that ¢;(V) = ¢;(det(V)) = 2¢,(K). A trivialization of
K would imply a trivialization of det(V'), however due to the possibility of
torsion the converse can not be concluded. Nevertheless we have shown that
a generalized almost complex structure with (topologically) trivial canonical
bundle yields a reduction of structure to SU(n,n). A trivialization of the
canonical bundle is equivalent to a nowhere vanishing global section, that is
a nowhere vanishing globally defined pure spinor € such that (Q,Q) # 0 at
all points.

We now seek a suitable integrability condition. First we require that
the generalized almost complex structure is integrable. Now we look for a
condition that generalizes the notion of a holomorphically trivial canonical
bundle. The obvious condition is to require that § is O-closed, 9 = 0. Note
that since Q € I'(Up) we always have that 0Q2 = 0. Thus, assuming J is
integrable, the condition that 0 = 0 is equivalent to dQ2 = 0. Conversely,
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if Q is d-closed then by (5.8) we have that J is integrable. We are therefore
ready to define generalized Calabi-Yau structures.

Definition 5.3.1. A generalized Calabi- Yau structure on a manifold M is
a globally defined, nowhere vanishing, d-closed, pure spinor € D(AT*M)
such that (©2,Q) # 0 at all points of M.

By replacing d with dg we can also define twisted generalized Calabi-Yau
structures. Although in the definition we say ©Q € I'(AT*M), we have that
since () is a pure spinor it is either an even or odd form. The type of the
generalized complex structure at any point is the degree of lowest degree
non-zero part of €.

The obvious examples of generalized Calabi-Yau manifolds represent the
two extreme cases. First consider a generalized Calabi-Yau whose type is 0 at
all points. Then the trivializing pure spinor must have the form e?+* with B
and w real 2-forms. As we have already seen, the condition (eB+% eB~ww) =£ ()
at all points implies that w is a non-degenerate 2-form. Also since e+ is
closed we have that B and w are both closed. Thus we find that generalized
Calabi-Yau manifolds of constant type 0 are precisely B-transformed sym-
plectic manifolds, which also means that topologically they are exactly the
symplectic manifolds.

Moving to the other extreme, consider generalized Calabi-Yau manifolds
M of constant maximal type. Thus if M is 2m dimensional, then their pure
spinor has the form e€2, where € is a complex 2-form and 2 is a complex m-
form. The Mukai-pairing yields the condition QAQ # 0 at all points and since
eQ is d-closed, the lowest degree part shows that d{2 = 0. This shows that
Q) on its own is a Calabi-Yau structure and in fact is the Calabi-Yau struture
corresponding to a complex manifold with holomorphically trivial canonical
bundle. All that remains is to determine what possible ¢ are allowed. The
condition d(e‘Q2) = 0 is equivalent to dQ2 = 0 and de A Q = 0. Note that
the only part of e that has any effect in €2 is the (0, 2)-part, where the
bigrading on forms refers to the grading of the ordinary complex structure
given by €. Thus we assume € is a (0, 2)-form. The condition de A Q = 0 is
then equivalent to de = 0. Thus we have established that generalized Calabi-
Yau manifolds of constant maximal type are complex manifolds with trivial
canonical bundle whose structure is transformed by a d-closed (0, 2)-form e.
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5.4 Deformations of generalized complex struc-
tures

The deformation theory for generalized complex structures is in many ways a
straightforward generalization of ordinary complex deformation theory. De-
formations of a generalized complex structure can be viewed as perturbations
in the defining endomorphism 7 preserving integrability. However to mea-
sure the distinct deformations one is lead to factor out the actions of diffeo-
morphisms and B-transforms. This leads to the conclusion that infinitesimal
deformations are measured by the second cohomolgy H?(V) of the Lie alge-
broid V' corresponding to J. Moreover, it is shown in [11] that for compact
manifolds, geniune deformations are realized as the zero set of an obstruction

map ® : H*(V) — H3*(V).

Let M be a manifold with generalized complex structure J and corre-
sponding splitting E®C = V @V into maximal isotropics. We are interested
in changing from J to a new generalized complex structure on M. We can
view this as a change of the isotropic V' to a new isotropic V; and correspond-
ingly V will change to V;. We assume that the deformation from V to V; is
sufficiently small so that Vi and V intersect only in the zero section. There-
fore we can describe V; as a graph of a bundle endomorphism € : V — V,
or after using the pairing to identify V with V*, we view € as an endomor-
phism from V' to V*. The graph of € has the form {X 4 eX|X € V} that is,
Vi = (1+4¢€)V. Now for V; to define a generalized almost complex structure,
we require that V; is maximal isotropic. It is clear that V; & V* = E so that
V1 has the right dimension. For Vj to be isotropic it follows that ¢ must be
skew-adjoint with respect the the pairing, that is € is a section of A2V*, a
2-form on V. So far we have that V; is a generalized almost complex struc-
ture. The integrability condition for V; follows from Proposition (3.4.2) and
it is that e satisfies the equation

dve+ ile,e] = 0. (5.11)

Consider a smooth family of deformations ¢, of V' with ¢, = 0. Writing
€ = te + t%¢' + ... we see that for ¢ to satisfy equation (5.11) we require
that the infinitesimal deformation e must satisfy the linearization of (5.11),
dye = 0. In this way we can think of infinitesimal deformations of V' as
dy-closed 2-forms on V.

In order to measure distinct deformations we wish to factor out the ac-
tions of diffeomorphisms and closed B-field transformations. These are the
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transformations which we have called Courant automorphisms and we con-
sider them to be the automorphisms of the generalized tangent bundle. In
fact we shall consider only the cases of diffeomorphisms connected to the
identity and B-transforms by exact B-fields. Such a Courant automorphism
can be written as F' = e® o eX where B = d¢ for some 1-form ¢ and !X
represent the 1-parameter subgroup of diffeomorphisms associated to the
vector field X. In fact, as we are interested in infinitesimal deformations we
shall be interested in the family of Courant automorphisms F; = e!f o X,
The following proposition taken from [11] shows how F}; acts on infinitesimal
deformations:

Proposition 5.4.1. [11] Let V be the i-eigenbundle of a generalized complex
structure, let € € C°(AN*V*) and X +& € C*(T ®&T*). Then then for all t in

a sufficiently small neighborhood of zero, the action of F, = e'% o e on the
graph of € satisfies
Fie = e+ tdy (X +&)|v+) + PR(e, X + &, 1) (5.12)

where (X +&)|y~ is the V* component of X +& and R(e, X +&,t) is a smooth
function of e, X + & and t.

Therefore infinitesimal deformations which differ only by the above Courant
automorphisms will differ only by a dy-exact term. Therefore it is reason-
able to regard the second Lie algebroid cohomolgy H?(V) as representing the
space of infinitesimal deformations of V. The following proposition taken
from [11] makes this more precise:

Proposition 5.4.2. [11] Let M be a compact generalized complex manifold.
There exists an open neighbourhood U C H*(V') of zero and an analytic ob-
struction map ® : U — H3(V') with ®(0) = 0, d®(0) = 0. There is a smooth
family M = {euJu € U, g = 0}, M C C®(A2V) of generalized almost com-
plex deformations such that the integrable deformations in M are precisely
the sub-family M = {e,|z € Z = ®71(0)}. Furthermore any sufficiently
small deformation of V' is equivalent to at least one member in M. When
the obstruction map vanishes, then M s a smooth, locally complete family,
that is, any family of deformations of V', when restricted to a sufficiently
small open set in in its base, can be obtained by pull-back of a map to M.
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Chapter 6

Generalized Kahler geometry

So far we have seen generalized metrics and generalized complex structures.
By combining these two structures in a compatible way we naturally arrive
at generalized Kahler structures. We then show that generalized Kahler
structures can be equivalently described by a bi-Hermitian geometry, first
discovered by Gates, Hull and Rocek [10] as precisely the structure required
for N = (2,2) supersymmetric non-linear sigma models. We also prove a
generalized version of the Kéhler identities.

6.1 Generalized Kahler Structures

We have seen that for a generalized metric V' = V' we can define an endo-
morphism G : EF — E which is multiplication by 1 on V' and multiplication
by -1 on V= = V<. Then (G, ) is a positive definite metric on E. Moreover
any endomorphism G : E — E such that G> =1, G* = G and (GX,X) > 0
for X # 0 defines a generalized metric and in fact this gives an equivalent
definition of generalized metrics. Now given a generalized almost complex
structure J, we can generalize the concept of a Hermitian metric

Definition 6.1.1. Let J be a generalized almost complex structure and a
generalized metric G, we say G is a generalized Hermitian metric with respect

to J if for all X,Y
(GJX,JY)=(GX,Y). (6.1)

That is, the positive definite metric on E defined by G is compatible with
J.

A generalized metric is thus generalized Hermitian if and only if 7*GJ =
G orsince J* = —7J,ifand only if GJ = JG. So G is generalized Hermitian
if and only if it commutes with 7. Let V* denote the £1 eigenspaces of G.
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Since G and J commute, we have V* are J-invariant. It follows that a
generalized Hermitian metric is equivalent to a reduction of structure from
U(n,n) given by J, to U(n) x U(n). We can thus rephrase Proposition
(5.1.5) as follows:

Proposition 6.1.1. Fvery generalized almost complex structure J has a
compatible generalized Hermitian metric.

Since [G, J]| = 0 we have (GJ)? = G*J?* = —1, and (GJ)* = J*G* =
-JG = —(GJ). Thus (GJ) is a generalized almost complex structure.
We now have two generalized almost complex structures which we denote as
J1=J and J, = GJ. We have [J1, Jo] = 0 and note that on V' J; = Jo
while on V—, J; = —J5. We also have that 717> = —G. To summarise, we
have two commuting generalized almost complex structures [Ji, J> such that
G = —J1J> is a generalized metric.

Example 6.1.1. Let M be a smooth manifold with almost complex structure
J and Hermitian metric g. As usual J defines a generalized almost complex
structure J given by (5.1) and a generalized metric G given by (4.10). We

have
(0 g'J (0 —Jg!

Let w(X,Y) = g(X,JY) be the associated Hermitian form. As a map w :
T — T* given by X — w(X, ) we have w = J'g. Since g is Hermitian we also
have w = —gJ. Similarly, w™! = Jg=! = —¢g~'J!. Thus GJ = JG and is
the generalized almost complex structure associated to w as in (5.2). Notice
that integrability of J does not imply the integrability condition dw = 0 for
w. Conversely dw = 0 does not imply J is integrable. The Kahler condition
is precisely that both J and w are integrable.

Definition 6.1.2. A generalized Kdhler structure is a pair Jp, Jo of com-
muting, integrable generalized complex structures such that —7; 7> is a gen-
eralized metric.

Alternatively we have that a generalized Kahler structure is an integrable
generalized structure J and a generalized Hermitian metric G, such that GJ
is an integrable generalized complex structure. This last condition that GJ
be integrable generalizes the condition dw = 0 for a complex structure to be
Kahler.

Similarly we define twisted generalized Kahler structures by replacing
Courant integrability by twisted integrability.
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Proposition 6.1.2. Let (J1, T2, G) be a generalized Kdhler structure. We
have a splitting
EeC=VieoVieV eV,

into the simultaneous eigenbundles of J1 and G. Each of the four eigenbun-
dles is 1sotropic and integrable.

Proof. Since [J; and G commute the above splitting occurs and the eigen-
bundles are isotropic. We show V,© is integrable with the other bundles
being similar. Let w,v € T'(V;*). So Jiu = iu, Jiv = iv and since
Ji = J> on VT the same applies for J». Now since J; and J» are inte-
grable Ji[u,v] = Jolu,v] = i[u,v]. So [u,v] is a +i eigensection for both 7
and J>. The +: eigenbundle for 7 is VZ-Jr @ V.~ while for J» = J1G the +¢
eigenbundle is V;* @& V7. Thus [u,v] is a section of V; as required. ]

6.2 Relation to bi-Hermitian geometry

The projection 7 : E — T allows us to identify T with either of the V*
subbundles associated to a generalized metric. This will allow us to describe
generalized Kahler structures in terms of data which describes a bi-Hermitian
geometry.

Since V¥ are positive and negative definite subbundles of the same rank
as T we have that 7 : V¥ — T are bundle isomorphisms. Therefore we can
identify J; on V* with endomorphisms J4 on 7. That is, Jy : T — T are
defined by

(JX)* = X, (6.2)
Which can also be written J.X = 7(J;X*). Note that replacing J; by J»
in the above simply interchanges J_ with —7_. Thus we have two almost
complex structures J.. Recall also that we have connections V¥ defined on
V* or on T after identification and are given (on T') by

2gViY = [XF YE - [X, V] (6.3)
Recall that a generalized metric gives a metric g on T given by
g(X,)Y)=(XT,Y"). (6.4)
Recall also that V* are compatible with g.

Proposition 6.2.1. [11, 16] Let J.,V*,g be the almost complex structures,
connections and metric arising from a generalized Kdhler structure. Then
J+ are integrable and covariantly constant with respect to their corresponding
connection VEJy = 0. Also g is Hermitian with respect to both J+ and J-_.
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Proof. First we show 7, is integrable. Let 7, X =X, J, Y =Y. We thus
have 71 X1 = (7, X)T =X and similarly ;Y™ = iY*. Integrability of 7
then implies J1[X T, Y] = i[XT,YT]. By Proposition (6.1.2) we have that
[X*,Y "] is a section of VT and moreover since 7| X, Y] = [X, Y] we have
that [X T, Y] = [X,Y]" and so (J.[X,Y])" = 7[X,Y]|" =i[X,Y]". Thus
J+[X, Y] =X, Y] showing J, is integrable. Similarly J_ is integrable.

Now we show ¢ is Hermitian with respect to 7, . This is a straightforward
calculation

(T X, TY) = (JeX)" (T4Y)7)
= (j1X+ JYT)

= (XY")
= (X7Y)

where we have used that G is generalized Hermitian with respect to J;.

Now we show V* 7, = 0. That is for vector fields X,Y,Z we have
g(VH(TY), Z) = g(T VLY, Z) = —g(VLY, T, Z). But using (6.3) this is

equivalent to showing
(X7, nY™],27) = —(X7, YT, W Z7). (6.5)

First note that by (2.11) we have that for orthogonal sections the Courant
and Dorfman brackets agree and so (6.5) is equivalent to

([j1Y+,X_]D,Z+) = _([Y+’X_]D>t7lz+)' (66)

Note that by (2.14) we have

(Y* X 1o, hZh) + (X, [Y*, 5 Z"]p) (6.72)

0
0= (Y, X |p,Z7)+ (X", ["hY T, Z ]p). (6.7Db)

So equation (6.6) is equivalent to
(X7 [RY ™, Z7]p) = (X7, [Y", W Z7]p). (6.8)

Let YT =Y "+ Y" and Z+ = Z" + Z*, be the decomposition of Y+ and
Z* into the eigenbundles of 7;. Then
(X7, (Y ", Z2%p) = (X7, [, Z7] +d(hY T, Z7))
(X7, [V}, 28] + [=iY5, Z7 ) + d(hY'™, Z7))

—
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where we have used Proposition (6.1.2) to drop terms orthogonal to X~. We
also have

(X77 [YJr?leJr}D) = (Xiv [Y+7jlz+] + d(YJru le+))
(X7, Y52 )+ [V —iZ2]) = d(h Y, Z7)

which proves (6.6) as required. O

Note that all the results in this section apply equally well in the twisted
and untwisted cases. If we only consider the untwisted case then the torsion
of the connections V* will be an exact 3-form while in the twisted case the
torsion is closed but need not be exact.

6.3 Hodge Theory for generalized Kahler struc-
tures

We have seen that a generalized almost complex structure provides spinors
with a Z-grading and that a generalized metric yields the Born-Infeld metric
on spinors. If the generalized metric is Hermitian with respect to a gen-
eralized almost complex structure then we get a second generalized almost
complex structure and consequently a bi-grading on spinors.

Although we have already introduced the Born-Infeld metric, no rea-
son for considering this metric was given. Now we can show that for a
generalized Hermitian metric the Z-grading on spinors is an orthogonal de-
composition under the Born-Infeld metric. Let [J be a generalized almost
complex structure and G a generalized Hermitian metric with respect to J.
Let * = ejey...e, be the product of an oriented orthonormal basis of V.
Then VT @ C = V;* @ V7, and since V;" and V7, have the same rank, the
action of x on spinors preserves the grading because for every basis element
that raises degree there is a corresponding one that lowers it. So we have
x : U, — Uj,. Recall that to define the Born-Infeld metric we also needed the
map~: AT* — T* defined by @ = (—1)*™=%q on a spinor of (form) degree k
and with n the top degree and in this case n = 2m is even so a = (—1)*a.
Then for a pure spinor p of type k we have p = (—1)*p and so for s € U
we have 5 = (—1)"%s. So in particular~: U; — U; preserves the grading.
Therefore if s € U; and t € Uy then 5 € U,_j and so (5, *tN) is non-zero
only when j + (n — k) = n, that is j = k. Thus the space of sections of
spinors I'(AT™) decomposes orthogonally under the Born-Infeld metric into
the I'(U;). Moreover, since we have a second generalized almost complex

66



structure J; = GJ which also commutes with G' then we have a bi-grading
on spinors which is orthogonal under the Born-Infeld metric.

Let the two almost complex structures be denoted J; and [J5. Then let
Uir = U jl N UZ where the superscripts denotes to which generalized almost
complex structure the grading belongs. Since the generalized almost complex
structures commute these are the simultaneous eigenbundles and we have the
orthogonal decomposition 7" = &7, _,U; x. Note however that not all of these
spaces are non-empty. The action of any element of £ on spinors will must
either raise or lower the [J;-grading and also the Js-grading. Thus the parity
of j + k must always be the same. Now we shall show that the parity of
J + k must match that of m where n = 2m is the dimension of the space
involved. Let ¢ be a pure spinor for J; let E =V, @V @ V,” &V, be the
simultaneous decomposition of E into [J;, G eigenspaces. Note that each of
these four spaces has dimension m. Let w € A™V_, be non-zero and consider
p=w-¢. Now p is annihilated by V;* & V", which is the —i-eigenspace for
Jo. But since the kernel of a spinor is isotropic it can not exceed dimension
n so we have that p is indeed a pure spinor for J,. This shows UZ C U}, and
thus U, is non-zero only when j 4+ k = m(mod(2)). The bi-grading allows
the differential dy to be divided into constituent operators, in particular we

define

a}f — itk g IF'(Ujk) = T'(Ujs1,41)
B = WM oy T(U0) — T
a}f = 7 o dy  T(Ujg) — T(Uj -1 i)
O = WV ody : T(Upk) = T(Uj-1p1)

where 77* denotes projection onto Uj .

Proposition 6.3.1. [12] Let J1, J2 be commuting generalized almost complex
structures such that G = —J1J> is a generalized metric. Then (J1, T2, G) is
a generalized (twisted) Kdhler structure if and only if

dy = 057 + 0% + 057 + 05

Proof. We have that (Ji, Jo, G) is Kéhler if and only if J; and [J; are inte-
grable, that is if and only if dgI'(U;) € I'(U;}_,) ® T'(U},,) and dyT'(U}) C

D(UZ_y) ® T(U,,). This is equivalent to dyl'(Ujx) € T(U;_, @ Ufy;) N
DU, @ UEL) =T (Ujmi -1 ® Uit i1 @ Ujgr o1 ® Ujir o) O
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Chapter 7

Closing remarks

In this thesis we have seen that many familiar structures in differential ge-
ometry have a natural generalization in generalized geometry. In this way
generalized geometry is able draw connections between seemingly different
structures, as well as provide instances of new geometrical structures. How-
ever, it remains to be seen if this will offer any deep insights into the familiar
structures like complex and symplectic geometry or whether it will simply
yield generalizations. For example one can ask if generalized complex struc-
tures will prove useful in classifying smooth 4-manifolds. For example in [7],

3CP?#19CP? is shown to have a generalized complex structure, but admits
no complex or symplectic structures.

As mentioned in the Introduction, there are many further topics is gener-
alized geometry; submanifolds, group actions, deformation theory for general-
ized Kahler or Calabi-Yau structures, T-duality and other generalized struc-
tures arising from reduction of structure of the generalized tangent bundle.
Much of the current interest in generalized geometry however is due to the
emergence of connections with areas of Mathematical Physics, in particular
Mirror Symmetry. The first step in this direction is the adaptation of T-
duality to generalized geometry, as seen in [5]. Another step in this direction
is seen in [21] where it is shown that an analog of the Tian-Todorov theo-
rem holds for twisted generalized Calabi-Yau manifolds, that is, the moduli
space of compact generalized complex structures is unobstructed and smooth.

In any case, generalized geometry has expanded into an interesting sub-
ject in its own right with many further questions to be answered.
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