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Abstract

REBECCA GLOVER: Generalized Twistor Spaces for Hyperkahler and Quaternionic
Kahler Manifolds
(Under the direction of Justin Sawon)

Generalized complex geometry is a newly emerging field that unites two areas of
geometry, symplectic and complex, revealing surprising new aspects in both. Largely
motivated by physics, it provides a mathematical context for studying certain string
theoretic topics. Since it is a relatively new field, mathematicians are still learning how
known geometric objects fit into the realm of generalized complex geometry. One such
object is Penrose’s twistor space. In this dissertation, we study the generalization of
twistor theory for K3 surfaces, hyperkahler, and quaternionic Kahler manifolds.

We use generalized complex geometry to construct a manifold fibered over CP! x CP!
that arises from a family of complex and symplectic structures on a K3 surface. We call
this manifold a generalized twistor space. After proving that it has an integrable gen-
eralized complex structure, we describe properties on this space analogous to those in
classical twistor theory. We then extend this construction to all hyperkahler manifolds
of higher dimension. Finally, we consider the quaternionic Kéhler analogue of this gener-
alized twistor space. We produce a candidate for a generalized almost complex structure

on the space and conjecture that the structure is integrable.
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Introduction

This dissertation details the generalization of twistor theory for various quaternionic
manifolds in the context of generalized geometry. Generalized complex geometry was
first introduced by Hitchin [28] and further studied by Gualtieri [23, 25] and Cavalcanti
[13] as a geometric structure that would encompass several types of geometry in one. In
particular, it simultaneously generalizes complex and symplectic geometry, two branches
of mathematics that had very little interplay for over a century. It is the study of a
structure defined on the direct sum of the tangent bundle and the cotangent bundle of
a manifold. As Gualtieri explains in his thesis, generalized complex geometry provides a
geometric interpretation of several older concepts studied by physicists such as branes,
B-fields, and bi-Hermitian data coming from supersymmetry. Since it is a relatively
new field of mathematics, many objects already explored for various known geometric
structures have not yet been examined in the language of generalized complex geometry.

One such area of particular interest is the twistor construction.

Classical twistor theory

Twistor theory was developed about forty years ago by physicist Roger Penrose [35] as
a map from objects in Minkowski space-time to a 3-dimensional complex projective space
called the twistor space. The twistor space construction was successful in transforming
differential equations that defined non-linear gravitons to more easily solvable linear
differential equations in complex space. Since then, mathematicians have expanded on
this construction, developing the theory for all Riemannian 4-manifolds and later in
higher dimensions [1, 41]. The twistor space construction does not extend ‘nicely’ to

all Riemannian manifolds of dimension n > 4. However, for quaternionic manifolds, in



particular hyperkahler and quaternionic Kéhler manifolds, the twistor theory is quite
interesting.

Let M be a hyperkdhler manifold. The twistor construction as described in [27]
begins with a CP!-family of complex structures on M. The bundle of these structures
results in a complex manifold Z called the twistor space, where Z = M x CP! as smooth
manifolds. The fibration Z — CP! is holomorphic. As we will describe in Section 2.1,
certain holomorphic data on Z can be constructed from the underlying structure on M.
Further, given a manifold Z that fibers holomorphically over CP! with these properties,
we can reconstruct a hyperkéahler manifold M such that Z is the twistor space of M.

The twistor space becomes even more interesting when we examine how vector bundles
on M relate to vector bundles on Z. Consider the manifold M as a compact Riemannian
manifold with metric g and let V' be a vector bundle on M equipped with a connection

V. Then V is said to be a Yang-Mills connection if it is an absolute minimum of the
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where R is the curvature of the connection and w is the volume form on M [1]. On a hy-

Yang-Mills functional

perkéahler manifold, every self-dual connection (a connection such that the curvature R is
SU (2)-invariant) on a complex bundle satisfies this condition and is therefore Yang-Mills
[32]. These self-dual bundles with connection (V,V) on M, under some stability condi-
tions, can be pulled back to holomorphic vector bundles with connection on Z. Further,
holomorphic vector bundles on Z that are trivial in the fiber (CP?') direction can be real-
ized as the pullback of self-dual bundles on M. This bijection between bundles is called
the twistor correspondence. Since holomorphic vector bundles on a complex manifold are
well-understood, this provided a tool for understanding the solutions to the Yang-Mills
equations in this setting. In the case where dimg M = 4, the twistor correspondence
was particularly enlightening, as self-dual bundles correspond to instantons, which have

physical applications.



When M is quaternionic Kahler, similar results hold. In particular, the twistor space
Z is a complex manifold, even though in general M does not have a global complex
structure. Additionally, the twistor space is Kéhler for many examples of quaternionic
Kéhler manifolds, such as HP™ [7]. The twistor correspondence described above holds
for these manifolds as well [11]. As twistor spaces in these geometric settings have proven
to be so interesting in the past, it is a natural next step to see how they fit into more

modern geometries, such as generalized complex geometry.

Generalized complex geometry

Let M be a 2n-dimensional manifold. The bundle T'M & T*M has a natural non-
degenerate inner product on it, as well as a bracket called the Courant bracket. A

generalized complex structure is defined as an endomorphism

J:TMe&T"M —-TMe&T*M

such that J? = —1 and J is orthogonal with respect to the inner product with some
integrability conditions; J is integrable when the +i-eigenbundle L is involutive with
respect to the Courant bracket. Generalized complex structures can arise from complex
or symplectic structures, which we will describe in more detail in Chapter 1.

This relatively new field has shed light on several topics in both physics and geome-
try. It has provided a mathematical framework for studying string theoretic topics such
as supersymmetric sigma models and branes [31, 33]. Since mirror symmetry, a rich
mathematical subject with physical applications, provides a link between complex and
symplectic geometry, it is natural to ask how generalized complex geometry fits into this
duality between manifolds. In fact, mathematicians and physicists have been studying
mirror symmetry in this context with some enlightening results [4, 16]. Further, gen-
eralized complex geometry has revealed some interesting new aspects of other areas of

geometry such as Poisson varieties and SKT structures. See, for example [12, 24, 29, 36].



Main results: the generalized twistor space

In this dissertation, we examine the role that generalized complex geometry plays
in twistor theory. Since hyperkahler and quaternionic Kahler manifolds have such rich
symplectic and complex data, we focus on their twistor spaces within this generalized
geometry setting. Our main results are restricted to the twistor theory for K3 surfaces
and their higher-dimensional analogues, hyperkédhler manifolds, although we conjecture
that a similar result holds for quaternionic Kahler manifolds.

Let M be hyperkahler and let Z be its twistor space. Consider the fiber product

X=ZxyZ

We call this manifold the generalized twistor space of M. It is a CP! x CP'-bundle over M
such that every point p € X defines a generalized complex structure on M. In Chapter 3,
we prove the following theorem, first for K3 surfaces in four dimensions (Theorem 3.2.1)

and then for all hyperkéhler manifolds of dimension 4n (Theorem 3.5.2).

THEOREM 0.0.1. Let M be a hyperkdhler manifold. Then the generalized twistor space

has an integrable generalized complex structure.

We then prove that this generalized twistor space has certain properties analogous to

those of the twistor space in the classical setting (Theorem 3.5.3).

THEOREM 0.0.2. Let X be the generalized twistor space of a hyperkdhler manifold M .
Then:

(1) X is a smooth fiber bundle

7:X — CP'xCP!

and a reduction of generalized complex manifolds.



(2) The bundle admits a family of sections that are generalized complex factor sub-

manifolds, each with generalized normal bundle isomorphic to
C*™ ® (O(1,0) ® O(0,1)).

(8) There is a pure spinor representing the generalized complex structure on X given

by

W = (=il —B)) exp (3 (s + 750 — 255) ) A (da A dp),

where 0 = wy +iwg that defines a structure of complex type along the diagonal,
and of type 2 everywhere else.

(4) X has a real structure T compatible with the above and inducing an antipodal

map on CP! x CP".

The resulting generalized complex manifold X is an interesting example of a general-
ized complex structure in the sense that it does not come from a symplectic or a complex
structure. Further, this example does not seem to arise from previously known construc-
tions of generalized complex manifolds such as Poisson deformations [25] or blow-ups
[15]. Examples such as these are essential to the development of this new field. The
generalized twistor space also provides a first step towards developing a generalization of
twistor theory, with the potential to help us understand more about the bundles on this
space through a type of ‘generalized twistor correspondence’.

At the end of this dissertation, we provide the initial construction for a generalized
twistor space of a quaternionic Kéhler manifold. For a manifold M that is quaternionic
Kéhler, we define the space and give a candidate for a generalized almost complex struc-
ture on it. We then conjecture that this defines an integrable structure. The construction
of this candidate depends on a new proof of the integrability of the complex structure on

the classical twistor space.



Overview

The first chapter of the thesis explains the main objects needed for generalized com-
plex geometry, following [25]. We introduce the natural inner product on the space
T & T*. We then develop the bracket on this space and describe a natural structure
called a Courant algebroid that arises from this bracket. Section 1.2 builds on the previ-
ous section as we introduce a generalized almost complex structure on 7' @ 7™, and give
conditions for it to be integrable. We discuss the various ways a generalized complex
structure can be defined and describe an integer-valued function over the manifold called
type. Finally, we give examples and state the main theorems from generalized complex
geometry needed for this dissertation.

In Chapter 2, we define and explain the properties of of hyperkahler manifolds and K3
surfaces. We then detail their twistor theory. In Section 2.2, we provide the background
to study generalized complex geometry on K3 surfaces and hyperkahler manifolds. We
present another way to define a generalized complex structure, by an element of the
spin representation on the Clifford algebra CL(T}, © T;). We describe the almost com-
plex structure on the twistor space using this notion of spinors and give a proof that
this structure is integrable. In the last two sections, we define generalized Kéahler and
generalized K3 structures on a manifold.

In Chapter 3, we present our main results. We build the generalized twistor space
of a K3 surface M by constructing a family of generalized complex structures on M in
three ways, and prove that these constructions are equivalent. We then prove that the
generalized twistor space for a K3 surface is an integrable generalized complex manifold of
dimension 8 using the pure spinor defining it. In Sections 3.3 and 3.4, we prove that there
are analogous properties on the generalized twistor space to the classical case. Finally,
we extend our results to all hyperkahler manifolds of dimension 4n.

In Chapter 4, we define quaternionic Kéhler manifolds and explain their twistor the-
ory. We describe the contact geometry of the twistor space. We then present a new proof

of the integrability of the complex structure on the twistor space for a 4-dimensional



quaternionic Kahler manifold by using the contact form and generalized complex ge-
ometry. At the end of the chapter, we extend these results to all quaternionic Kéahler
manifolds of dimension 4n.

In the final chapter of this dissertation, we define the generalized twistor space for
a quaternionic Kahler manifold. We provide a generalized almost complex structure on
this space, and conjecture that it is integrable. Lastly, we present a candidate for the
pure spinor representing this generalized almost complex structure for a four-dimensional
quaternionic Kahler manifold, in the hopes that it will aid us in eventually proving

integrability of this structure.



CHAPTER 1

Generalized complex geometry

Generalized complex geometry is a generalization of complex and symplectic geome-
try. In this chapter, we give an overview of generalized complex geometry as described
by Gualtieri [25]. We detail the basic definitions and theorems, providing a context for

studying generalized twistor theory.

1.1. Preliminaries

Let M be a real n dimensional manifold. There is a natural inner product on 7' T™*
(which we denote by T), the direct sum of the tangent bundle and its dual, which is

symmetric and non-degenerate, given by
1
(X+6Y +n) = 5(60) + (X))

for X,)Y € C=(T), ¢&,n € C°(T*). This inner product has signature (n,n) and T
has structure group O(n,n), a non-compact orthogonal group. Further, at each point
p € M, T,M has a canonical orientation, coming from the orientation on R as we can
show that A?"(T,M) = R. Thus, the structure group preserving the inner product and
this orientation at a given point p € M is SO(n,n). We can explain the symmetries of

this space by looking at the Lie algebra:
so(T,M) ={R | (Rz,y)+ (x,Ry) =0V z,ye T,M}.

We decompose this R as

A B
B —A*



where A € End(T,M), B : T,M — TyM,and §: TyM — T,M, B* = —B and * = —f3.

Thus we can think of B € C®(A?T*) as a 2-form and 8 € C*(A?T) as a bivector, and
so(T,M) = End(T,M) & N*Ty M & N*T,M.

The symmetries that we will focus on in this thesis are the 2-forms B and the bivectors
B, which give rise to what are called the B-field transform and the g-transform. The
B-field transform acts by exp(B) on C*°(T) by X + £ — X + & + ix B, thus acting as a
shear transformation, fixing projections onto 7" and shearing in the 7™ direction. On the
other hand, the S-transform acts by exp(5) on C*(T) by X + & — X + & + i¢f3, fixing

projections onto 7™ and shearing in the 7" direction.

1.1.1. The Courant bracket. Using this inner product, we can develop a bracket on
this space, which is essentially the extension of the Lie bracket to T. This gives T the

structure of a Courant algebroid, which we define below.
DEFINITION 1.1.1. A Courant algebroid E is a real vector bundle over M equipped

with a bracket |-, -] defined on C*°(FE), a nondegenerate inner product (-, -) and a bundle

map 7 : £ — T such that the following conditions are satisfied for e, es € C®(E):

(1)
(2)
(3) [e1, fea] = fler, eo] + (m(er) flez, [ € C(M).
(4)
(5)

A Courant algebroid is called ezact if £ = T. In this case, the Courant bracket is

defined for [e1, e5] € C°(E) as

[61’62] = Hdv 61']762']¢ Vo € Q.(M)



Note that for ey = X + &, e0 =Y +n € C°(T @ T*), this yields the expression
Here, the action on ¢ € Q°*(X) is given by

(X+&)-p=ixp+ LN

Technically, this is called the Dorfman bracket on T. The skew-symmetrized version of
this bracket is called the Courant bracket. However, we claim that this distinction will
not matter in defining a generalized complex structure. In fact, in Section 1.2 we will
consider a subbundle of E such that the Dorfman bracket is skew-symmetric on this
subbundle.

For the remainder of this paper, we will consider E to be exact. Therefore, we use

the terms I and T interchangeably.

1.1.2. Symmetries of the Courant bracket. Recall that the Lie bracket on sections
of the tangent bundle has symmetry group defined by the diffeomorphisms of the manifold
M. When we consider the Courant bracket on sections of T, we actually get a larger

symmetry group.

PROPOSITION 1.1.1. (Gualtieri, [25]) Let ' be an orthogonal automorphism of T,

covering the diffeomorphism ¢ : M — M, and preserving the Courant bracket. Then
F = ¢.eP for a unique d-closed 2-form B € Q*(M).

By this proposition, symmetries of the Courant bracket are given by both diffeomor-

phisms and B-field transforms.

1.2. Generalized complex structures

We now define an endomorphism on this space called a generalized complex structure

using this natural inner product and bracket on T.

10



1.2.1. Definition.
DEFINITION 1.2.1. A generalized almost complex structure on M is an endomorphism
J . F—FE

of an exact Courant algebroid F = T which is orthogonal with respect to the natural
inner product and such that J2 = —1.

A generalized almost complex structure becomes a generalized complex structure (is
integrable) when its +i-eigenbundle L C E ® C is involutive, i.e. closed under the
Courant bracket. This +i-eigenbundle has a special structure due to the nature of the

inner product and the Courant bracket on it called a Dirac structure.

DEFINITION 1.2.2. A complex Dirac structure L C E ® C of an exact Courant al-
gebroid is a maximal isotropic subbundle that is closed under the Courant bracket, or
integrable. This Dirac structure arises as the +i-eigenbundle of a generalized complex

structure J.

In fact, under certain conditions, a Dirac structure (a closed maximal isotropic sub-

bundle of T¢) can determine a generalized complex structure on a manifold.

PROPOSITION 1.2.1. A generalized complex structure is equivalent to a complex Dirac

structure L C E @ C such that LN L = {0}.

The above proposition gives us two ways to define a generalized complex structure;
by the endomorphism 7 and by the Dirac structure L. A third alternative to defining it

comes from the notion of spinors, which we discuss in Chapter 2.

REMARK. One of the known obstructions to having a generalized complex structure
on a manifold is that the manifold must be even dimensional. To see this, take a point
p € M and consider x € E through p such that (x,z) = 0. Then (Jz, Jz) = 0, so the

pair {z, Jx} span an isotropic subspace S of E,. If we continue to take 2’ € S* and

11



add the pairs {2/, 72’} to the set S until S = S+, we end up with a maximal isotropic

subspace S of even dimension. So the dimension of M is even.

1.2.2. Type. There is an integer-valued function on the manifold M that can be used
to distinguish various maximal isotropic subbundles L. C F ® C. When L is a Dirac
structure for a generalized complex structure, this function can be defined in the following

two ways.

DEFINITION 1.2.3.
(1) The type of a maximal isotropic L, is the codimension of its projection onto
T,M. There are two connected components in the space of maximal isotropics
of TM, determined by whether the type is even or odd.

(2) The type of a generalized complex structure J is the function
type(J) : M — Z
given by

1
type(J)(p) = édimRT;M NI (T, M).

Possible values of this function could be anything ranging from 0 to n, where n

is half of the real dimension of M.

Note that these two definitions of type align. Further, although type must be of fixed

parity throughout the manifold, it can jump by an even number from point to point.

REMARK. The B-field transform discussed earlier introduces an interesting fact re-
lated to this function: a maximal isotropic that is transformed by a B-field to another

does not change type. The B-field acts on a generalized complex structure as

10 10
exp(B)-J = J
B 1 -B 1

Since we know by Section 1.1.2 that B-fields leave the Courant bracket invariant, this

useful fact helps determine integrability of a generalized complex structure.

12



1.2.3. Examples. The following are the two most basic examples of generalized com-
plex structures. As we shall see later, these examples are useful in constructing more

complicated structures.

ExAMPLE 1.2.4. (Complex type) Suppose J is an almost complex structure on M.

Consider the endomorphism of T

—-J 0
0o Jr

J; =

Note that j} = —1 and the +i-eigenbundle is the subset
LJ _ TO,l D TLO*.

This subbundle is involutive if J is integrable. Further, the type of J; (called complex

type) is constant throughout the manifold,
L
type(Jy) =n = §dsz(M).

In fact, any generalized complex structure of type n is the B-field transform of a complex
type structure. We distinguish these two by calling J; a generalized complex structure

of complex type and the B-field transform of it type n.

ExAMPLE 1.2.5. (Symplectic type) Suppose w is an almost symplectic structure on

M and consider the endomorphism of T

0 —w!
Jo =
w 0
Notice again that J2 = —1 and we can calculate the +i-eigenbundle as

Lo={X —iw(X) | XeT®C),

13



which is integrable if and only if dw = 0, i.e. w is symplectic. The type of 7, (called

symplectic type) is again constant,
type(J,) = 0.

As before, any generalized complex structure of type 0 is the B-field transform of a

structure of symplectic type.

In each of these examples, notice that we use that the original structure is complex
(respectively symplectic), in order to prove that the generalized complex structure is
integrable.

We conclude this section with a theorem by Gualtieri in his thesis that describes the
composition of a generalized complex structure J. As we will see in Proposition 2.2.1,
at any given point, a generalized complex structure of type k is equivalent to the direct
sum of a complex structure of complex dimension k£ and a symplectic structure of real
dimension 2n — 2k. Gualtieri’s Generalized Darboux Theorem proves a stronger result.
A regular point is defined as a point p € M where the type of the generalized complex

structure is constant in a neighborhood of p.

THEOREM 1.2.6. (Generalized Darboux Theorem, Gualtieri [25]) Any regular point
of type k in a generalized complex manifold has a neighborhood which is equivalent to

the product of an open set in CF with an open set in the standard symplectic space

(RQN_Zk ) WO) .

In other words, a generalized complex manifold in neighborhood of a regular point
can be seen as a holomorphic foliation with symplectic leaves. In [2], Bailey proves even
more about the local structure of a generalized complex manifold. We note first that as
explained by Gualtieri, deformations of generalized complex structures of complex type
are determined by complex deformations, B-field and S-transforms. These [-transforms

are called Poisson deformations.

14



THEOREM 1.2.7. (Bailey, [2]) Suppose M is a generalized complex manifold that
1s of complex type along some locus P C M. Then for any point p € P, there exists a
neighborhood of p such that the generalized complex structure J is equivalent to a Poisson

deformation of a complex structure.

Note that the Poisson tensor g that defines the deformation in the theorem above

vanishes along the complex locus.

1.2.4. Interpolating between Symplectic and Complex Types. Let M be a mani-
fold of real dimension 4n with complex structure I and holomorphic symplectic structure
0 = wy + iwg, such that o is a nondegenerate closed (2,0)-form (e.g. a hyperkahler
manifold or K3 surface, see Chapter 2). Recall that we can build generalized complex
structures J7, a complex type 2n structure, or J,,, a symplectic type 0 structure. This
example will illustrate a family of generalized complex structures that interpolate between
this complex type and symplectic type.

Note that w;I = [*w;, which means

jWJj[ = _jljuu-

Then the generalized complex structures of complex type and symplectic type anticom-

mute, and we can form the one-parameter family of generalized almost complex structures
Ji = (cost) T + (sint)J,,, te€[0,Z].

This is a generalized almost complex structure that is integrable for every ¢ € [0, 7]. We
can show this by computing that for ¢ € (0, 7], J; is a B-field transform of the symplectic
structure determined by w = (csct)wy, where B = —(cot t)wy. Note that J= = J,,, and
Jo = J;- Hence, this is a family interpolating between a complex structure and a

symplectic structure.

15



NoTE. For k = 1, as in the case of K3 surfaces, the structures here jump between
complex type (type 2) and symplectic type (type 0). A K3 surface may have a generalized

complex structure of type 1, but it cannot be written in this form.

This example will be important in Chapter 3 to help us determine an S? x S?-family
of generalized complex structures on a K3 surface M. However, first we need to explain

the geometry of K3 surfaces and hyperkahler manifolds.

16



CHAPTER 2

Hyperkahler geometry and K3 surfaces

A Kaéhler manifold is a complex Riemannian manifold with symplectic data; namely,
a non-degenerate d-closed 2-form compatible with the complex structure. Hyperkahler
manifolds are a quaternionic extension of this in the sense that they contain a triple
of complex structures satisfying certain quaternionic relations and corresponding Kéhler
forms. Some of the first examples were found by physicists studying supersymmetric
sigma models, and later described geometrically using Penrose’s twistor space for hy-
perkédhler manifolds in four dimensions, such as K3 surfaces. In [27], Hitchin, Karlhede,
Lindstrom, and Rocek (HKLR) give a general account of the twistor space construction
for hyperkahler manifolds in higher dimensions, and describe how some of these examples
can be realized in this setting.

In this chapter, we define hyperkahler manifolds and describe their twistor theory as in
[27], and introduce the setting for extending this to generalized complex geometry. In the
first section, we provide basic definitions and develop the twistor space on a hyperkéhler
manifold. The second section details the theory needed for defining generalized complex
structures on a K3 surface. We describe a third way to describe a generalized complex
structure, through the notion of a pure spinor, a mixed form whose annihilator is the
Dirac structure L. We then develop the theory of generalized Kéahler geometry, and from
this, define generalized K3 structures, thus laying the groundwork for generalized twistor

theory in Chapter 3.



2.1. Twistor theory for K3 surfaces and hyperkahler manifolds

This section details the fundamentals of classical twistor theory for K3 surfaces, and
more generally, hyperkahler manifolds. We begin with some basic definitions and exam-

ples of each of these geometric objects.
2.1.1. Definitions.

DEFINITION 2.1.1. A Kdhler manifold is a complex manifold with complex structure

I and compatible Riemannian metric g such that
w(X,Y):=9(IX,Y)
is d-closed, i.e. dw = 0.

There are many known examples of Kahler manifolds, in particular C" with the
standard Euclidean metric, CP" with the Fubini-study metric, and complex tori 7" with

the induced metric from C".

DEFINITION 2.1.2. A K3 surface M is a compact connected complex surface with
HY(M,0y) =0
and trivial canonical bundle, i.e.
03, = Ky = Oy

Well-known examples of K3 surfaces include the double cover of CP? branched along

a sextic curve and Kummer surfaces [3].

DEFINITION 2.1.3. A hyperkdhler manifold (M, g) is a Riemannian manifold of (real)

dimension 4n with three complex structures 7, J, K and quaternionic relations

PP=J"=K?>=—-Id and IJ=—-JI = K.
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Further, these complex structures are Kahler with respect to the metric g, so that there

exist closed 2-forms wy,wy, and wg that are Kahler for I, .J, and K, respectively.

NOTE. The definition above implies that a hyperkahler manifold is a complex mani-
fold with a holomorphic symplectic form. In the notation given above, if we choose I as

the complex structure for M, this holomorphic symplectic form is given by
0 =wy+ wg.

It is not easy to find examples of hyperkahler manifolds. Some of the most common
examples arise as moduli spaces of vector bundles on K3 and abelian surfaces (e.g. the
Hilbert scheme of n-points on a K3 surface). Further, due to the Calabi Yau Theorem
[45] and a result of Bochner [8], K3 surfaces have a hyperkéhler structure. In fact, K3
surfaces are the only non-flat compact examples of hyperkahler manifolds in dimension 4.
They are some of the most interesting examples, and for this reason, we will prove much
of the theory of generalized twistor spaces for K3 surfaces before extending it to higher
dimensions. However, first we must develop classical twistor theory for hyperkahler

manifolds.

2.1.2. Twistor theory. In this section, we follow [27] to define the twistor space of a
hyperkahler manifold. Let M be a hyperkahler manifold of real dimension 4n and metric
g. Then, as outlined above, M has complex structures I, J, and K and corresponding
Kéhler structures wr,wy, and wg. For any (a,b,c) € S?, X\ = al + bJ + cK is a complex
structure on M, as

(al +bJ +cK)* = —1.

Further, for each complex structure A defined by a point (a,b,c) € S?, there exists a
corresponding holomorphic symplectic form wy. This gives a family of complex structures
on M, parametrized by S?. We consider this S? as CP! by patching together two copies

of the complex plane and call them U, U. Let ¢, be coordinates for U, U, respectively
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related by ¢ = ¢! on UNU = C\ {0}. Then the coordinate ¢ is defined by the map

1-¢C ¢+¢ —Z(C—f))

(,5,¢) = (1+<<’1+¢§’ 1+CC

and similarly for C.

DEFINITION 2.1.4. The twistor space Z of M is the smooth product M x CP! with
almost complex structure defined on the tangent space 7,7 = T,,M @& T,CP" for p =
(m,() € Z as

(1=, c+C, i=0)
H_(HCCHH«J 1+<<K’I<>’

where I is the standard complex structure on CP*.

In [27], HKLR show that this structure I is an integrable complex structure on Z.
The map 7 : Z — CP! gives a holomorphic fiber bundle with holomorphic sections such
that the normal bundle is isomorphic to C** ® O(1). These sections {m} x CP" are called
twistor lines. Further, on each fiber 771((), there exists a holomorphic symplectic form

we given by
(21) We = (CUJ+in)+2CwI—Cz(WJ—in).

Note that this form is holomorphic and quadratic in ¢. Hence, it is a holomorphic section
of the vector bundle A*T}(2), where Tr(2) is the tangent bundle along the fibers, twisted
by O(2). Let 7 : Z — Z be the real structure on Z induced by the antipodal map on the
unit sphere, a map that sends I, to —I.. All of the holomorphic data defined above are
compatible with 7. The following theorem shows that given a complex manifold X with
the same holomorphic information, we can reconstruct a hyperkahler manifold M such

that X is the twistor space for M.

THEOREM 2.1.5. (HKLR, [27]) Let X be a complex manifold of dimension 2n + 1

such that:

(1) X is a holomorphic fiber bundle w : X — CP! over the projective line.
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(2) the bundle admits a family of holomorphic sections each with normal bundle
isomorphic to C*" @ O(1).

(3) there exists a holomorphic section w of N*Ty(2) defining a symplectic form on
each fiber.

(4) X has a real structure T compatible with the above three conditions and inducing

the antipodal map on CP*.

Then the parameter space of real sections is a real 4n-dimensional manifold with a natural

hyperkahler metric for which X s the twistor space.

We refer the reader to [27] for the proof of this theorem.

2.2. Generalized complex geometry on K3 surfaces

Since K3 surfaces have such rich complex and symplectic data, it is a natural next
step to examine the generalized geometry of these objects. In order to do this, however,
we must present an alternate way of defining generalized complex structures, by pure
spinors. A spinor is a mixed form such that the space T acts on it in a natural way. In
fact, we will see that a correct choice of spinor can determine a Dirac structure. In this
section, we cite results from Chevalley [18] and follow Gualtieri’s discussion [25] on how

they relate to generalized complex geometry.

2.2.1. Spinors of generalized complex structures. The inner product on T gives

rise to a bundle of Clifford algebras CL(T) defined on the smooth sections of T by
(X 4+ =(X+&X 48 for X +&€C(T).

Each smooth section of this bundle, C, has a natural spin representation on C*°(A*TEM)

such that

(X +&) -d=ixp+ N

The elements ¢ for this spin representation C>*°(A*TEM) are called spinors.
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DEFINITION 2.2.1. At each point ¢ € C>°(A*TEM), a nonzero spinor, its nullspace at

a point p € M is defined by
Ly, ={veT,M®C | v-¢,=0}

A spinor ¢, is called pure when Ly, is maximally isotropic in T,M & C.

By results outlined by Chevalley [18], given a vector space V' every maximal isotropic
subspace L C (V@V*)®C can be represented by a unique line K, C A*V{ of pure spinors
such that L annihilates K. A generator for such a spinor line Ky, is a pure spinor, ¢.
Thus, given a Dirac structure L, at any given point p € M, we can pick a representative
pure spinor ¢, that defines it. In fact, we can define any generalized complex structure
on a manifold by a pure spinor ¢. This mixed form may change throughout the manifold
as the generalized complex structure changes type. However, based on Theorem 1.2.6,
we note that in a neighborhood of constant type, we can write a pure spinor for a
generalized complex structure as the product of a spinor for a complex type structure
(along the holomorphic leaf space) and a spinor for a symplectic-type structure (on the
leaves of the foliation). The following two propositions help to determine integrability of

a generalized almost complex structure defined by a pure spinor.

PROPOSITION 2.2.1. (Gualtieri, [25]) At a given point p € M, with Dirac structure
L c E®C for a generalized complex structure, the pure spinor line through p, K,, can

be expressed by a single generator, defined by
¢p:exp(B+iw)01A92A.../\9k

where B and w are the real and imaginary components of a complex 2-form in N*T* @ C

and (b4, ...,0x) form a basis for LN (T* ® C).

In fact, in a neighborhood of p € M, where M is a generalized complex manifold, there

always exists a spinor that we can write as above. However, the rank of LN (7* ® C) may
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increase or decrease throughout the neighborhood, as the generalized complex structure

changes type.

PROPOSITION 2.2.2. (Gualtieri, [25]) Locally, a generalized almost complex structure
giwen by a pure spinor ¢ is integrable if and only if there exists a local section
X 4+ & € C™(T¢) such that
dop = (X +&)- 0.

ExAMPLE 2.2.3. The generalized complex structure coming from a symplectic struc-
ture w as in Example 1.2.5 has spinor ¢ = ™. On the other hand, for a generalized
complex structure induced by complex structure J as in Example 1.2.4, ¢ = 2, where
) is a holomorphic n-form. In the example given in Section 1.2.4, the spinor for the

generalized complex structure J; for 6 # 0 is

¢ = exp(—(cot t)wg + i(csct)wy)

where as for Jy, it is ¢ = wy + iwg, the holomorphic symplectic form for to the complex
structure I.

For each of these spinors, d¢ = 0, however this is not always the case, as we will see
in Chapter 4. A d-closed global spinor ¢ for a generalized complex structure is defined

as a generalized Calabi-Yau structure [28].

Note that the value of the type function at a point p of a generalized complex struc-
ture can be found in the spinor representing the structure, as the number & in Proposition
2.2.1. In the example above, a symplectic-type generalized complex structure has type 0
everywhere, as there is no holomorphic component. Conversely, a complex-type general-

ized complex structure has no symplectic component, and £ = n, as noted earlier.

2.2.2. The Twistor Space as a generalized complex manifold. In this section,
we describe the twistor space Z for a hyperkahler M as a generalized complex manifold.

We will use the notion of spinors defined in the previous section.
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As in Section 2.1.2, let Z be the smooth product M x CP! with almost complex

structure defined on the tangent space 7,72 = T,,M & T,CP* for p = (m,() € Z as

C(1=¢C, .+, i(C—0)
H_(HCZHHCEH 1+¢C K’IC)’

where I is the standard complex structure on CP'. From [27], we know that for every

¢ € CP?, there exists a holomorphic symplectic form
we = (wy + iwg) + 20wy — (wy — iwk)

on M compatible with the above complex structure on T,, M.

Now consider the twistor space Z with generalized almost complex structure J;. In
the following proposition, we define a spinor for this generalized almost complex structure
and prove that the structure is integrable. We use the holomorphic symplectic form to

define this spinor.

PROPOSITION 2.2.4. Let M be a hyperkahler manifold of dimension 4n with twistor

space Z. Then a spinor for the generalized almost complex structure Jy is
¢ =((1-¢ws + 2wy + (14 C)wk)™ AdC
and further, this structure is integrable.
PROOF. It is easy to see that ¢ is a spinor for the generalized almost complex structure
Ji, since a spinor for a generalized complex structure of complex type is simply the

holomorphic (2n + 1,0) form for the underlying complex structure. In order to prove

integrability, we use Proposition 2.2.2. Note that
do = nwg_l AN dC A (—2Cwy + 2w + 2iCwg) A d¢ =0,

since dwy = dw; = dwg = 0. Hence, the spinor ¢ defines an integrable generalized

complex structure. O
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This construction will be useful in generalizing the twistor space in Chapter 3. First

we must explain a little more background material.

2.2.3. Generalized Kahler structures. As Gualtieri explains in [23], we can gener-

alize Kahler manifolds within the context of generalized complex geometry.

DEFINITION 2.2.5. A generalized almost Kdihler structure on M?" is a pair of com-

muting generalized almost complex structures [Ji, J2 such that

g=-N

defines a positive definite metric on TM. The pair J;, J> determines an (integrable)

generalized Kahler structure if 7; and 75 are integrable as generalized complex structures.

EXAMPLE 2.2.6. Given a usual Kéhler structure (I,w), the pair of generalized com-
plex structures Jj, J, determine a generalized Kahler structure on M such that the
metric is defined by

0 g!
g == _jljw == )
g 0

where g is the compatible Riemannian metric on M.

Recall that the bundle TM has structure group O(2n,2n). Further, we can reduce
to its maximal compact subgroup O(2n) x O(2n), which is equivalent to choosing a 2n-
dimensional subbundle C'; that is positive definite with respect to the inner product. Let
C_ be the negative definite orthogonal complement to C'y. Note that TM = C, & C_,

and this defines a positive definite metric

g = <7>|C'+ - <7>|C2

on TM. If this metric commutes with a generalized complex structure, GJ = JG, then
(J,G7) is a generalized Kahler structure on M.
This determines what is called a bi-Hermitian structure on M. Suppose (J1, T2, G)

is a generalized Kahler structure on M. Then C,,C_ are stable under J;, J>. Further,
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considering the map 7 : TM — T'M, there exist isomorphisms

m:Cy — TM.

Using these isomorphisms, we can project J; from Ci to T'M to induce two almost
complex structures J,,J_ on T'M. Further, we get a Riemannian metric g and a two

form b on M such that C is the graph of the map

b+g:TM — T"M.

DEFINITION 2.2.7. An almost bi-Hermitian structure on a manifold M is a pair of
almost complex structures J, with a compatible Riemannian metric g and a 2-form b.

An almost bi-Hermitian structure becomes a bi- Hermitian structure if J1 are integrable.

Thus, any generalized almost Kéhler structure automatically determines an almost
bi-Hermitian structure on M. These bi-Hermitian structures were originally studied in
[21] because they describe certain supersymmetries in physics. On the other hand, given
an almost bi-Hermitian structure (Jy, g,b), as in [23], we can reconstruct the generalized

almost Kéahler structure J;, J>. Let wi = gJ+. Then we have

22) 7 110 ~(Jy +J) —(wi'—wIh 1 0
' EEAWE f g
Wy — Ww_ Ji+Jr —-b 1
1{10 —(Jy —J) —(wit+wIh 1 0
b 1 wy + w_ Jy—Jr —-b 1
and the metric G is given by
10 0 gt 1 0
g =
b 1 g 0 b 1
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In order to discuss conditions for integrability of a generalized almost Kahler structure
using the bi-Hermitian structure, note first that J; and J> decompose (TM) @ C into

their +i-eigenbundles

(TM)®C =L, ® L, = Ly ® L.

Further, since J; and J> commute, we can decompose L; into the +i-eigenbundles of J5,

so that L; = LT @ L;. Then we get the decomposition
(TM)®C=Li® Ly & Lf ® L.

Since 7 : C = TM, L is the +i-eigenbundle for J, and L] is the +i-eigenbundle
for J_. Then integrability of the generalized Kéhler structure seems to be linked to
integrability of the complex structures J... In fact, given an almost bi-Hermitian structure
(J1,g,b) on a manifold M?", we can construct a generalized almost Kéhler structure that

is integrable if certain conditions hold.

PROPOSITION 2.2.2. (Gualtieri, [23]) Let (J,g,b) be an almost bi-Hermitian struc-
ture on a 2n-dimensional manifold M. Let Jr, Jo be a generalized almost Kdhler struc-
ture defined on M as in (2.2) and (2.3). Then Jy1,J> are integrable if and only if Ji are

integrable complex structures and
db(X,Y, 7)) =dw (J. X, J.Y, J. Z) = —dw_(J_X,J_Y,J_Z).

Sometimes a generalized almost Kéhler structure [Ji, J> defined by (Ji, g,b) is not
integrable under these conditions, but one of the generalized almost complex structures
is. The following theorem describes conditions on the almost bi-Hermitian structure so

that J; is integrable.

PROPOSITION 2.2.3. (Chen and Nie, [17]) Given the generalized almost complex
structure Jy defined by an almost bi-Hermitian structure (Jy,J_,g,b) as above, Jy is

integrable if and only if the following hold:
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idb(Xy XY 4 Y, Z)) = dwo(Xy+ X_, Y, £ Y., 7))

—(wy +w ) (X, [Ye + Y, Z4])

Fws +w (Vo [ Xy + X, Z4]) = Zywi (X, Y0)
idb(Xy + XY+ Y, Z) = do(Xe + X_Yi+ Y., Z)

—(w- +w ) (X, [V + Y, Z1])

- +w ) (Y, [Xp + X, Z]) = Z_w (X4, Y,

where X4,Y,, Z4 € Lf.

2.2.4. Generalized K3 Structures. In what follows, we discuss the generalized com-
plex geometry of K3 surfaces. This will allow us to define the generalized twistor space
for a K3 surface in Chapter 3. This topic was introduced in [31], as a specialization of
Hitchin’s discussion on generalized Calabi Yau geometry [28].

On a K3 surface M, consider only closed even pure spinors, i.e. even forms
¢ € C®°(A*T{) consisting of a zero-form ¢y, a 2-form ¢o, and a 4-form ¢4. Let ¢,
be two such spinors. As Hitchin remarks in [28], we can pair ¢, using the Mukai (or

Chevalley) pairing of forms, which we simplify for even spinors as

((D,1)) = =g N ha + P2 A by — g A g,

Let ¢ be an even closed form such that

{(¢,0)) =0, {(¢,0))-

Note that this is precisely the condition for ¢ to define a generalized Calabi-Yau structure
on M (see [28]). We denote by Py C C*(A*T*M) the real two-dimensional vector space
spanned by the real and imaginary components of ¢. This plane, along with a natural

pointwise orientation, uniquely determines the spinor line K, for ¢ at each point p € M.
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DEFINITION 2.2.8. A generalized K3 structure is a pair of pure spinors ¢, 1) such that

(2.4) {({9,0)) = {(¢,¥)) =0,

(2.5) (¢, 0)) = (b, ) > 0,

and such that Py and P, are pointwise orthogonal.

Note that this last condition implies that

{(¢,9)) = 0.

Further, these spinors determine a pair of generalized complex structures J, J’ that are

generalized Kahler on M.

ExAMPLE 2.2.9. When M is a K3 surface, we can use the hyperkahler structure to
write out explicit spinors for a generalized K3 structure on M. Let 0 = w; + iwg be a
holomorphic symplectic 2-form on M and let ¢ = . Then by a few simple calculations,
we find that 1 = e“’. Note that ¢ is a form of complex type, while 1 is a form of
symplectic type. In general, we can find pairs of spinors on generalized K3 surfaces
that are both symplectic type, or one is complex and the other is symplectic. In the
following chapter, we will expand this example to a family of generalized K3 structures

over S? x S2.

29



CHAPTER 3

Generalized twistor theory for K3 surfaces

In the original twistor theory for K3 surfaces and more generally hyperkahler man-
ifolds, holomorphic data encoded in the twistor space revealed information about the
geometric structure of the underlying manifold. In the following chapter, we develop this
twistor theory in the context of generalized complex structures in the hope that this will
reveal more about this new subject. We construct a generalized twistor space of a K3
surface M by looking at a CP! x CP'-family of generalized complex structures on M
coming from the original structure on the K3, and further generalize it to all hyperkahler
manifolds of dimension 4n. In [31], Huybrechts introduces the idea of a family of K3
surfaces parametrized by CP! x CP!, but he does not construct the generalized twistor
space. The subject was also discussed for hyperkdhler manifolds in [9], however here
we provide a more thorough explanation of the construction. We note that the spinor
derived in [9] is different from ours; we claim that ours is the correct spinor for the gen-
eralized complex structure given. In particular, Bredthauer’s spinor is not correct since
it does not agree with the spinor for the classical twistor space described in Chapter 2.

The first section of this chapter presents the initial construction. We illustrate three
different ways of defining a family of generalized complex structures on a K3 surface M,
and then prove that the families are equivalent. In the next section, we use this infor-
mation to build the generalized twistor space, which we prove is a generalized complex
manifold. The generalized twistor space has analogous properties to that of the classical
twistor space as given in Theorem 2.1.5, however we must first define the appropriate
generalizations to describe these properties. We provide these in Section 3.3. Finally, in

Section 3.4, we prove our second main theorem about the generalized twistor space of



a K3 surface and its properties. The last section of the chapter extends this construc-
tion to all hyperkahler manifolds of dimension 4n. This is a natural extension to higher
dimensions, since our construction depends only on the hyperkahler structure of a K3

surface.

3.1. Preliminaries

In order to construct the generalized twistor space, we first build a family of general-
ized complex structures on M. We present this construction in three ways. The first is by
looking at a family of generalized K3 structures as a quadric in CP?, which determines
the parameter space of this family. The second is by examining a bi-Hermitian structure
on M determined by I, J, K and the metric g. This will help us to define our generalized
complex structure on the generalized twistor space. The third will be a spinor derivation
starting with the 1-parameter family (cos#)J; + (sin6)J,,, and transforming it first by
Wy — cos pwy + sin pwg and then by the usual twistor family I +— al + bJ + cK. We
will use the first approach to obtain the other two, and conclude the section by proving

that the latter two constructions are equivalent.

3.1.1. The parameter space of a family of generalized K3 Surfaces. Let (¢, ¢')
define a generalized K3 structure on M. Recall that Py denotes the real vector space
spanned by the real and imaginary parts of ¢, and that ¢ generates a line K of spinors
defining the underlying generalized complex structure associated to it. Take the pointwise

oriented positive four-space Il (4 4y C C*(A®(T*M)) spanned by Py and Py.

DEFINITION 3.1.1. We call the set of all generalized K3 structures (¢, ¢’) with fixed
I,

T = Tige)

the twistor quadric.
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REMARKS.

(1) Note that P, determines a line of spinors spanned by ¢. Therefore, we can think
of Il¢ as a vector space V' ® C such that the elements of V' ® C are pure spinor
lines [¢] = K.

(2) The equations defining a generalized K3 structure (2.4), (2.5) show that T is a
quadric in CP? = P3(Tl¢):

T = Qu={l]ell [ ([ol[v])) =0, {([v],[v])) >0}

Further, for any vector space V', there is a natural isomorphism between the
Grassmanian of oriented planes Gr§(V) = SO(n)/SO(2) x SO(n — 2) and the
quadric Qy C P(V ® C) defined by

Qv={v | v.v=0, v-9>0}
Therefore, T is naturally isomorphic to Grg(IT) = S? x S? =2 CP! x CP*.

Suppose we consider the generalized K3 structure on M defined by
(p,¢') = (0,exp(iwy)) as in Example 2.2.9, where 0 = w; + iwg. Then, as explained in
[31], the twistor quadric is determined by

w2

I = <CL):W],CUJ,WK,1—7>.

Further, as we will see more explicitly in the next section, the classical twistor family
{al +bJ +cK | (a,b,c,) € S?} = CP? sits inside Ty as a hyperplane section, and is
not one of the components of the product CP! x CP*.

Although we have determined the parameter space of the twistor family of generalized
K3 structures on M, we have not explicitly defined the structures themselves. The

following two sections will attempt to demonstrate this.

3.1.2. Bi-Hermitian structure of M. As a K3 surface, M has a bi-Hermitian struc-

ture, i.e. a metric ¢ and two Hermitian complex structures I.. As described in Section
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2.2.3, a generalized almost Kéhler structure can be reconstructed from bi-Hermitian data.
We use these facts to define two generalized almost complex structures 7, J’ which, up
to scaling by a complex factor, will determine a generalized K3 structure.

Let (a1, az,as3), (b1, by,b3) € S and let (I,,I_,b = 0,g) define a bi-Hermitian struc-

ture on M, with

(3.1) I. =ail +ayJ +a3K, 1. =0bl+bJ+bK.

Then as in Section 2.2.3, equations (2.2) and (2.3), we can define

(3.2) wy =gl = aqwr + aswy + azwg, w_ =gl = bjwy; + bowy + bywi

and write
1 —([++[7) —(w;l _w:l)

2 Wy — W Iy +1Ir

gL 1) —(wy' +wI)
2 * * ’
wy +w_ Iy -1
an S? x S2-family of generalized almost Kéhler structures on M. Using similar techniques

as in Section 2.1.2, we consider S% x S§? = CP! x CP! by stereographic projection and

rewrite 7, J’ in terms of (o, 8) € CP! x CP! with

l+aa' 1+aa '1+aa
1-83 B+p _iﬁ—ﬁ)
1+838" 14+p8 14+p5)°

l—aa a+a ,a—d)

(a1,a9,a3) = (

(by,b2,b3) = (

PRoOPOSITION 3.1.1. The pair of generalized almost complex structures on M given
by J,J' are integrable for any point (o, §) € CPY x CP. Further, up to multiplication
by a complex factor, J,J' define a generalized K3 structure on M for every point
(o, B) € CP! x CP!.
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REMARK. When o = 3 along the diagonal A = §? =~ CP! c CP! x CP!,

type(J)(p) =2, type(J)(p) =0 V pe M.

Then J defines a generalized complex structure of complex type throughout M while J'
defines one of symplectic type. The complex structure underlying 7 for every a = (3 gives
rise to the usual family of complex structures on M over the diagonal A = CP! sitting as
the hyperplane section inside CP* x CP!. Conversely, along the ‘superdiagonal’, where
a = —f71, J is of symplectic type and J’ is of complex type. Outside of these two
diagonals, we will see that J and J' are B-field transforms of structures of symplectic

type, both of type 0.

Before proving Proposition 3.1.1, we must first define the pure spinors for these gen-
eralized almost complex structures. This leads us into our third construction of the

generalized twistor family.

3.1.3. Construction by Pure Spinors. In order to derive the family of generalized
K3 structures using spinors, we recall the generalized complex family from the interpo-
lation example in Section 1.2.4. For § € [0, 7], let Jy denote the 1-parameter family of

generalized complex structures

Jyp = cos0Jr +sin6J,,,.

Introducing another parameter, ¢ € [0, 27| and extending 6 to [0, 7], there exists a family

of generalized almost complex structures written in spherical coordinates over S?:
T, = cos 0T + sinf cos pJ,, + sin 0 sin pJ,, .

LEMMA 3.1.2. For 0 # 0, Jp,, is a B-field transform of a generalized complex struc-

ture of symplectic type determined by w = cscBO(cos(p)wy + sin(p)wk), where B =
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— cot O(cos(p)wk —sin(p)wy). Thus, Ty, is integrable and corresponds to the pure spinor

eBtiw 0 #0
(I)g#, =

wy + in 0 =0.
Proor. It follows from a basic calculation that for 6 # 0,

BTy 0B = 0 —(csc O(cos(@)wy + sin(p)wg)) ™

csc 0 (cos(p)wy + sin(p)wg) 0

Then since the pure spinor for 7, is exp (i csc 0(cos(p)wy + sin(¢)wg)), we get the
spinor ®y , by B-field transform. Further, Jp , is integrable since dB = 0 = dw.

For 6 = 0, we have

jO,cp = j[

so the spinor @ is the holomorphic symplectic 2-form w; + iwk . O

To change from (6, ) € S? to £ € CP! we use stereographic projection:

(cos B, sin B cos @, sin O sin ) = <1_|€|27 E+€E i §—¢ >
L+ €27 T+ [E2 1+ [¢)?

Then cosf = L—LEIE and sinf = 1i|é||2, which means the generalized complex structure is
given by
1€ §-¢ £+¢
3.3 w Wi >
(39 O AR T

and the pure spinor is

e = exp (S5 (“Re(@wr + Im(ws) + TP (Re()wy + Im(€)wr) )

i (—Re(€) +m(€)) (wic — iws) + J(Re(€) + iTm(€)) (wic + i)
)(—io) + %52’6)

560 + %’f&) =1+ (20 + %f&) — 100,
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where 0 = wy + twyg. Multiplying through by —2i£, we get
e = —2i€ + 0 + 20 + ifw?.

Note that when { = 0, & = o corresponds to the generalized complex structure J7,
and when { = oo, ®¢ = 7 corresponds to generalized complex structure J_;. Further,
when § = exp(i¢), i.e. when 6 = 7, we have spinor ®¢ = exp (i(cos pw; + sin pwg)) and
generalized complex structure of symplectic type Jeos pw+sin pwy -

Thus, given I = I and a choice of holomorphic 2-form o, we get a generalized complex

structure defined by equation (3.3) depending on £ with spinor

B = (—2i€) exp (% (% + ga)) .

Note that the parameter £ gives a direction pointing away from the diagonal in
CP! x CP!. Let n be a second parameter denoting the direction along the diagonal, as
shown in the diagram below. Then ®, defines a generalized complex structure along the

locus n = 0.

—1I
g
§
1
@
CP' x CP!
Moving away from this locus, let
_1—m, 2Re(n) . 2lm(n)

I I+ J +

n — — ,Ky
1+4+n7m 1+nm 1+nn
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n € CP'. We know from [27] that there exists a holomorphic symplectic form ¢, corre-
sponding to I, given by:

o+ 2nwr — n*c

3.4 =
34 O AT

Then a pure spinor for the generalized complex structure is

®, ¢ = —2if exp (% (% + 5@)) :

In order to rewrite this in coordinates («a, 3) € CP! x CP!, we find a linear fractional

transformation such that

0—mn, 00 = —7 L.

Since the isometries of CP! 2 §% are given by SU(2)/ + Ixs = SO(3), we want

a b
c d
such that
a b 0 b i
c d 1 d 1
a b 1 a 1
c d 0 c -7
This will determine a map that sends
5 — Q, _6 = ﬁa

up to rotation by e” for some angle ¥. In order to ensure that ¥ = 0, i.e. that this
transformation does not rotate the coordinates, we check that it gives the correct trans-
formation at the level of complex structures. In other words, we check that the matrix
Y € SO(3) such that Y is the image of X under the map SU(2)/ % lox2 — SO(3) sends

I'=1y— I, and 0 — o,.
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Recall that the map SU(2) = SO(3) can be given by, for U € SU(2)

Re(z? —y?)  Im(2? +y?) —2Re(zy)
Uz,y) = = | —Im(2? —9?) Re(z?+y?) 2Im(ay)
2Re(zy) 2Im(xy)  |z* — |y|?

Let x = \/1-1‘r|—77|2 and y = \/117 Then after shifting rows and columns, we have the
following image Y € SO(3):

1— 0> 2Re(n) —2Im(n)
—2Re(n) Re(1—n?) Im(1+n?)
2Im(n) —Im(1 —n%) Re(l+7n?)

EEEE

We consider this transformation on vectors associated to complex structures, i.e.

al +bJ +cK ~ | p

c
Note that this transformation takes
-
1 T
_ — 2Re(n
I 0| —1, o
2Im(n)
0 1407
and further, on the level of 2-forms, we have
wr Wwr Wy
wy | = | Re(o) | = | Re(oy) |
WK Im(o) Im(o,)

where o, is given by equation (3.4), and w,, is the Kéhler form associated to I,,. Thus,

we have the correct map.
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Therefore, the matrix transformation is given by

1 I n

VIHhP | -5 1

Considering the images of : and ¢ , we have
1 1
% 1 1 £+ £+
1 VItmnP | 1-¢q 1— &7
% <1 1 —§+n =&+
1 VIt 14 1+ &7
as elements of CP'. Hence,
qo St
1—£&n
—$+n
p= —.
1+&n

Writing ® in terms of our new coordinates o and 3 gives us, up to multiplication by
a complex constant,

O=0,5=0+ (a—p)(—i+ %w?) + (a+ Bw; — afa.

There is another spinor @', defined in the proposition below, such that the pair
®, d’ are pure spinors for the generalized complex structures 7, 7’ determined by the

bi-Hermitian structure as in Section 3.1.2.

LEMMA 3.1.3. The two families of generalized almost complex structures given by
T, T and &, D" are equivalent. In other words, there are pure spinors for J,J' that are,

respectively,

(3.5) P=0+(a—p) (—i + z%ﬂ) + (a + f)wr — afo
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(3.6) =5 (a + (a+p7h <—2’ + %2) + (o — B Hwr + @515) ,

where 0 = wy + iwg and («, ) € CP' x CP!.

Proor. We first note that for o # 3, we can write ® as ® = CeP*™ where C is a

complex scalar and

57w of =8P Re(@)(1 +]8P) = Re(9)(1 +]af’)
| a2 + 15 — 2Re(af) o+ |8 — 2Re(af)
55) ()82 + 1) = Im(B)(Jaf +1)

a2 +18]2 — 2Re(af)

2Im(af3) Im(a)(1 — |B)%) — Im(B)(1 — |a]?)

aP + |8 —2Re(aB) ' " |al® + |BI® — 2Re(af)
Re(a)([4* ~ 1) — Re(8)(lal* 1)

a2 +18]* — 2Re(af)

Wy

The rest of the proof is purely computational; we refer the reader to Appendix A for
the details. There, we prove that for o # [, the generalized complex structure for J is
the B-field transform of a generalized complex structure of symplectic type J.,, where B
and w are as above.

If « = (3, as noted earlier, J is of complex type coming from the almost complex

structure
_l-oaa a+a —i(a — @)

A\ =
1+ aa 1+ aa 1+ aa

The spinor can be given by the holomorphic symplectic form associated to A
Wy = 0 + 20wy — 0426,

which is equal to ®|,—s. Hence ® is a pure spinor defining J.

In order to see that ® is a pure spinor for 7', we use the bi-Hermitian structure. Note
that in order to get from 7 to J’, we simply map the second almost complex structure
to its complex conjugate: I_ + —I_. This induces the antipodal map on the second

coordinate of (o, 3) € CP' x CP", thereby mapping ® + ®. The multiplication by /3
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simply ensures that we have a generalized K3 structure according to the Mukai pairing

as we will see in the next proof.

Using these spinors, we now prove Proposition 3.1.1.

PRrOOF. (Proposition 3.1.1) From Lemma 3.1.3, since dw = dB = 0, J is a B-field
transform of an integrable generalized complex structure. Therefore, outside of the locus
where o = 3, J is integrable. If a = 3, as noted before, J = 7, which is integrable
since A is. A similar argument shows that 7’ is integrable, however in this case J’ is of
complex type along the superdiagonal @ = —~1.

As defined, ® and ®’ are pure even closed spinors defining 7, J’ respectively, and we
can check that

(@, ) = (2, @) = ((¢,2)) =0,

(@, @) = (¢, @)) > 0.
Hence, J,J' define a generalized K3 structure on M.

g

REMARK. There is a second proof for the integrability of 7, J’ using the bi-Hermitian
structure. Note that 7, J’ is a generalized almost Kéhler structure satisfying the con-
ditions in Proposition 2.2.2, since dw; = dw_ = 0. Hence, J and [J’' determine an

integrable generalized Kahler structure on M.
3.2. The generalized twistor space of a K3 surface

Having defined a family of generalized complex structures on a K3 surface M, we can
now form the generalized twistor space of M. The construction of this space mirrors that
of the classical case for hyperkahler manifolds in Section 2.1.2.

Let X be the smooth product manifold M x CP! x CP! with generalized almost

complex structure defined at each p = (m,«, 5) € X by

K=(J,J1.,J1,) : T,(M x CP' x CP") — T,(M x CP' x CP"),
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where J7, and Jj, are the generalized complex structures arising from the natural com-
plex structures I, and I3 on CP'. Here, @ and f3 simply indicate the distinction between
each CP!. We will show that this structure is integrable, and call the resulting generalized

complex manifold X the generalized twistor space of M.

REMARK. We can recover the usual twistor space Z sitting as a submanifold inside
X defined by the locus where K is purely of complex type. As explained in Section 3.1.2,

this corresponds to the points where o = f3.

THEOREM 3.2.1. X is a generalized complex manifold; in other words, the generalized

almost complez structure on T(X) defined by

K=(J,J1.,J1)

15 integrable.

We can write the spinor for this generalized complex structure on X as follows. Let
p = da A df3 be the spinor for (Jr,,Jr,) on T(CP' x CP'). Let ¥ = ® A p. It is clear

that this spinor corresponds to the generalized complex structure I above.

PROOF. Recall that a generalized almost complex structure defined by a pure spinor
¢ is integrable if and only if dp = (X + &) - ¢ for X + & € C°(T). In fact, we have that
d¥ = 0. Note that dp = d(da A d5) = 0. Further, we have:

AV = ddAp+ (—D)*®Adp
2

= (d(0) +dla— B)(i +i%) — (a = B)5d(w?)

+d(a+ B)w; — (o + p)dwr — d(af)d — afda) A p

But dw; = dw; = dwgx = 0, so we have
2

AV = (d(a — B)(i + i%) +d(a+ Bwr — d(af)g) Ada AdB =0
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Hence, K is integrable.

REMARKS.

(1) Note that & is not generalized Kahler. Suppose we let K' = (7', J1.,, —J1,)-
Then the product G = —KK' is not positive definite on TX, so K and K’ do not
define a generalized Kéhler structure on X. Additionally, there does not seem
to be a more suitable generalized complex structure on CP* x CP! that induces
a generalized Kahler structure on X.

(2) There is a second proof that K is integrable using results from [17]. In fact,
using Proposition 2.2.3, we can show that C is an integrable generalized complex

structure induced by the bi-Hermitian structure

((I:t’ 10“15)’ (wi,wa,w5),g,b = O)a

where (/4,wy) is the bi-Hermitian structure on M defined in Section 3.1.2 and

I, W, I5,wp come from the natural Kahler structure on CP* x CP?.

3.3. Generalized complex reduction and submanifolds

In order to more thoroughly describe the properties of the generalized twistor space,
we digress into a discussion on reduction and submanifolds of generalized complex objects.

Throughout this section, M will denote an even-dimensional manifold.

3.3.1. Reduction of generalized complex structures. The reduction of geometric
structures has been studied extensively for many areas of geometry, including symplectic,
Kéhler, and hyperkahler geometry. In each of these settings, the reduction procedure
provides a way to produce new geometric structures from others. Consider, for example,
a symplectic manifold (M,w). Let G be a Lie group acting on M and preserving the
non-degenerate 2-form w. The Lie algebra g then acts on sections of T'M and there exists

an equivariant moment map p : M — g* determined by this action that provides the

43



medium for reduction. The reduced manifold p~!(0)/G, called the Marsden-Weinstein-
Meyer quotient, is in fact a symplectic manifold ([34]).

We might ask if we can use this reduction technique on generalized complex manifolds
of symplectic type, or more generally, of any type. Extending this algorithm to general-
ized complex geometry, however, requires some additional set-up. In order to reduce a
generalized complex structure, we must first discuss how to extend the Lie group action
to sections of the Courant algebroid £ = TM.

The theory of reduction of generalized complex structures was developed indepen-
dently by Gualtieri, Cavalcanti, and Bursztyn [10] and Stiénon and Xu [43]. In this

dissertation, we follow the procedure from [10].

DEFINITION 3.3.1. Let GG be a Lie group acting on a manifold with Lie algebra g.
A Courant algebra over g is a vector space a with a bilinear bracket [-,-] : a xa — a
and a bracket-preserving homomorphism 7 : a — g satisfying the Leibniz condition. A

Courant algebra is exact if 7 is surjective and h = ker(w) is abelian.

Note that for g = C*(T'M), the Courant algebroid C*°(TM) is an example of a

Courant algebra.

DEFINITION 3.3.2. Let G be a connected Lie group acting on a manifold M with
action ¢ : g — C°(TM). An extended action on E = TM is an exact Courant algebra
a over g with a Courant algebra morphism p: a — C°°(TM) such that:

(1) b acts trivially on C*°(TM), which means it acts by closed 1-forms.
(2) The induced action of g = a/h on C°(TM) integrates to a G-action on TM.

Gualtieri, Cavalcanti, and Bursztyn (BCG) also give conditions for when g integrates

to a G-action on the Courant algebroid; for details, we refer the reader to [10].

REMARK. In this dissertation, we will primarily use trivially extended G-actions, i.e.
extensions such that a = g and 7 = id. In this case we have the commutative diagram

given below.
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g S N g
C®(E)—C>(TM)

An extended action of a connected Lie group G on E = TM gives E the structure
of an equivariant G-bundle such that the bracket is preserved by the action. Further, it
determines two G-invariant distributions in E: K = p(a) and its orthogonal, K*. From
these distributions, we define the large distribution A, = 7(K + K+) C TM and the

small distribution A, := w(K+) = Ann(p(h)) C TM. The following theorem describes

conditions on E to reduce down to an exact Courant algebroid E,.q.

THEOREM 3.3.3. (BCG, [10]) Let E = TM be an exact Courant algebroid over M
and p: a — C*(E) be an extended G-action. Let P € M be a leaf of Ay on which G acts
freely and properly, and over which p(h) has constant rank. Then the Courant bracket on

FE descends to

KJ_
Bra= X
‘T KNKLp

and makes it into a Courant algebroid over M,.q = P/G with surjective anchor. Further,

Ereq is exact if and only if 7(K) N7(K+) = 7(K N K*) along P.

EXAMPLE 3.3.4. ([10]) Let G act freely and properly on M with infinitesimal action
v g — C®(TM) and consider the trivially extended action such that a = g. Then
K =7(g), K* =TM & Ann(K) and

Ay=Ay,=TM.
So the reduced Courant algebroid is

Ereq = TM/K & Ann(K) = T(M/G).
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ProrosITION 3.3.1. (BCG, [10]) Let v : S — M be a submanifold of a manifold

equipped with an exact Courant algebroid E. Then the vector bundle

Fe m Amn(TS)t 7« Y(TS)
%7 Amn(TS) — Ann(TS)

inherits the structure of an exact Courant algebroid over S.

Consider a generalized complex structure J on a manifold M. In order to see how
this reduction of Courant algebroids extends to generalized complex structures, we first
see how the Dirac structure L for J reduces. Suppose we are in the context of Theorem
3.3.3 such that E,.4 is exact and suppose further that the action p preserves the structure
J on E. Let K := K N (K* + T*M), which is isotropic along P. Then we can reduce
the Dirac structure

Lred =

(Lﬂf(ic+f(c)]p/G
Kclp
PROPOSITION 3.3.2. (BCG, [10]) L,.q determines a generalized complex structure
Tred 0N Ereq if and only if
Lyeg N Lyeqg = {0}

which happens if and only if
JEKNK*CK

over a leaf P — M of the distribution Ay.

If (M, w) is a symplectic manifold such that 7, is a generalized complex structure of
symplectic type on M and the extended action comes from a symplectic G-action, this
procedure is equivalent to that of symplectic reduction. On the other hand, if (M, ) is a
complex manifold and G is a complex Lie group acting holomorphically on M, generalized
reduction of J; is simply a holomorphic quotient. However, as we will see in Theorem
3.4.1, the reduced generalized complex structure J,.q will not necessarily have the same
type as J. For example, a generalized complex structure of complex type may reduce

down to a generalized complex structure of symplectic type.
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3.3.2. Generalized complex submanifolds. As we have already seen in Proposition
3.3.1, there is some interplay between generalized reduction and submanifolds. However,
until now we have not formulated a definition for generalized complex submanifolds.
In this section, we will attempt to do this. Since generalized complex structures are
objects that arise from both symplectic and complex structures, there are many different
notions of what a generalized complex submanifold should be (see, for example, [5], [14],
[25]). We only discuss a few of these here - those that materialize from properties of the

generalized twistor space.

DEFINITION 3.3.5. Let S be a submanifold of a generalized complex manifold (M, 7).
Let N*S = Ann(7T'S) C T*M be the conormal bundle of S, where the annihilator is
determined by the natural inner product on TM & T*M. Then S is called a generalized
complex submanifold if

J(N*S) C N*S.

REMARKS.

(1) Indeed, using reduction arguments from Section 3.3.1, we can see that S has
a generalized complex structure induced by the generalized complex structure
on M. Specifically, if F is the Courant algebroid for M, N*S is a subbundle
of E|g. Then E,.q := (N*S)*/N*S defines a Courant algebroid on S, and
therefore inherits a generalized complex structure, J,.q4. In the case where M is
a complex manifold, S is a complex submanifold, and when M is symplectic, S
is a symplectic submanifold.

(2) This is a different definition than Gualtieri gives in [25]. We call that subman-
ifold a generalized Lagrangian submanifold, as it corresponds to a Lagrangian

submanifold when J is of symplectic type.

Note that the twistor space Z sitting inside the generalized twistor space X is a

generalized complex submanifold, since
J(N*Z)C N*Z.
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DEFINITION 3.3.6. Suppose X = M; X M, is the smooth product of manifolds with
a generalized complex structure J that pointwise decomposes into a block matrix
J = Im ® Iu,- Then J(TM;) C TM; and for m; € M;, j # i, the subspace {m;} x M;
inherits a generalized complex structure. We call the submanifold M; — X a generalized

complex factor submanifold.

Below, we define a generalized tangent and normal bundles for a generalized factor

submanifold. Notice that this is a different definition than in [23].

DEFINITION 3.3.7. Let S < M be a generalized complex factor submanifold of a
generalized complex manifold (M, J). The generalized tangent bundle Ts is defined as
the bundle

Ts:=TST*S

and the generalized normal bundle N is defined as

NS = NS@N*S

3.4. Properties of the generalized twistor space

After having laid the groundwork for various objects in generalized complex geometry,

we can now prove our main theorem on generalized twistor theory for K3 surfaces.

THEOREM 3.4.1. Let X be the generalized twistor space of a K3 surface M. Then:

(1) X is a smooth fiber bundle
m:X — CP' xCP!

and a reduction of generalized complex manifolds.
(2) The bundle admits a family of sections that are generalized complex factor sub-

manifolds, each with generalized normal bundle isomorphic to
C* ® (O(1,0) ® O(0,1)).
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(8) There is a pure spinor representing the generalized complex structure on X given

by
U= (U+(a—ﬁ) (—H—%wz) +(0z+ﬁ)w1—a55> ANda Ndf

that defines a structure of complex type along the diagonal, and of type 2 every-
where else, where 0 = wy + Wk .
(4) X has a real structure T compatible with the above and inducing an antipodal

map on CP! x CP!.

PROOF. (1) For every point (a, 8) € CP! x CP!, the fiber {(«, 3)} x M sits inside X
as a generalized complex submanifold. This fiber varies holomorphically in « and 3, which
we can see easily in the pure spinor determining the generalized complex structure. To
see that this is a reduction of generalized complex structures, we use a trivially extended
G-action with g = C>(T'M).

Then we have the commutative diagram:

O (TM) % oo (1)

C®(TX)— C>®(TX)
where TX = TM ¢ T(CP' x CP'). Hence K = ~(g) = TM and
K+ =TM @ T(CP'x CP")® Ann(TM) = TM & T(CP* x CP') @ T*(CP" x CP").
The G-invariant distributions are then given by
A, =0y =7(KH)=n(K® K+)=TM @ T(CP' x CP").
For a leaf P C M of the distribution, we have the reduced Courant algebroid

49



K*|p
Ere e G
T KN Ki|p/
_ TM +T(CP' x CP") + T*(CP" x cpl)/G
B TM

=T(CP' x CP') + Ann(T M)

= T(CP' x CPY).

Then the Courant algebroid E = TX reduces to the Courant algebroid on CP! x CP!.

Further, the Dirac structure L associated to IC on X reduces to

(LN (TeM + Te(CP* x CPY) + T3(CP' x CPY)) + TCM)\p/G

Lre =
¢ TeM|p

= T%Y(CP' x CPY) @ T (CP' x CPY),

which is the Dirac structure associated to the generalized complex structure
Tred = (J1a, Ji;) on CP' x CP'. Clearly, Lyeq N Lyeq = {0}. Hence we get a generalized
complex reduction

X — CP' x CP".

(2) The sections of the fiber bundle X — CP*xCP"! are given by {m} xCP'xCP'. As
before, we call these sections generalized twistor quadrics. Since the generalized complex
structure KL on X decomposes as a block diagonal matrix acting separately on M and
CP! x CP!, we get by definition that the sections of the fiber bundle are generalized
complex factor submanifolds of X.

To determine the normal bundle of these sections, note that on a smooth level, the
manifold is M x S? x S?, so the generalized normal bundle of these sections is smoothly
isomorphic to C? x S? x S%. However, because the generalized complex structure J is
dependent on a point (o, 3) € CP! x CP!, the bundle is twisted over the generalized
complex manifold X'. We follow [27] by looking at the +i-eigenbundle of the generalized

complex structure on M.
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Recall from Section 2.2.3 that given a generalized almost Kéahler pair 7, J' as in

(2.2) and (2.3), we can decompose
(TM)®C =Lt &Ly &L &L

where L is the +i-eigenbundle of J, and Lj is the +i-eigenbundle for J_. Then by

using the generalized complex structure J for M in Section 3.1 we get
J+ = CL1[ + CL2J+ CL3K, J_ = bl.[ + b2J + b3K

which means that L = T2'M, Ly = T>' M.

Consider X as the fiber product Z x,; Z, where Z is the classical twistor space for
M. We claim that this is the same space as defined in Section 3.2. Then J induces an
almost complex structure I, on one copy of Z and another almost complex structure 7

on the other copy of Z coming from the underlying bi-Hermitian structure on M. Let
pli.X:ZXMZ—}Zl, pQIX:ZXMZ—)ZQ

be projections down to the first and second copies of Z, respectively.

Z XM Z
N
71 Zo
lm\u / lm
M
CP! CP!

From [27], we know that the normal bundle of each section of Z; = CP' is C? ® O(1),
and similarly for Z, =% CP!. Pulling back these bundles up to X, we get that the

generalized normal bundle of a twistor quadric is isomorphic to
C* ® (O(1,0) ® 0(0, 1)),
which we write as [O(1,0) & O(0, 1)]?.
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Note that along the diagonal o = 3, we get that the generalized normal bundle is
[O(1+0)® 00+ 1) =[0(1) & O(1)?,

which agrees with the classical twistor theory setting, as the generalized normal bundle
is the direct sum of the normal bundle and its dual.
(3) Proved above.

(4) Consider the antipodal map on 5% x S2:

T MxS?xS? 5 MxS?xS?

1
8

This map defines a real structure on X', as we can easily see that 7 maps the generalized

)

1
T(m,a, f) = (m, ==

complex structure to its conjugate since
K— —K

and up to scalar multiplication,

_ AL _ _

¢ afo+(a—p)(—i+ ) = (B+a)wr -0 =0

Clearly, all of the generalized holomorphic data defined above is compatible with this

real stucture.

Along with the properties detailed in the previous theorem, X’ is an interesting exam-
ple of a generalized complex manifold because it is not purely of complex or symplectic
type. Further, it is an example of a generalized complex structure that does not seem to
be obtained by previously used techniques, including blow-ups [15] or Poisson deforma-
tions [25]. Recall from Theorem 1.2.7 that in a small enough neighborhood of a complex
locus, a generalized complex structure is the Poisson deformation of a complex structure.

Hence, locally around the complex locus 7~1(A) C X, there is some complex structure
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I that can be deformed by a Poisson bivector 3 to K (where 3 vanishes along 7—'(A)).

This does not seem to be the case globally.

3.5. Extension to higher dimensions

In this section, we extend our results on K3 surfaces to hyperkahler manifolds. This
is a natural next step, considering we used the underlying hyperkahler structure on a
K3 surface to determine the family of generalized complex structures. Note that in this
section, we do not refer to the generalized hyperkahler structure that M admits. This is
simply because a generalized hyperkahler structure is unnecessarily complicated for our
situation; by definition, a generalized hyperkahler structure is six generalized complex

structures J;, ¢ = 1...6 and a generalized metric G with certain bi-quaternionic relations.

3.5.1. Construction and Properties. Given a 4n-dimensional hyperkahler manifold

M, define a family of generalized almost complex structures over S? x S? = CP! x CP!

7 1 I+ 1) —(wi' —wlh)

2 Wi — W— I +1Ir
PR B U —(wy' +wI)

2 Y

wy +w_ Iy —1Ir

where Iy, wy are defined by (3.1), (3.2) for (ay,as,as), (b1, ba, b3) € S*. However, we are
now in dimension 4n, so the spinor (3.5) must be modified slightly to fit this situation.

Similar to Section 3.1.3, we derive the spinor for 7 in terms of coordinates &, 7 as

D, ¢ = (—2i§)" exp <% (% + 5%)) :

Further, the coordinate transformation from 7, ¢ to «, 8 will be the same. Then, up to

multiplication by complex constant, we define the spinors as below.
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PROPOSITION 3.5.1. Let M*" be a hyperkdhler manifold with generalized almost

Kdhler structures J, J'. Then the pure spinors for J and [J', respectively, are

(3.9) B = (—i(a — B))" exp (% (%w y o~ aioiﬁf))

and

. . A1 . . A1
310) o = (=i + 5o (5 (Mo e+ e+ 20 ) ),

where o = wy +iwg. Further, J, J' define an integrable generalized Kdhler structure on

M.

It is not immediately clear that ® extends to the locus where a = § (or @' for

a = —p71). If we write ® = ®, 5 after expanding the exponential
2n 1
Dop=» i@ =By o+ (a+ Blwr — aBa),
j=0 "

it seems that the terms for j > n contain poles along the diagonal o = . However, this

is not the case, and before proving Proposition 3.5.1, we will prove the following lemma.

LEMMA 3.5.1. @ is smoothly defined for all o, B. In particular, if j # n then the jth

term in ® = @, 5 is divisible by (o — B). Therefore, when o = 5 we have
1 2-_\n
Dy 0 = —(0+ 20w — a”a)".

n!

PROOF. The statement is trivial for j < n, so assume 7 > n and write j = n+ k with

0 < k < n. Denote o + (a+ B)w; — affg by 045 and o + 2aw; — a5 by 0,. Then
Oa,8 = Oq + (Oé - B)Tou

where



Now o, is a holomorphic two-form with respect to some complex structure, and therefore
o1 = 0 by degree reasons. Differentiation with respect to « yields 0”7, = 0. Therefore,

up to a constant, the (n + k)th term of @, 3 is

(=) Fortt = (a=B)Mou+ (@ B)ra)"

n+k
SRCEURD D G LA CRL

n+k
= 3 (")t o

I=k+1
which is clearly divisible by (o — f3). O
Similarly, ® extends along the locus av = —~1.

PRrOOF. (Proposition 3.5.1) The proof that ®,®’ are the spinors for J,J’, respec-
tively, is essentially the same as the proof of Proposition 3.1.1. In particular, for o # [,
J can be written as a B-field transform of a generalized complex structure of symplectic
type J., where

o* — 18 wy 4 Bel@) + 1B%) = Re(8)(1 + [o*)
|af? + |8 — 2Re(af) |f? + [B]* — 2Re(af)

Im(a)(|8* +1) — Im(B)(|af* + D o
|af? +[8]* — 2Re(af)

wy

2m(af) - Im(e)(1—|F) —Im(B)(1 ~|a])
a2 + B2 — 2Re(af) a2 +]8]2 — 2Re(af)
L Re(@)(B* = 1) = Re(B)(lof? = 1)
a2 + [B]2 — 2Re(af)

The spinor for this generalized complex structure can be expressed by (3.9). If a = 3, the

generalized complex structure J is of complex type with underlying complex structure

. — 1—ao:4]+ a+@7(]_i(a—(f)
1+ aa 1+ ac 1+ aa
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On the other hand, by the lemma above for a = 3,
1 2-_\n
o=90,,= —'(0'+ 2awr — a°a)
n!

is a holomorphic (2n, 0)-form for the complex structure J,. Thus, ¢, , is a pure spinor
for the generalized complex structure 7, .

In order to show integrability, we note that for a # 3, J is clearly integrable as a B-
field transform of a symplectic structure (similarly for J' if o« # —/3!). Along the locus
a = B, J is of complex type as in the K3 case, which is integrable since the underlying
complex structure is.

All of the above results follow similarly for 7’ and &'

The generalized twistor space X of M is the smooth product M x CP! x CP! with

generalized almost complex structure defined on T,X = T,,M & T(, 5 (CP' x CP') as

K=(J,J1..J15),

where I, I3 denote the natural complex structures on each copy of CP!.

THEOREM 3.5.2. The generalized twistor space for a 4n-dimensional hyperkdahler man-

ifold is a generalized complex manifold; in other words, K is integrable.

PROOF. As in the K3 case, let ¥ = & A da AdfS € N*T*X be a pure spinor defining
IC. Then

AV = dd AdaAdB

2n
- (Z %@'”‘j (da = dB)" (0 + (v + Bwr — a65)j> Ada A dp

j=0 "

2n
_ (Z %inj(a — B)"d(o + (a + Bwr — a55)7> Ada Adp

j=0 "
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Then using the fact that dw; = dw; = dwx = 0, we have
d¥ = 0.

Hence W defines an integrable generalized complex structure by Proposition 2.2.2. ]

Note that again, X" is not generalized Kéhler for the same reasons as in the K3 case.
The next theorem states properties of the generalized twistor space of a hyperkéahler
manifold. We skip this proof, as the proof in dimension 4 extends easily to dimension

4n,.

THEOREM 3.5.3. Let X be the generalized twistor space of a hyperkdhler manifold M .
Then:

(1) X is a smooth fiber bundle
m:X — CP' x CP!

and a reduction of generalized complexr manifolds.
(2) The bundle admits a family of sections that are generalized complex factor sub-

manifolds, each with generalized normal bundle isomorphic to
C*™ ® (O(1,0) ® O(0,1)).

(8) There is a pure spinor representing the generalized complex structure on X given

a—B a8 T a=p

i (Z(OH—B) i iaf 5))/\(da/\d6),
where o 1s the holomorphic symplectic 2-form on M, and V defines a structure
of complex type along the diagonal, and of type 2 everywhere else.

(4) X has a real structure T compatible with the above and inducing an antipodal

map on CP! x CP!.
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CHAPTER 4

Quaternionic Kahler geometry

Quaternionic Kahler, or QK, manifolds are 4n-dimensional manifolds with holonomy
contained in Sp(n) - Sp(1). They have a natural quaternionic structure, as hyperkéhler
manifolds do, but in general are not complex manifolds. In fact, QK manifolds are
generically not Kahler manifolds at all, despite their name. The twistor space of a QK
manifold, however, is a complex manifold. In this chapter, we discuss the basics of
quaternionic Kahler geometry. We describe the construction of the twistor space as well
as its natural contact geometry. The last section will serve as a transition for examining
the generalized twistor space of a QK manifold. We define the generalized complex
structure on the twistor space of a QK manifold arising from the natural almost complex
structure, and give a new proof of integrability of the almost complex structure using a

pure spinor argument.

4.1. Definitions

This section will serve to define QK manifolds and their properties. We will follow
[7] and [40] and refer the reader to these for a more thorough treatment of this subject.

Define a group of transformations on R** = H" as
Sp(n) - Sp(1) = {v+— Avg", A€ Sp(n), q€ Sp(1)}.
This is a subgroup of SO(4n) such that

Sp(n) - Sp(1) = Sp(n) x Sp(1)/{£I}.



DEFINITION 4.1.1. A quaternionic Kéhler manifold (QK manifold) M is an ori-

ented 4n-dimensional Riemannian manifold such that the holonomy group is contained

in Sp(n) - Sp(1).

REMARKS.

(1) Definition 4.1.1 only holds for manifolds such that n > 2. In the case where
n = 1, this would merely imply that M is an oriented Riemannian manifold, as
Sp(1) - Sp(1) = SO(4). Thus, in dimension 4, we add the additional restriction
that M must be self-dual and Einstein.

(2) Note that a hyperkahler manifold has holonomy Sp(n). Thus, hyperké&hler man-
ifolds are a specific type of QK manifolds; they are those which have zero scalar
curvature. Because we have already described twistor theory for hyperkahler
manifolds, for the rest of this chapter we will assume that the scalar curvature

1S nonzero.

Consider a covering of M by open sets U;. Then for each p € U;, we have three almost

complex structures /I, J, K on T,,M with quaternionic relations
P=J=K=-1, I[J=-JI=K, etc.

and corresponding almost Kahler forms

(4.1) wr=g(I-), wy=g(J), wg=g(K-),

where ¢ is the metric on M. However, unlike on a hyperkédhler manifold, I, J, and K
are not necessarily globally defined. Further, they are not integrable and dw; # 0 for
1 =1,2,3. Instead, we can relate them by using a connection on M.

Let V be a torsion-free (e.g. Levi-Civita) connection on a QK manifold M*". Then

for local almost complex structures I, J, and K,
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VI = —03J +60*°K

VJ= 01 0K

VK = —0*T +6'J
where 0',0% 6 are called the connection 1-forms on M. Using this formula, we can
develop similar relations between dw;, w;, and #°. Further, there is a 4-form on M given
by

QA =wr ANwr+wjAwy+wg N\wg.

Note that although w;,w;, wx are not d-closed, d€2 = 0. In fact, 2 is globally defined

and 2" is a non-vanishing volume form.

EXAMPLE 4.1.2. Consider the manifold
HP™ = (H"*' — {0})/H",

where H* acts on H"™ on the right. This is a quaternionic Kihler manifold (for expla-
nation, see [7]). Note that HP!' 2 S* admits no global almost complex structure and in
fact, this is true for all n. Thus, although locally we have almost complex structures I, J,
and K, these do not extend to all of HP™.

In fact, no QK manifold with positive scalar curvature admits a global compatible
almost complex structure [40]. Symmetric QK manifolds with positive scalar curvature

were classified by J.A. Wolf as the so-called Wolf spaces [44].

The following proposition is an important fact to note about QK manifolds. Recall

that we have already defined a 4-dimensional QK manifold to be Einstein.

PROPOSITION 4.1.3. ([6], [40]) A quaternionic Kdihler manifold (M*", g) is Einstein

forn > 2.
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4.2. The twistor space of a QK manifold

Let M be a quaternionic Kahler manifold. To construct the twistor space, we follow

[7].

4.2.1. Construction. Let E be the 3-dimensional vector subbundle of End(7'M) gen-
erated by I, J, K on each local chart U;. Take the S?-subbundle of E given by

Z={al +bJ +cK | a*+b*+c*=1}.
Z is called the twistor space of M. Let m denote projection down onto M
w4 —M

such that a point z € Z determines an almost complex structure I, = al + bJ + cK on
T M.
The following theorem was proven using representation theory by Salamon in [40],

however we will follow Bérard-Bergery’s proof in [7].

THEOREM 4.2.1. ([7], [40]) The twistor space Z is a complex manifold of real dimen-

ston 4n + 2.

We define the complex structure on Z as follows. Choose a torsion-free Sp(n) -
Sp(1)-connection V on M (e.g. the Levi-Civita connection). This connection determines
a splitting of the tangent bundle TZ = H @ V such that V = ker(n) is the vertical
distribution, tangent to the fibers of Z for each m € M, and H is the supplementary
horizontal distribution. For z € Z, the canonical complex structure on S? induces a
complex structure J : V., — V.. Further, for each z € Z, we have an isomorphism
defined by the tangent map

et Ho — Tr) M.

We can lift the almost complex structure I, : T ;)M — T .)M to an endomorphism
T M, — ..
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Then we define the complex structure J on Z by the block diagonal matrix

-~

J
(4.2) J= TZ=HoV - TZ

J

The integrability of this almost complex structure depends on the vanishing of the Ni-

jenhuis tensor which is given by
NI(X,Y)=[J(X),JY)] - JX,JV)] - JJ(X),Y] - [X,Y].

For the proof that NJ(X,Y) = 0, we refer the reader to [7]. In Section 4.3, we will
present an alternate proof of Theorem 4.2.1 using generalized complex geometry.

4.2.1.1. Exzample: Quaternionic Projective Space. The twistor space of HP™ is
7 = CP?*! and the S?-fibration

7. CpP>tl 5 HP”

is the quaternionic Hopf fibration. Notice this means that the twistor space is not only
a complex manifold, it is Kahler as well. In [26], Hitchin proved that CP? was one of

only two examples of Kahlerian twistor spaces over a 4-dimensional manifold.

4.2.2. Contact geometry of the twistor space. The twistor space Z admits an
additional structure; it is a complex contact manifold. We first recall some basic facts
from contact geometry, directing the reader to [37] for a more thorough treatment of this

subject.

DEFINITION 4.2.2. A complex contact manifold is a complex manifold X of odd com-
plex dimension 2n + 1 together with an open covering {U;} by coordinate neighborhoods

such that the following are true:

(1) On each U; there is a 1-form 6; with
0; A (do;)" # 0.
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(2) For every ,j, on U; N Uj, there is a non-vanishing transition function f;; :
U;NU; — S' such that
0]‘ = fwﬁl

We note that technically, this is the definition for a normalized contact structure on
X, however we claim in our situation that this will not make a difference. The horizontal

subbundle of a complex contact manifold is a holomorphic subbundle

of complex rank 2n. Further, given the complex contact structure, there exists a unique

rank 2 subbundle V of T'X, invariant under the complex structure, such that
TX=HoV.
This subbundle is called the vertical subbundle of T'X and there exists a projection map

m:TX = H

such that ker(mw) = V. Thus, on each U;, the contact structure 6; is a V-valued 1-form
vanishing along H. This will be important in determining the contact structure of the

twistor space.

NOTE. At every point p € X, the horizontal subspace H,, is a vector space of complex
dimension 2n such that df;|3 # 0. In fact, the form df;|y defines an almost symplectic
form on H. Further, there exists an almost complex structure J : H — H compatible
with this form. This fact will be illuminated in our discussion of the contact geometry

of the twistor space in the next section.

The following proposition illustrates the relationship between QK manifolds and com-

plex contact geometry. The proof can be found in [40].
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PROPOSITION 4.2.3. ([40]) Let M be a quaternionic Kdihler manifold with non-zero

scalar curvature. The twistor space Z is a complex contact manifold.

We will present a construction of the complex contact structure on Z in the next
section. An alternate construction may be found in [37]. Note that the vertical and
horizontal sections defined in Section 4.2.1, V and H, respectively correspond to the
vertical and horizontal sections defined above. Thus, the contact structure will be a local

V-valued 1-form vanishing on #H, where V = ker(n) for7: Z - M and TZ =V & H.

4.3. Generalized complex geometry of the twistor space

In this section, we illustrate integrability of the almost complex structure J on the
twistor space of a quaternionic Kéhler manifold using generalized complex geometry.
This will serve as a first step towards constructing the generalized twistor space. In the
first section, we consider the twistor space Z of a 4-dimensional manifold M. We use the
complex contact geometry of Z in order to construct a spinor for the generalized complex
structure of complex type. This contact geometry was defined in [37, 40]. However, since
we are in 4-dimensions, we will use Salamon’s results on twistor spaces of 4-manifolds
from [42] in order to describe the contact structure in more detail. In the second section

we extend our results to higher dimensions.

4.3.1. The twistor space as a generalized complex manifold. Let M be a 4-
dimensional QK manifold with positive scalar curvature. In this section, we present the
twistor space in a slightly different way, although we claim that it defines the same space

as in Section 4.2.1. Let the twistor space Z be the bundle of forms

Z ={owr +ywy + 2wk | (x,y,2) € 52}
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where wy,wy,wy are local 2-forms on M as given in equation (4.1). Recall that these

forms satisfy the following relations:

dwl = —QSWJ +6’2wK
(4.3) dwy = Puw; —0'wi
dwK = —92(,(}[ +91wJ

where 6; are connection 1-forms on M. Let b',i = 1...3 be 1-forms on Z defined by
b = do + yn*0® — 21 0?
b2 =dy — a0 + 26!
V¥ =dz + 2n*0* — yr*o'.

We claim that these forms annihilate the horizontal space H C TZ as defined above.

Further, define the curvature 2-forms by

(4.4) Uy = do' + 0% A 6
Uy = dO? + 60" NG?
Uy = do® + 6% NG

These curvature 2-forms are related to w; in the following way. Let ¢ denote the scalar

curvature of M. Then
c
(45) \Ill = —Wwy, \112 = —CUJ, \113 = 5(4)[{.

We define a generalized almost complex structure of complex type on Z by a rep-
resentative pure spinor. Recall that since dimg(Z) = 6, this is equivalent to defining a

non-vanishing (3, 0)-form , which we obtain from the contact structure on Z. Let

B —iy 3 12 9 1 1
(4.6) s s L s | R M (R [ AL
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We claim that this is a (local) contact 1-form on Z. To see this, consider the vertical
space V, at a point p € Z. Note that there is an isomorphism V, = S?. Consider

S? = CP! as a complex manifold by stereographic projection

1-¢C 2Re(() —2Im<<>) |

(x’y’Z)H(HCE’HCC_’ 1+¢C

We can write ¢ as
Y — iz
l+z’

(=

Then the space of holomorphic 1-forms on S? is spanned by d(, which we write in

coordinates as
—iydz + 1zdy — dx
d¢ = -
(1+2)(y+1iz)

Here, we use that
2?24+ +22=1 and adr+ydy + zdz = 0.

Pulling this back to V), the forms dz, dy, dz are twisted by the curvature 1-forms, so we

get (4.6), a V-valued 1-form vanishing on H. We can simplify (4.6), so that

(4.7) 0 = d¢ +iCH" — %i(l — (%6 - %(1 + 3P,
since
—i(y? +2%) —ily+iz)(y—iz) i
(1+z)(y+iz)  (1+a)(y+iz)
iy — 2 _ary? i —yz 4 ayz
(L+2)(y+iz)  (1+x)(y+iz)(y —i2)

—yz(1—2)+i((1 —2)(1 +2) —y*(1 — x))
(1+2)*(1—x)
—yz+i+ir—iy? 1

N (14 x)? a 52(1 -
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irz +y —i(—zyz + yz +iy* +ixz?)
(1+2)(y+iz) (14 2)(y+iz)(y —iz)
—i(yz(1 —2) +i((1 —2)(1 + 2) — 2%(1 — 1)))
(1+2)%(1 —x)
—i(yz+i((1+x)—2%)) 1

- (1+ )2 =51+,

Consider now d#:

df = d¢ A (i0* +iC0? — CO%) +iCdh* — %z’(l — (?)do* — %(1 +¢*)do?*.

Using (4.4) and (4.5), this reduces to
df = ON(i0'+iC0% —CO%) + 3ic(2Cwi 4+ (P —Dwa+i(C+1)ws) = OA (10" +iCH? —(6%) +db) 4,

where H is the horizontal subbundle such that b' = b?> = b*> = 0. Note the resemblance
between df|y; and its hyperkdhler analogue in (2.1). In fact, they should be identical
up to multiplication by a complex scalar. Recall that on the horizontal subbundle of
a complex contact manifold, there exists an almost holomorphic symplectic structure
defined by df|y compatible with an almost complex structure J. This almost complex

structure on the horizontal subspace at a point p € Z can be given by
Jp=al +yJ +zK, (x,y,2) € S

Further, df|y = 3ic(2Cwy + (¢* — 1)ws + 4(¢* + 1)ws) is the almost symplectic form
compatible with :T;,. When M is hyperkahler, this is the holomorphic symplectic form
on M associated to the complex structure jp. However, since a QK manifold is not a
complex manifold, in this case it simply defines a non-vanishing local 2-form compatible
with the almost complex structure.

Hence we have that (4.7) is a (local) contact 1-form, such that

OAdD=0Adb|y #0

67



is a nonvanishing 3-form. Define a generalized complex structure by the following pure

spinor
(4.8) ¢ = OAdO|y = (dC+1iCO" — 2i(1—(*)0% — L(1+(HP) A (—3ic(CPo + 2¢wr — 7)),

where 0 = wy + iw3. We claim that ¢ is a 3-form compatible with the almost complex
structure J given by (4.2), so this defines the generalized almost complex structure of

complex type
-J 0
0o J

ProproSITION 4.3.1. The generalized almost complex structure on Z given by the

above spinor ¢ s integrable.

REMARK. Although the contact form defined above is only local, we note that the
integrability condition given in Proposition 2.2.2 (which we will use to prove the proposi-
tion) is also local. Further, since we know that the contact 1-forms patch together nicely

with non-vanishing S'-valued functions, i.e.
Qi:fiﬂj, fij :UiﬂUj—>Sl,

it will be enough to prove that the generalized almost complex structure is locally inte-

grable in order to prove that it is integrable on all of Z.

PROOF. Recall from Proposition 2.2.2 that a generalized complex structure given by

a spinor ¢ is integrable if there exists some X + & € T'@ T™ such that

dp = (X +&) o =ixd¢+ENO.

Since ¢ € Q3(Z), dp € Q*(Z), so we want to find some & € T*Z such that

dp =E N ¢.
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Consider

(4.9) dp = d(0 A dbly) = dO A dbly — 0 A d(dBly,).

We have df|y A df|y = 0, so

do A dflsy = 0 A (0" +iCO* — CO%) A dB|y + db|y A db|y = O A (i0" +iCO* — (O) A dB)| .

Now consider the second half of equation (4.9)

Adln) = ic((dC)(2n + 2+ 2iCus) + 2k + (€7 — Vg +i(C° + 1)y
= %ic(dC(le + 2wy + 2iCws) + (—i(1 + ¢*)6* + (¢* — 1)6°)wy

+(i(1+¢%)0" = 200w, + (—(¢* — 1)0" + 2¢6°)w3),
where we use equation (4.3) to obtain the second line. Thus,

O nd(dflz) = d¢ A (zic)((—i(1+¢*)0% + (¢* = 1)60%)wr + (i(1 + ()0 — 200%)ws

+H(=(¢* = DO +2¢0%)w3)

(160" — 3i(1 = )87 — 3(1+ ¢)6) A (ic)(dC) A (2w

+2Cws + 2iCws)

(100! — 3i(1 = ¢*)0° — 3(1+ ¢)0%) A ((—i(1 + ¢*)6%(¢* — 1)6%)wn

+(i(1 + ¢*)0" — 2¢0%)ws + (—(¢* — 1)0" + 2¢0%)ws)
= Lic(d¢ A ((—2iC0" — 24¢%0% + 2¢%0°%)w,

+(i(1 = )0 +i¢(1 = ¢%)0% — ¢(1 — ()0 )
H((CP 4+ 10" + (1 + ¢2)02 +i¢(1 + ¢%)0%)ws)

+(i¢O" — 3i(1 — ¢H)0* — L (1 + (*)0%) A (=i —iCO? + C6°)) A dB]y.
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Simplifying this expression, we get
O A d(dbly) =0 A (—i0" — il + CO°) A db].

Then equation (4.9) is equal to

dp = (—i0" —iC0* + () NONdO|y — O N (—i0' —iCO + (6°) A db|y
= 2(—if' —iCO* + COP) NOAdO|x

= N9

Hence, ¢ determines an integrable generalized complex structure on Z. O

4.3.2. Extension to higher dimensions. Although our construction depended on the
results on twistor spaces for 4-dimensional manifolds, this proof can be extended to all
quaternionic Kéahler manifolds of dimension 4n. We simply need the contact structure
of the twistor space, which exists for all QK manifolds. We illustrate the generalization
here.

Let M be a QK manifold of real dimension 4n with twistor space of dimension 4n + 2
7 = {aw; +yws + 2wi | (z,y,2) € S*}.
Then the local contact structure on Z can be given as in the previous section by
oL 22 1 2\p3
0 =d¢ +iCo —52(1—(’ )0 —5(1—1—( )67,

where 01,62,60% are the connection 1-forms on Z, and ¢ gives a complex parameter on

V, 2 CP!, pe Z. Then
df = ON(i0'+iC0% —CO%) +Sic(2Cwi+ (P —Dwa+i(CP+1ws) = OA (10" +iCH? —(6%) +db) 4,

where again H is the horizontal subbundle such that b' = b? = b3 = 0.
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Consider Z with a generalized almost complex structure Jy of complex type deter-

mined by J, (4.2). Then we claim that the spinor for Jj is
d=0N(dO)" =0 N (df]y)".
We can compute that this defines an integrable generalized complex structure, since

dp = df A (dln)" — 6 A d(d6]y)"
= ONA(—i0" —iCO* + (O°) A (dO)n)" — O An(dBly)" 1 A d(dB]y)
= ONA(—i0" —iCO* + CO*) A (dO)n)" — n(dBl)" P AO A (—if" —iCO* + (O°) A db|y
= (—i0" —iCO* + (O*) N ¢ — n(if" +iCO* — COP) A ¢
= (n+1)(—i0" —iCO* + (O°) A 6.

This proves that the complex structure J on the twistor space Z is integrable for all QK

manifolds M of dimension 4n.
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CHAPTER 5

Generalized twistor space for quaternionic Kahler manifolds

In this chapter, we introduce generalized twistor theory for QK manifolds. Although
this is a natural extension, QK manifolds lack the global complex and symplectic struc-
tures that hyperkédhler manifolds have, so the theory is much more intricate. Instead, we
use the complex contact geometry of the classical twistor space.

In the first section, we construct a family of local generalized almost complex struc-
tures on a QK manifold of dimension 4n using bi-Hermitian data, as in the hyperkahler
setting. We then in Section 2 use that family and the classical twistor space Z to de-
scribe the generalized twistor space, a bundle of generalized almost complex structures
over the QK manifold. We conjecture that the generalized twistor space is a generalized
complex manifold, and describe its structure. In the final section of this chapter, we give
a candidate for the spinor of the generalized twistor space, using the contact geometry

of the classical twistor space.

5.1. The generalized twistor family

Consider a quaternionic Kihler manifold M*" with Riemannian metric g. As before,
let U; be a covering of M and let I,J, and K be local almost complex structures for each
U;, such that g is Hermitian for I, J, and K and IJ = —JI = K. Further, let w; = g,
wy = gJ, and wg = gK be local 2-forms corresponding to the almost complex structures.

Then we can construct a local almost bi-Hermitian structure on M given by
(g, b=0, Jy=x I+ +xuK, J_ =z +1yJ + 2K)

with (21,91, 21), (T2, Y2, 22) € S%. As in Section 3.1.2, there are two (local) generalized

almost complex structures 7,7’ on TM that can be reconstructed from the almost



bi-Hermitian data (g,b, J,, J_) such that

1{ —(Je+J) —(wit—wt
. gt [ V) et e
Wy —w_ Ji+J

—1 -1
(5:2) =3 . 7s
Wy + w_ J+ — J_

where wy = gJ. Then J,J’ is a local generalized almost Kéhler structure on U; C M
for every pair of points (z1,y1,21), (2,92, 22) € S2. Thus this defines an S? x S?-family
of local generalized almost Kahler structures over U; for every ¢. The bundle of these

families will determine our generalized twistor space.

5.2. The generalized twistor space of a QK manifold

In this section, we use the classical QK case to construct the generalized twistor space.

Let X be the space defined by the fiber product
X =7 XM Z,

where Z is the classical twistor space of M. Note that X sits as an S? x S?-bundle over

M
T: X —M

such that each point z € X defines a pair of local almost complex structures J, and J_
on Tr(;yM as described in the previous section. These, combined with the Riemannian
metric g on M, determine an almost bi-Hermitian structure (g,b = 0, J) on M for every
point z € X. Hence, X is an S? x S?-bundle of local almost bi-Hermitian structures on
M. Equivalently, we can view X" as a bundle of local generalized almost Kéhler structures
J,J' on M defined as in equations (5.1), (5.2).

Alternatively, we can view this space as a subbundle of the endomorphisms of TM.

Let E be the 6-dimensional vector subbundle of End(TM) generated by J;, J;, Jx and
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Tiors Tuows Ty o0 each local chart U;. Then we claim that X is the S? x S%-subbundle of
E defined by

X = {%((xl + 22)Tr + (y1 + ¥2)Ts + (21 + 22) Tk

(21— 22) Ty + (1 — 12) Ty + (21 — 22) Tooe) | (5,95, 25) € S*}

DEFINITION 5.2.1. The S? x S?-subbundle X is called the generalized twistor space

of a quaternionic Kahler manifold M.

We define a generalized almost complex structure on TA as follows. Choose a torsion-
free Sp(n) - Sp(1)-connection V on M. The connection induces a splitting of the tangent
bundle TX =V & H so that

TX®T' X =VOV OHDH",

where V is the vertical distribution (tangent to the fibers of 7 : X — M) and H is the
supplementary horizontal distribution. We define their duals V* and H* as the forms
vanishing on these spaces.

We claim that horizontal transport associated to H @ H* preserves the canonical
metric of the fibers S? x S? as well as their orientation, and thus preserves the canonical
complex structure on S? x S2. This complex structure induces a generalized complex
structure J on V, @ V; for each z € X.

Note that for every z € X we have an isomorphism defined by the tangent map
Ty ! /HZ — TW(Z)M.

Further, each z € X defines a local generalized almost complex structure on the space
Tr:)M given by equation (5.1). We can lift this generalized structure up to an endomor-
phism 7 on H. & H: by m, & (771)*.

Define a natural generalized almost complex structure J on X" by the block diagonal

matrix:
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(5.3) J = TX=HOH &VOV = TX

J

CONJECTURE 5.2.1. Let M be a quaternionic Kdahler manifold of dimension 4n. Then
its generalized twistor space X is a generalized complex manifold with generalized complex

structure J as defined above.

We would like to prove this conjecture by defining a spinor for the generalized complex
structure J. In the next section, we derive a candidate for this spinor if dim(M) = 4,

and provide some justification on why it is appropriate.

5.3. Candidate for a spinor

Recall in Section 4.3 that we used the contact geometry of the twistor space Z to
determine a spinor for the generalized almost complex structure on Z. In this section,
we expand on that spinor, using our results from the generalized twistor space of a
hyperkahler manifold.

Let M be a QK manifold of dimension 4 (e.g. HP'). Define holomorphic coordinates
a and 8 on S? x S? = CP! x CP?, such that for (z1,y1,21), (T2, Yo, 22) € S,

&:yl—i21 5292—2'2’2
142’ 1429

Then
_ —iyrdz +izdy; — dxy

dow _ —iyadzy + izadys — dxo
(I+21)(y1 +i21)

4h = (1 + 22)(y2 +i22)

define the space of holomorphic 1-forms on each copy of S? = CP!. Pulling these back
to V, we get a twisting by the curvature 1-forms 6;, as in Section 4.3, such that

x oL 2vp2 1 2\03
(5.4) pi(da) = da + il —52(1 — %)l —5(14—04 )0

ps(dB) = dp +iBo" — %ia — 3%)6* — %(1 + %6,
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where p; : V — CP! and p, : V — CP! are the projection maps down to each copy of
CP'. Let ¢, and 1, denote pi(da), p5(df3), respectively. Then

U Ay = daAdB+ da A (180" — %m _ g — %(1 + )6
—dB A (iaf' — %z’(l —a?)f* — %(1 +a?)0?)

1 1
+(iaf* — 5z'(1 —a?)f* — 5(1 +a?)0%) A (186"

— il = B8 = S(1+ 5)6°)
— daAdB+da A (iB6" — %zu _ g2 — %(1 + )6

_dB A (iaf' — %zu —a?)et — %(1 +a2)0%)

50— B)(1+af)f' —i(1 —aB)F'E — (o + 7))

defines a V-valued 2-form vanishing on H. Note that ¥, A ¥y provides a sort of general-
ization of the contact 1-form # in Section 4.3. However, we cannot just simply take the
derivative of this form in order to determine the part of the spinor defined along H. Our
generalized almost complex structure defined in equation (5.3) is not of constant type; it
changes throughout the manifold. Therefore, the spinor should be a mixed form as in the
K3 case. In fact, we can use the derivation of the spinor (3.5) to find that an appropriate

candidate is
(5.5) G = (aff — Dwy +i(af + Dws + (a — B)(—i + tw?) + (o + fwn
= —i(a—B) + (a+ B)wr + (aff — Dws +i(af + Dws + £ (a — f)w?.

PROPOSITION 5.3.1. There is a pure spinor for the generalized almost complex struc-
ture J defined by
V=11 A NP,

where Yy, Y9, © are as in equations (5.4) and (5.5).
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PRrROOF. Along the subbundle such that a = /3, note that J|,—ps is simply the gener-
alized almost complex structure arising from the usual complex structure on the twistor

space, and W is just the spinor defined by

U = \I/azﬁ = 77[}1 VAN 77[)2 N (%ZC(2CW1 + (CQ _ 1)(,02 + @(C2 + 1)(,03)) .

On the other hand, if o # 3, we can show as in Appendix A that the generalized almost
complex structure J |ygp = J is a B-field transform of a generalized almost complex

structure determined by a 2-form w, where

of — 18P Re(@)(1+|8P) — Re(8)(1 +]af?)
a2 + 52 — 2Re(af) o+ |3 — 2Re(af)
m(a)(8 +1) = Im(B)(af* +1)

|2 +18]* — 2Re(af)

Wy

Am(af) o Tm(e)(1—|5)) - n(B)(1 o)
a2 + [B]2 — 2Re(af) a2 +]8]2 — 2Re(af)
(Re(@)(BP = 1) —Re(B)(af = 1)

a2+ [B]2 — 2Re(a)

However, B and w are not closed 2-forms, so this fact does not help prove integrability.
Nevertheless, the H-valued spinor ® should then be the same as in the hyperkahler case,
up to multiplication by a complex scalar, which is clearly true. Along the vertical com-
ponent, ¢, and ¥y give holomorphic 1-forms defining the generalized complex structure
of complex type J|yey- = J. Hence VU is a pure spinor defining the generalized almost

complex structure J on X. a

In order to prove Conjecture 5.2.1, we would like to show that locally, there exists
some element X + & € TAX such that dV = (X + &) - W. In order to to this, it is possible
that we may have to consider the twisted Courant bracket (see [23]) on X, or simply
define the generalized almost complex structure differently.

If this conjecture is true, it would open up possibilities to extend the generalized

twistor space construction to other manifolds. In particular, we could easily extend this

7



to all self-dual 4-manifolds, as we used Salamon’s results on the classical twistor space
for self-dual 4-manifolds [42] to describe the spinor. The next natural question would be
to ask whether this construction could extend to higher dimensions. For a quaternionic
Kéhler manifold, this seems to be true (similar to the hyperkahler case), however, beyond
that it is unclear. In the classical setting, the twistor space exists for all quaternionic
and hypercomplex manifolds. Essentially, these are quaternionic Kéahler and hyperkéahler
manifolds, respectively, without an underlying Riemannian metric. It is possible that
there exists a generalized twistor space for these types of manifolds, however our methods
will not work without a metric (since we would not have the generalized almost Kéhler
structures (5.1), (5.2)). Thus, we would have to use an alternate way of defining a family

of generalized almost complex structures on the manifold in this setting.
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APPENDIX A

Computation of Proposition 3.1.3

In this appendix, we will provide the missing details of the proof of Lemma 3.1.3.

This is equivalent to proving the following proposition.

ProprosITION A.0.1. For a # [, the generalized complex structure J is a B-field

transform of the generalized complex structure of symplectic type T, where

a2 - 182 o Re(@)(1+18) — Re(8)(1 + |af?)
a2+ 8P — (af +af) a2+ 812 = (af + ap)
fm(a)(|8]* + 1) — Tm(B) (|a* + 1)
a2 + 152 — (af + ap)

Wy

WK

—i(af—ap) __ Im(@)(1—|5%) ~Im(B)(1 —|a]?)
a2+ |82 — (af +aB) " a2+ (82 — (aB + aB) !
| Re(@)(|8” = 1) ~ Re(8)(af” ~ 1)

a2 + |B]2 — (aB + aB)

WEK .

The first step in this process is the following lemma.

LEMMA A.0.2. For w as given in equation (3.7),

bt _ P8P Ref@)(1+|8P) ~Re(8)(1+]aP)
(T + o) (1 + ]3P (1 +laP)(1+ [32) !
(o) (1 + |8P) — In(8)(1 +]al)

(1+ )T +18P) K

PROOF. Write

w=rwr+yws + 2w, w ' =w =dw;' +ew; + fwil.

Then we want

wo' = (zd + ye + 2f)id* + zeK* — xfJ* — ydK* + yfI* + 2dJ* — zel* = id",
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where id* : T*M — T*M is the identity map. Here, we use quaternionic relations, e.g.

wjwy' = —wgw;' = I*. This equation holds if and only if

(A.1) rd+ye+z2f =1

and

(A.2) xe—yd=0, zd—xf=0 yf—ze=0.

For equation (A.1), we have

o] +18]+2]aB*+|o|* +[81?|aB?+]8]° +]ol*|aB* —(1+|a*+|B8]*+]aB|*) (2Re(a))

vd+yetzf = (1o +aBP) (al*+]BP—2Re(aB))

Atla*+|82 +HaB*) ol +(1+|al* + B> +|aBl*) |81~ (A+|a*+]B]* +]abl?) (2Re(a))
(I+]al?+|B12+]aB?) (la]*+|8]>—2Re(aB))

and equations (A.2) yield

re —yd
zd —xf
yf — ze

Then ww' = 1.

:< |af2—|B|2 )(Re(a)(1+|B|2)*R6(B)(1+Ia\2)>
a2 +|8P—(af—aB) 1+ (A+B%)

_(Re(a)(1+|5|2>7Re(5>(1+|a\2>)( Jof? = |5]> ) 0
a2 +[B[2—(af—ap) (T+a?)(1+]51)

_ <1m<a><\5|2+1) m(3 ><|a\2+1>> ( o] —|5)2 )
a2 [B2—(aB—ab) A+ ]a?) (1B
_ ( o2~ ) (Im( ) (1+|8[2)—Im(B) (1+|a? >>
a2+ |2~ (aB—aB) (I +al) (T+IB2)
) (@)(

la?+[8]2—(af—ap) ( (I+|a?)(1+[8[?

_( m()(|8]2+1)—1 (5>(|a|2+1>> (Re(a)(mm) e(B
[a2+[B[2—(aB—aB) A+l (1+8

_ <RE(a)(1+IB\2)—Re§ﬁ)(1+|a\2) a)(1+[8[%) Im(ﬁ)(lﬂal))
)
|

é;*“"'2)) —0.

Similarly, using hyperkéahler relations, w'w = 1. O

Using this lemma, we now prove Proposition A.0.1 by proving that J = e 7,e~ for

a # B.
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PROOF. (Proposition A.0.1) Using stereographic projection, we first write J in terms

of a, f:

_ jepat S ke RONET Im(e) (14+]82) +Im(8)(1-+]of2)
I = wmenandt T T mremaser Y7 T T arepaner VK
o282 Re(a)(14]8[2)—Re(8) (1 +]o?) m(e) (14+[82) —Im(8) (1 +]af?)
T emarEm Jeor e aHeE Yes T arepatsm o ek

Note that if ® is a spinor for 7, then J = e 2 J,e”, where

7 0 —w!
w 0
ie.
7 —w B —wT!
Bw'B+w Bw!
We have by the lemma above that —w™! = —%(w;l —w™"). Then we just need to prove
1
(A.3) w'B = 3 (I, +1.),
1
(A.4) Bw 'B+w= 3 (wy —w_),
and the fact that
1
Bw™! =3 (15 +17)

follows easily from (A.3). Write as above
w= 1w+ yws + 2wk, w ' =dwt +ew; + fur,

B = aw; + bwy + cwg.

Then
w B = (da+ eb+ fe)id + (fb— ec)l + (dc — fa)J + (ea — db) K

81



so equation (A.3) is equivalent to

(A.5) ad+eb+ fc=0
_ Jap
(A.6) fo—ec = ramarmEm

_ Re(o)(14182)+Re(8)(1+|af?)
(A7) de — fa a1 I812)

o Im(@(48P)+Hm(8)(1+ o)
(A.8) ea —db A+ (1+I31) :

For equation (A.5), we have:

(0|8 (@im(aB)) + (Re(a) (14 8[2)—Re(8) (1 4+|of2)) (im(a) (1| 8[2) ~ Im(8) (1—|af2))
ad +be + fe = (T aP) (LB

_|_(Im(a)(1+|B|2)*Im(ﬁ)(1+\a|2))(Re(a)(\ﬂlz*U*Re(ﬁ)(\alzfl))
(I+]al?)(1+]B]%)

2(|lo?=|82)Im(aB)—20m(aB)(jal*=IB1%) _
(I+]al?)(1+]B]%) ’

Considering the coefficients of I, J, and K, we have the following computations. Equation

(A.6) yields:

(@O @)1+l (@)1 Tn(8)(1—lal?)
Jomee = ( (I+]al?)(A+B) )( a2 +BP—(aB+aB) )

_ (Re(a)(1+|B\2)—Re(ﬂ)(1+|al2)) (Re(a)(|ﬂ|2—1)+Re§5)(1—|a|2)>
(I+]e?) (1+]8]%) la[2+|B82—(ap+ap)

o (A= [B]*)+]8? (1—|a]) + Re(a)Re(B) (2|af]? ~2) —Im(a)Im(B3) (2—2|aB|?)
(I+|a?)(A+[B12) (|al*+]8]*—(aB+aB))

B> ~1
(I+]a?)(1+]8%) "

Similarly, for equation (A.7), we have:

— = o181 Re(a) (18]2~1)+Re(8)(1—|a[?)
demdo = <(1+|°“2>(1+|B‘2)>< |2 +]8]2—(af~aB) )

_(Im(a)(1+|B\2)—Im(6)(1+\al2))( Im(af)_ )
(+a2)(1+[82) [a2+[BP—(af+aB)

1 |a|*(B+8)+18]* (et &) +|a|? (a+a—aB?—aB?)+| 8| (B+B—a?B—aB) — (o2 B+Ba>+ap> +05?)
2 (1+]al?)(1+|81%) (|al2+|B12 = (aB+ap))

Re(a)(1+]B[%)+Re(B) (1+]of?)
(I+]al?)(1+]B]%) ’

82



And equation (A.8) yields:

0 (Re(@)(1+]82)—Re(8) (1+]al?) —i(af—aB)
ca—db = ( (1+aP)(1+B1%) ><Ia|2+lﬁlgf(a5+@ﬁ))

_( o2~ |82 )(Im(a)(lfIBIQ)*Im(B)(lflaIQ))
A+ (1+BP) a2+ [B2—(aB+ab)

IS

((a—d)(1+|5|2)(|al2+|6|2—(0<5+65ﬁ))+(5—3)(1+\al2)(\al2+\ﬁl2—(a5+@6)))
(la2+BI?=(ap+aB)) (1+|af?) (1+]5]?)

Im(a) (1+8[*)+Im(B) (1 +]af?)
(I+]el?) (1+]B]%) '

Thus the first condition (A.3) is satisfied.

To prove that Bw™'B + w = 1(w; — w_), we use the fact that

1 2
w'Bw'B = <§(I+ + L)) :
Hence this is equivalent to proving
1

(A.9) (50 +I>)2 — w7t (Jlor—w0) -1

For the right-hand side of equation (A.9), note that

| 2 _ _ ((aBP=1*+(Re(@)(1+|8)+Re(8) (1-+]af2))*+(Im(a) (1+]8]%) +1m(B) (1+a[*)?
UL +1)) =- ( (L aP)2(1+]BP2)2 ) '

This reduces to

1 2 _ (It +[812+|aBD) + Bl 1+ +] 812+ B|2) +(aB+aB) (1+|a?) (1+]8]2)
(34 +12))" = —( (A HaP)2(1F5])2 )
_ (1+|a6|2+a6+a5>
(A+]a?)(1+|B2) ) -

On the left-hand side of equation (A.9), we have

lal*+[82—2Re(af) _ 4
(laP+DBP+D)

(

N =

(wy —w))wt =1 =

_ =(leB]P+aB+ap+l) _ (1 2
= “wremie = 1)

This last computation proves the proposition.
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