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Abstract of the Dissertation
Holomorphic Twistor Spaces and Bihermitian Geometry

by

Steven Michael Gindi

Doctor of Philosophy
in

Mathematics
Stony Brook University

2014

Ever since the 1970’s, holomorphic twistor spaces have been used to study the geometry
and analysis of their base manifolds. In this dissertation, I will introduce integrable complex
structures on twistor spaces fibered over complex manifolds that are equipped with certain
geometrical data. The importance of these spaces will be shown to lie, for instance, in their
applications to bihermitian geometry, also known as generalized Kahler geometry. (This is
part of the generalized geometry program initiated by Nigel Hitchin.) By analyzing their
twistor spaces, I will develop a new approach to studying bihermitian manifolds. In fact,
I will demonstrate that the twistor space of a bihermitian manifold is equipped with two
complex structures and natural holomorphic sections as well. This will allow me to construct
tools from the twistor space that will lead, in particular, to new insights into the real and

holomorphic Poisson structures on the manifold.
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Chapter 1

Introduction

In the 1970’s, Atiyah, Hitchin and Singer introduced a tautological complex structure
on a certain twistor space fibered over an anti-selfdual four manifold that has had, until
today, a major impact on differential and complex geometry [3, 22]. It was generalized in
the 1980’s to the almost complex structure .J,, on the twistor space of any even dimensional
manifold [4, 21] (see Section 2.3 for the definition). Although JY . has led to many advances
in geometry, it is nonetheless almost never integrable and its applications have consequently
been limited to results about four dimensional manifolds or those of special type.

The purpose of this dissertation is to introduce other almost complex structures on twistor
spaces that are not only widely integrable but also rich in their applications to various fields
of geometry. The twistor spaces that we consider are the bundles of complex structures
associated to even rank real vector bundles that are fibered over complex manifolds (Section
2.1). The complex structures that we build depend on connections that satisfy certain
curvature conditions (Theorem 2.4.1). As these conditions are in fact easy to satisfy, our
holomorphic twistor spaces exist in abundance. For instance, we demonstrate in Section
3.3 that the twistor spaces of well known Hermitian manifolds—SKT, bihermitian, as well
as Calabi-Yau manifolds [7, 9, 1]—all admit complex structures that depend on the given
geometrical data. More examples of holomorphic twistor spaces are given throughout Part
1 (Chapters 2-4) of this dissertation.

The focus of Part 2 (Chapters 5-8) is to demonstrate how to use these twistor spaces
to derive results about the complex geometries of the base manifolds. In particular, we
develop a new way of thinking about bihermitian manifolds—also known as generalized
Kahler manifolds—that leads to insights into their real and holomorphic Poisson structures.

To give more details, our first application of holomorphic twistor spaces is given in Chap-
ter 5. There we use their holomorphic sections to decompose the base manifold into different
types of holomorphic subvarieties, denoted by M? (Theorem 5.1.1). The main idea behind
this construction is that the holomorphic sections of twistor space not only induce holomor-
phic bundles over the base manifold but different types of holomorphic bundle maps as well.
Some of the M? then correspond to the degeneracy loci of these maps while others refine
their structure.

We then establish in Section 7.1 a twistor point of view of the M? by realizing them
as intersections of different complex submanifolds and holomorphic subvarieties in twistor
space. This allows us to develop tools to study the M? inside this space and leads us to



derive a number of results about them. Our first result is given in Section 7.2 where we
establish lower bounds on their dimensions. Secondly we determine necessary conditions for
there to exist curves in the base manifold that lie in certain M° (Propositions 7.3.1 and
7.3.3). As described in Section 7.3, these conditions lead to upper bounds on the dimensions
of the subvarieties.

To demonstrate the importance of these results, we will now describe two of our major
classes of examples of a holomorphic twistor space equipped with holomorphic sections—
when the base manifold is a bihermitian manifold and holomorphic twistor space. As part of
the second example, we will provide more details as to how we used twistor spaces to derive
the above results.

1.1 Bihermitian and Generalized Kahler Manifolds

A bihermitian manifold is a Riemannian manifold equipped with a pair of complex struc-
tures that satisfy certain relations (Section 3.3.2). These manifolds were first introduced by
physicists in [9], as the target spaces of supersymmetric sigma models, and were later found to
be equivalent to (twisted) generalized Kahler manifolds [13, 16] (see also [1]). Consequently,
there are several approaches in the literature that are used to study these manifolds; and in
this paper, we introduce yet another—we study them via their twistor spaces.

Indeed, one of our major results of Sections 3.3 and 3.4 is that the twistor space of
a bihermitian manifold not only admits two complex structures but natural holomorphic
sections as well. By then applying Theorem 5.1.1 to this case, we decompose the bihermitian
manifold in Chapter 8 into holomorphic subvarieties that are new to the literature.

The importance of these subvarieties lies in their connection to known Poisson structures
on the manifold: Some of the subvarieties are the degeneracy loci of a holomorphic Poisson
structure while the ones that are new to the literature are surprisingly the loci of real Poisson
structures. At the same time, there are others that refine the structure of both of these loci.
As a consequence, we can now study the Poisson structures on a bihermitian manifold by
using the new tools from twistor spaces that were described above.

For instance, by applying the general bounds of Theorem 7.2.6, we derive in Section
8.3 an existence result about the subvarieties in bihermitian manifolds. More precisely,
we demonstrate that there are classes of bihermitian structures on CP? that cannot admit
certain M?. As these subvarieties refine the degeneracy loci of the corresponding holomorphic
Poisson structures on CP?, our result provides new information about the structure of these
loci.

Along with these results, we derive in Section 8.2 additional bounds on the dimensions of
the subvarieties in a bihermitian manifold by using Poisson geometry. Before we do so, we
apply the general existence conditions of Proposition 7.3.3, to show that it would be natural
to expect these bounds just by knowing a few simple relations.

1.2 Stratifications of Twistor Spaces

Our second major class of examples of a twistor space that is equipped with holomorphic
sections is when the base manifold is itself a holomorphic twistor space (Chapter 6). In
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this case, we not only produce different stratifications of twistor spaces, whose strata are
complex submanifolds and holomorphic subvarieties, but also use these structures to derive
the results about the general M? of Chapter 7.

As we show in Chapter 6, some of the complex submanifolds that we produce in twistor
space can be viewed as Schubert cells in a certain Grassmannian space. By using this
correspondence and defining special charts for the twistor space, we determine the dimensions
of these submanifolds (as well as the dimensions of the other subvarieties) and describe their
tangent bundles.

These properties are in fact important in our derivation of the results about the M?°
given in Chapter 7. The way that we derive them is to first holomorphically embed the
base manifold into its twistor space and then, as mentioned above, to realize the M? as
intersections of the different complex submanifolds and holomorphic subvarieties (Section
7.1). One advantage of this point of view is that the codimension of the intersection of any
two holomorphic subvarieties is always bounded from above by the sum of their codimensions.
Being that we have already determined the dimensions of the subvarieties in twistor space in
Section 6.2, we arrive at the bounds on the M? given in Section 7.2. Moreover, we also apply
the description of the tangent bundles given in Section 6.2 to derive the necessary conditions
for there to exist curves that lie in certain M? as specified in Propositions 7.3.1 and 7.3.3.

Having explored some applications of holomorphic twistor spaces to bihermitian man-
ifolds as well as twistor spaces, in our forthcoming paper [12] we will use them to derive
results about Lie groups that admit, what we call, twistor holomorphic representations.

Let us now turn to the task of defining integrable complex structures on twistor spaces.
We begin with the following preliminaries.



Part 1
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Chapter 2

Complex Structures on Twistor
Spaces

2.1 Preliminaries

Let V be a 2n dimensional real vector space and let C(V) = {J € EndV| J*> = —1} be
one of its twistor spaces. To describe some of the properties of C(V'), consider the action
of GL(V') on EndV via conjugation: B-A = BAB™'. As C(V) is a particular orbit of this
action, it is isomorphic to

GL(V)/GL(V, ),
where [ € C(V) and GL(V,I) = {B € GL(V)| [B,I] = 0} = GL(n,C). It then follows that
the dimension of C(V') is 2n? and that if we consider C(V') as a submanifold of EndV then

T,C = [EndV,J] = {A € EndV| {A,J} = 0}.

With this, we may define a natural almost complex structure on C(V') that is well known to

be integrable:
IcA=JA, for AeT,C.

If we now equip V' with a positive definite metric g then another twistor space that we will
consider is 7(V,g) = {J € C(V)| g(J-,J-) = g(-,-)}. In this case, 7 is an orbit of the action
of O(V,g) on EndV by conjugation, and is thus isomorphic to the Hermitian symmetric
space O(V,g)/U(I), where I € T and U(I) = U(n). It then follows that the dimension of
7 is n(n — 1) and that if we consider 7 as a submanifold of EndV then

;T =[o(V.g), J1={A€o(V,g)| {A, ]} = O}.

As I¢ naturally restricts to 1,7, 7 is a complex submanifold of C.

2.1.1 Twistors of Bundles

Let now £ — M be an even dimensional vector bundle fibered over an even dimensional
manifold. Generalizing the previous discussion to vector bundles, we will define C(E) =



{J € EndE| J* = —1}, which is a fiber subbundle of the total space of 7 : EndE — M
with general fiber C(E,), for x € M. Since the fibers of m¢ : C(E) — M are complex
manifolds, C(FE) naturally admits the complex vertical distribution VC C TC(F), where
V;C = TyC(Ery)) = [EndE| ), J]. Using the section ¢ € I'(ngEndE) defined by ¢|; = J,
we will then identify VC with the subbundle [1;EndE, ¢| of mEndE.

Letting g be a positive definite metric on E, we will also consider 7(E,g) = {J €
C(E)| g(J-,J-) = g(-,-)}. Similar to the case of C(E), T (E, g) naturally admits the complex
vertical distribution V7T, defined by V;T = T;T (Er ;) = [0(Ex),9), J]. If we denote the
projection map from 7 (E,g) to M by w7 then we will identify V7 with the subbundle
[150(E, g), @] of 5 EndE, where now ¢ € I'(rEndE).

Notation 2.1.1. As was done above and will be continued below, we will at times denote
C(E) by C and T(E,g) by T(E), T(g) or just T. Moreover, there are also times when we
will denote me or wr by just .

2.2 Horizontal Distributions and Splittings

With this background at hand, we will now take the first steps in defining integrable
complex structures on C(E) and 7 (F, g) in the case when M is a complex manifold. Given
a connection V on E we will define the horizontal distribution HVC in TC, so that this
latter bundle splits into VC @& HYC. Similarly, in the case when ¢ is a metric on E and V
is a metric connection, we will describe how to split 77 into V7 @& HV7T. Once we have
described these splittings we will define the desired complex structures on the above twistor
spaces in Section 2.3.

To begin, let, as above, E — M be a vector bundle, though the base manifold is not yet
assumed to be a complex manifold, and let V be any connection. As C is a fiber subbundle
of the total space of 7 : EndE — M, we will find it convenient to split its tangent bundle
by first splitting T'EndE.

Although there are other ways to define this splitting the basic idea here is to use parallel
translation with respect to V. First, if A € EndE and v : R — M satisfies v(0) = w(A)
then the parallel translate of A along v will be denoted by A(t). The horizontal distribution
HY EndE in TEndE is then defined as follows.

Definition 2.2.1. Let HY EndE = {%f)h:d for all v,v(0) = w(A)}.

It is straightforward to show that HY EndFE is a complement to the vertical distribution:

Lemma 2.2.2. TEndE = VEndE ® HY EndE.

Remark 2.2.3. The above procedure can actually be used to split the tangent bundle of any
vector bundle with a connection. Another way to define such a splitting is to consider the
bundle as associated to its frame bundle and then use the standard theory of connections.
These two methods yield the same splittings and are essentially equivalent.

Now if J € C C EndE and v : R — M is a curve that satisfies v(0) = 7 (.J) then it is
clear that the associated parallel translate J(t) lies in C for all relevant ¢ € R. It then follows
that HY EndE lies in T;C, so that we have:



Lemma 2.2.4. T;C = V;C® H)C, where HyC = HY EndFE.

Similarly, if ¢ is a metric on E and Vg = 0 then the parallel translate of J € 7 along ~
lies in 7. We thus have

Lemma 2.2.5. T,7 =V;T & HYT, where HYyT = HY EndE.

With the above splittings, it will be useful for later calculations to derive a certain
formula for the vertical projection operator PV : TEndE — V EndE = n*EndE, which,
upon suitable restriction, will also be valid for the corresponding projection operators for 7'C
and T7. The formula will depend on the tautological section ¢ of m*EndFE that is defined

by ¢|la = A:
Proposition 2.2.6. Let X € TyEndE, then
PV(X> - (W*V)X¢J
where we are considering PV to be a section of T*EndE ® m*EndE.

Proof of Proposition 2.2.6. Let {e;} be a local frame for E over some open set U C M about
the point 7(A), where A € EndE, and let {e; ® ¢’} be the corresponding frame for EndE.
Then for X € TyEndFE,

(7*V)x ¢ = (W*V)ng;n*(ei ® )
= d¢§-(X)€z‘ ® €| r(a) + A;-VW*Xei ® el

Let us now consider the following two cases.
A) Let X be an element of V4EndE, which for the moment is not identified with
EndFE|; 4, so that m,.X = 0. Also let A(t) be a curve in EndFE|4) such that A(0) = A

and %,Et)h:o = X. Then by Equation 2.2.2, (7*V)x¢ = %(:);h:gei ® €4 = PYV(X) €
EndE‘ﬂ(A).

B) Let X € HYFEndE so that it equals £ A(t)|;—o, where A(t) is the parallel translate
of A along some curve v : R — M that satisfies 7(0) = 7(A4). As d¢’(X) = £ A(t)}] =0,
Equation 2.2.2 becomes 4 A(t)%]i—o€; ® €/ |(a) + A;V%ltzoei ® €7, which is zero since A(t) is

parallel. O

If we consider the corresponding projection operator PV : TC — VC then it follows from
the above proposition that PV(X) = (15V)x¢, where ¢ is now a section of 73 EndE — C.
Note that since ¢* = —1, (7;V)x¢, for X € T,C, is indeed contained in V,C = {A €
EndE|;5)| {A,J} = 0}. In the case when g is a metric on £ and Vg = 0, an analogous
formula holds for PV : TT — VT.

Remark 2.2.7. We respectfully report that similar formulas for the projection operators for
TC and TT were derived in [21] but with a small error.



2.3 The Complex Structures

Now let £ — (M, I) be an even dimensional bundle that is fibered over an almost com-
plex manifold and let V be a connection on E. We will define the following almost complex
structure on the total space of m : C(E) — M and explore its integrability conditions in
the next section.

Definition 2.3.1. JV:D : First use V to split
TC=VC® HVC,
and then let

(1) g¥DA=JA
(2) TV = (1v)Y,

where A € V,C C EndE|,(;) and vV € H)C is the horizontal lift of v € Ty M.

In other words, J™!) on VC & HYC equals ¢ & 7*I, where we have identified VC with
[7*EndE, ¢ and HYC with 7*T M.
It then follows from the definition of J(V:!) that 7 is pseudoholomorphic:

Proposition 2.3.2. 7: (C,JV!)) — (M, I) is a pseudoholomorphic submersion.

In the case when g is a metric on E and V is a metric connection, the claim is that J (v.1)

on C restricts to 7, so that 7 C (C, JV"))) is an almost complex submanifold. The reason
is that T;7 splits into V;7 @ HY T, where HYT = HyC = HY EndE, as explained in the
previous section.

Remark 2.3.3. It should be noted that J has not yet been studied in this generality in
the literature. In [24], Vaisman did study JN1 only in the special case when E = TM and
VI =0 and only on certain submanifolds of C(TM). However, for our applications we do
not want to restrict ourselves to E =T M and we especially do not want to require VI = 0.

With J VD defined, let us now compare it to the tautological almost complex structures
on twistor spaces that are usually considered in the literature [3, 21, 4]. If V' is a connection
on T'M — M, where here M is any even dimensional manifold, then based on the splitting
of TC into VC @ HY'C, we define J,., on C(T M) as follows.

Definition 2.3.4. Let JY., = ¢ @ ¢, where we have identified VC with [r*EndT M, ¢] and
HY'C with 7*TM, and where the first ¢ factor acts by left multiplication.

To compare it to J D, note that J,Y., does not require M to admit an almost complex
structure, while the former one does. On the other hand, JY., is only defined for the
bundle E = TM whereas JVD is defined for any even dimensional vector bundle. Also,
given (M, I), the projection map (C(TM),JY..) — (M,I) is never pseudoholomorphic,
whereas (C(E), JVD) — (M, I) is always so. Lastly, J,Y., is rarely integrable- except in
special cases such as when M is an anti-selfdual four manifold [3]- whereas the integrability
conditions of JV:!) are very natural to be fulfilled, as we will show below.
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Although J V') and J,¥, are defined quite differently and have opposite properties, they
are still related holomorphically. Indeed, given (M, I') and a connection V on T'M and letting
C = C(TM), we will show in Section 3.4.2 that J,Y. ., which is almost never integrable, is
always a pseudoholomorphic section of (C(TC),J) — (C,JVD) for some appropriately
chosen J.

Having compared the above almost complex structures, let us now return to the general
setup of a vector bundle £ — (M, I) that is fibered over an almost complex manifold and
that is equipped with a connection V. The goal is to determine the conditions on I and the
curvature of V, RV, that are equivalent to the integrability of JV-D) not just on C but on
other almost complex submanifolds C’ as well. Although these conditions can be worked out
for any C’, we will focus on the case when the corresponding projection map wer : ¢’ — M
is a surjective submersion. If g is a metric on £ and Vg = 0 then as an example we can take
C' =T (g). We will describe other examples below in Section 2.5.

The method that we will use to explore the integrability conditions of 7! on C’ is to
calculate its Nijenhuis tensor on C.

2.3.1 Nijenhuis Tensor

In this section, let 7 : C(E) — M be the projection map and define J := J!)
and P := PV : TC — VC C m*EndE, as in Section 2.2. We will presently compute the
Nijenhuis tensor, N7, of J that is given by

NI (X,)Y) =[TX,TY] - JIX, Y] - TX,JY] - [X.Y],
in terms of the Nijenhuis tensor of I and the curvature of V, RV.
Proposition 2.3.5. Let X, Y € T;C and let v = 7, X and w = w,Y. Then

1) N7 (X,Y) = N (v,w)
2) PNY(X,Y) = [RY (v,w) — RY (v, Iw), J] + J[RY (Iv,w) + RY (v, [w), J].

Proof of Proposition 2.3.5, Part 1). This easily follows from the fact that if X € I'(TC) is
m-related to v € T'(T'M) then JX is m-related to Iv. O

Letting, as above, ¢ € ['(n*EndFE) be defined by ¢|; = J, the proof of Part 2 of the
proposition, will be based on the following lemma.

Lemma 2.3.6. Let X, Y € I'(TC). Then
PY([X,Y]) = —[RTV(X,Y),¢] + 7" Vx P(Y) = 7"Vy P(X).
Proof. Consider

PY([X,Y]) = 7" Vixy)¢
— _R(W*Vm*EndE) (X, Y)¢ + W*VXW*Vy¢ o W*Vyﬁ*VXQS,



where R(™"V:7EndE) i the curvature of 7%V, which is considered as a connection on 7* EndE.
The lemma then follows from the identity: R V™ ErdE)(X V)p = [R™V(X,Y), ¢).
m

Proof of Proposition 2.3.5, Part 2). Let X,Y € I'(TC) and consider PN7(X,Y) =
P(UX,JY]| - JJX, Y] - J[X,JY] —[X,Y]). By using the previous lemma as well as
the fact that PJ = ¢P, we can express PN (X,Y) as the sum of two sets of terms. The
first set involves the curvature of 7*V:

[R"Y(X,Y) = R"V(IX,JY), ¢+ ¢o[R"V(TX,Y)+ R"V(X,TY), ¢l

When restricted to J € C this gives the expression for PN (X,Y) that is contained in Part
2 of the proposition.
The second set of terms is

T VaxP(JY) = on*VosxP(Y) — ¢pn*VxP(JY) —1m*'VxP(Y) — (X < Y).
Using PJ = ¢P, it easily follows that the first four terms and the last four, which are
represented by (X < Y), separately add to zero. ]

2.3.2 Integrability Conditions

We are now prepared to explore the integrability conditions of J¥) on C’, where, as
above, C' is any almost complex submanifold of (C(E), J™D) such that mer : C' — M
is a surjective submersion. As is well known, JV'!) on C’ will be integrable if and only if
T.N7(X,Y) and PN7(X,Y) are both zero VX,Y € T;C’ and VJ € C'. By Proposition
2.3.5, the first condition is equivalent to the vanishing of the Nijenhuis tensor of I, while the
second is equivalent to

[RY (v,w) — RY (v, Iw), J] + J[RY (Iv,w) + RY (v, [w), J] = 0

Vo,w € Tr(;yM and VJ € C'. To analyze this condition, we will express it in terms of R™?,
the (0,2)-form part of the curvature RY:

Lemma 2.3.7. The condition
[RY (v,w) — RY (Iv, [w), J] + J[RY (Iv,w) + RY (v, [w), J] = 0
Vo, w € TryM holds true if and only if
[R*2 JIEY" = 0.

We thus have:
Theorem 2.3.8. (C', 7™'D) is a complex manifold if and only if

1)1 is integrable
N[RY, JJEY =0, VJeC.
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Note that the second condition in the above theorem is equivalent to R%? : ES’I —

EY' VI ec.

2.4 (1,1) Curvature

Assuming henceforth that I is integrable, an important case of Part 2 of the above
theorem that guarantees that (C’, VD)) is a complex manifold is when R(? = 0, or
equivalently, when RY is (1,1) with respect to I. In particular, we have:

Theorem 2.4.1. Let E — (M, 1) be fibered over a complex manifold and let V be a
connection on E that has (1,1) curvature. Then TND s an integrable complex structure on
C(E). In addition, if g is a metric on E and Vg = 0 then T (E, g) is a complex submanifold

of (C(E),TV:D).

If we C-linearly extend V to a complex connection on E¢ := E ®g C then the condition
that RY is (1,1) can also be expressed as (V%!)? = 0. We thus have:

Lemma 2.4.2. Let V be a connection on E — (M, I). Then RY is (1,1) if and only if
VO is a O—operator on Ec.

In Section 4.2 we will use the fact that V%! is a d—operator to holomorphically embed
(€', JV:D) into a more familiar complex manifold that is associated to the holomorphic
bundle E¢— the Grassmannian bundle, Gr,(Ec).

Example 2.4.3 (Pseudoholomorphic Curves). Let E — (M, ) be an even dimensional
vector bundle fibered over a complex curve. If V is any connection on E then R%? is
automatically zero and hence (C(E), VD) is a complex manifold. Moreover if g is a metric
on E and V is a metric connection then 7 (E, g) is a complex submanifold of (C(E), 7).

As an application, let £ — (N, J) be an even dimensional vector bundle that is fibered
over an almost complex manifold and let V be any connection on E. The goal is to show
that although (C(E), 7™/ is only an almost complex manifold, it always contains many
pseudoholomorphic submanifolds that are in fact complex manifolds. The idea is to use the
well known existence of a plethora of pseudoholomorphic curves in N. Indeed, if we let
i:(S,I) — (NV,J) be a pseudoholomorphic embedding of a complex curve into N then
the curvature of i*V on *E is (1,1) and thus (C(i*E), 7@V:1)) is a complex manifold. As
it is straightforward to show that i induces a pseudoholomorphic embedding of C(i*E) into
C(E), C(1*E) is one of many examples of pseudoholomorphic submanifolds of C(FE) that are
themselves complex manifolds.

Further connections between twistors and pseudoholomorphic curves will be explored in
the near future. O

Another example of a vector bundle that naturally admits connections with (1,1) cur-
vature is a holomorphic Hermitian bundle. We will describe this case in detail in Sections
3.1-3.3, but in the following we present examples where the base manifold M is a twistor
space itself as well as an anti-selfdual four manifold.

11



Example 2.4.4. (Twistors) Let V be an even dimensional real vector space and, as in
Section 2.1, let C(V') be its twistor space with complex structure Ic. The bundle E that
we will consider is the trivial bundle C(V') x V' — C(V'). We could then choose the trivial
connection d on E to define a complex structure on C(E) but let us modify it by using a
certain section ¢ of EndE — C(V') that is defined by ¢|; = J. (¢ has appeared before in
Sections 2.1.1 and 2.2 where we were discussing the twistor spaces associated to bundles and
not just vector spaces.) The connection that we will then choose is V := d + %(dgb)gb since
its curvature has the desired property:

Proposition 2.4.5. V is a connection on E with (1,1) curvature.
To prove this, we need the following lemma, which is a special case of Proposition 2.2.6.
Lemma 2.4.6. Let A€ T;C ={B € EndV| {B,J} =0}. Then da¢ = A.

Proof of Proposition 2.4.5. The curvature RV is given by —}L(dgb A d¢). To show that it is
(1,1) first note that if A € T;,C C EndV then IcA = JA and by the above lemma, d ¢ = A.
It then follows that for A and B € T,C, RV(JA, JB) = —3[JA, JB] and since A and B
anticommute with J, this equals —3[A, B] = RV (A, B). Thus RV is (1,1). O

It then follows from the above proposition as well as Theorem 2.4.1 that (C(E), J(V+¢))
is a complex manifold.

Of course, we could have replaced %(d(b)gzﬁ in the definition of V with, for example, just
d¢. The reason that we chose this specific term is that V will then satisfy V¢ = 0, which
will especially be used in the forthcoming chapters.

In Section 3.4 we will show how this example can be understood as part of a general
procedure that produces new connections with (1,1) curvature from holomorphic sections of
twistor space. ]

Example 2.4.7 (Anti-selfdual Curvatures). Consider an even dimensional vector bundle
E — (M, g) that is fibered over a four dimensional oriented Riemannian manifold. Since
the manifold is oriented, the bundle of 2-forms, A?T*, splits into a direct sum of AT and
A7, the +1 and -1 eigenbundles of the Hodge star operator. To obtain a complex structure
on C(E), suppose V is a connection on E with anti-selfdual curvature, i.e. RY € I'(A~ ®
EndE). Moreover, suppose [ is a complex structure on M that is compatible with g and
that also induces the same orientation as that of the given one. The claim then is that
RY is automatically (1,1) with respect to I. The reason is that it is well known that
AT =< w > @A ® A%?) and A~ = Ay", where w(-,-) = g(I-,-) and Ay" is the orthogonal
complement to < w > in AY'. We thus have:

Corollary 2.4.8. (C(E), J™V)) is a complex manifold.

Let us now consider the following special case, which is more familiar in the literature.
Let E =TM and let (M, g, I) be an anti-selfdual Hermitian four manifold whose orientation
is determined by I. As the curvature of the Levi Civita connection, RV, lies in ['(A~ ®
o(T'M, g)), there are at least two integrable complex structures on 7, which is the subbundle
of 7 whose elements induce the same orientation as that of I. The first of these complex

12



structures is V1), as it is integrable on all of 7', and the second is the tautological complex
structure J,v, . as defined in Section 2.3 [3].

Given that 71 admits these two complex structures, it is natural to explore some bundles
over this twistor space that admit connections with (1,1) curvature, for they in turn can be
used to define complex structures on other associated twistor spaces. Letting 7 : 77 — M
be the projection map, the first bundle that we will consider is 7*T'M. The claim then is
that there are at least two connections on this bundle that have (1,1) curvatures with respect
to both 7V:!) and 7Y .. The first of these connections is simply 7*V— its curvature is (1,1)
because RV € I'(A~ ® o(T'M, g))— while the other connection is 7V’ = 7*V + £(7*V )¢,
where ¢ € I'(7* EndT' M) is defined by ¢|; = J. One way to prove that this latter connection
has the desired (1,1) curvature property is to generalize the proof of Proposition 2.4.5.
Although this is straightforward to carry out, we will prove it instead in Section 3.4 by
first showing that ¢ is a holomorphic section of (C(7*TM), J™ VD) — (T+,T) for T €
{JD 7Y 1. Note that, similar to the discussion in the previous example, the connection
7V’ satisfies 7*V'¢ = 0, which will have several applications later on.

Now we can use these connections on 7*1'M to produce connections on the tangent bundle
of T+, TT™, that also have (1,1) curvatures with respect to both J:!) and 7Y .. For this,
split 77+ = VT+ @ HVT*, which is a special case of Lemma 2.2.5, and identify V7 + with
[7*(0(T'M, g)), ¢] and HYVT * with m*TM. As one may check, 7V +1[(7*V )¢, -|@® D, where
D is either 7V or 7*V’, defines a connection on 77" with (1,1) curvature and thus defines
different complex structures on C(7T7 ).

We will consider more properties of 7(V+!) and 7Y, as well as their interaction in Section
3.4.2. O

In Chapter 3, we will give more examples of bundles that admit connections with (1,1)
curvature and show, in particular, that SKT, bihermitian as well as Calabi-Yau manifolds
naturally admit complex structures on their twistor spaces.

2.5 Other Curvature Conditions

Although, by Theorem 2.3.8, the condition R(»? = 0 guarantees the integrability of
JYD on €' € C(E), it is not the most general one. The present goal is to demonstrate some
of these more general conditions for certain C’.

As a first example, consider a C’ that satisfies the following condition: given any J € C’,
—J is also in C'.

Proposition 2.5.1. IfC' satisfies the above condition then (C', VD) is a complex manifold
if and only if [R*?,J] =0 for all J € C'.

Proof. If (C', 7V'1) is a complex manifold then given J € C’, it follows from Theorem 2.3.8
that [R?, J|ES" and [R%?, J|E*} are both zero. Hence [R*2,J] = 0 for all J € C'. As I is
already assumed to be integrable, the converse also follows from Theorem 2.3.8. O]

In the case when C’' = C, it is straightforward to show that the condition [R%?, J] = 0 for
all J € C is equivalent to the endomorphism part of R%? being pointwise constant. We thus
have:
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Proposition 2.5.2. (C, 7V"1) is a complex manifold if and only if R®? = A ® 1, where \
is a (0,2) form on M and 1 is the identity endomorphism on Ec.

Example 2.5.3. To take a simple example, let V' be a connection on E — (M, I) that
has (1,1) curvature and let V = V' + (w ® 1) for some 1-form w. Then (RV)%? = (V%12 on
E¢ equals Ow®' ® 1 and hence JV)) is a complex structure on C. This complex structure,
however, is not new since JV!) is actually equal to J '), The reason is that although the
connections V and V’ are not equal on F they are in fact the same on EndFE.

More interesting examples will be the subject of future work. O]

For another example of a C' of the above type, let g be a metric on E — (M, I) and let
V be a metric connection. As in the case for C, it follows from Proposition 2.5.1 that J V0
is integrable on C' = 7 (g) if and only if the endomorphism part of R%? is pointwise constant.
However, in this case R%? is a (0,2) form that takes values in the skew endomorphism bundle
o(Ec, g), so that its trace is zero. We thus have:

Proposition 2.5.4. (T, 7™1) is a complex manifold if and only if R®? = 0.

Example 2.5.5. In Chapter 6 we will be considering other types of C’. For example, let
E — (M, I) be equipped with a metric g and a metric connection V. If J € T'(7) satisfies
VJ = 0 then we will show, in particular, that the following are almost complex submanifolds
of (T, 7V:D):

DT () ={K € T| dimKer(K + J) = 2m; }

)Tm=U(J) = {K € T| dimKer(K —J) = 2m_,}.

In addition, if RY is (1,1) then the above are complex submanifolds that form the strata of
some of the stratifications of 7 that were mentioned in the introduction. O]
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Chapter 3

More Examples

The goal of this chapter is to describe various connections with (1,1) curvature on holo-
morphic Hermitian bundles and the resulting complex structures on the twistor spaces C
and 7. In particular, we will demonstrate that the twistor spaces of SKT, bihermitian and
Calabi-Yau manifolds naturally admit complex structures. In Section 3.4, we will explore
the holomorphic sections of these twistor spaces and show how they can be used to construct
other connections that have (1,1) curvature.

We will now begin by considering the Chern connections of Hermitian bundles.

3.1 Chern Connections

Let E — (M, I) be a holomorphic bundle fibered over a complex manifold. Here, we
will view it as a real bundle equipped with a fiberwise complex structure, J. If g is any
fiberwise metric on F that is compatible with J then, as is well known, the associated Chern
connection V" (considered as a real connection on F) has (1,1) curvature. We thus have

Corollary 3.1.1. (C, j(VCh’I)) is a complex manifold and T is a complex submanifold.

Example 3.1.2. As a simple example, let (M, I) be any complex manifold that admits a
Kahler metric g. Then the Chern connection, VE" on TM equals the Levi Civita connection,
vEievi Thus J(V*"D is an integrable complex structure on C and 7. O

If we now C-linearly extend V" to E¢ then, as a particular case of Lemma 2.4.2, V¢M0.1
is a O-operator for this bundle. To describe this d-operator in more familiar terms, let us
consider the holomorphic bundle E*Y @ E*19 where E™° is the +i eigenbundle of J. The
claim then is that the map

1 @g : E(C = El,O D Eo,l N El,o D E*l’o

is an isomorphism of holomorphic vector bundles. If we denote the Chern connection on EY
by V" then this follows from the following proposition, whose proof is straightforward.

Proposition 3.1.3. V" = V" @ g7V as complex connections on Ec = E0 @ E%L.
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Thus in particular if {e;} is a local holomorphic trivialization of E? then {e;, g~ '(¢*)} is
a holomorphic trivialization of F¢.

Now if ¢’ is another metric on E that is compatible with J then in Chapter 4 we will
address the question of whether (7(¢'), J (VCh,J)) is biholomorphic to (7(g), JV"D) by
holomorphically embedding twistor spaces into Grassmannian bundles.

3.2 O-operators

In the previous section, we found it useful to describe VMO on E¢ by considering the
natural d-operator d on E'° @ E*'Y and the isomorphism

1®g: Ec=E"Y®E"" — EYV g B

In this section, we will give more examples of d—operators on E'0 @ E*10 and use this same
isomorphism to transfer them to ones on E¢. These in turn will give metric connections on
E with (1,1) curvature that can be used to define complex structures on 7.

To begin, let (E,g,J) — (M, I) be, as above, a holomorphic Hermitian vector bundle
and consider the following natural symmetric bilinear form <,> on E'° @ E*19%: < X +
Y +v >= 3(uY) +v(X)). A general J-operator that preserves this metric is of the
form 9 + D', where D' € T(T*"! @ so(E'* @ E*10)). If we now consider the splitting of

so(EYY @ E*10) = EndE'YY @ A2E*H0 & A2E10 then we may decompose

A «
0,1 _
= (5 )

where A, D and « are (0,1) forms with values in EndEYY A2E*10 and A2E10) respectively.
Since 0 + D'%! squares to zero, there are differential conditions on these sections. If we
take, for example, the case when D! = D then these conditions are equivalent to 9D = 0;
a similar statement holds for the case when D! = a.
To obtain d-operators on E¢, consider, as above, the isomorphism,

1®g: (Ec = EY @ B, g) — (B @ B0 < 5.

0+ D" on E'* @ E*0 then corresponds to V"0 4 DO on E¢, where

A ag
01 _
Dg - (g—lD _g—lAtg>'
As we are interested in real connections on E, note that V<% 4 DO is the (0,1) part

of the real connection V" + D, 1= VE 4+ DO 4 D! whose curvature is (1,1).

Corollary 3.2.1. J(VChJFDg’I) s a complex structure on C and T .

For convenience, we summarize the 0-operators and connections that we have discussed
so far in the following table.
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E E(C El,O @ E*l,o
VCh—i—Dg V(Jh((),l) +D2,1 5+D/0,1

If we now take the case when D! = D then in Section 4.4 we will explore how 7 (V"+Pa.D)

on 7 depends on the Dolbeault cohomology class of D in H*'(A2E*10) ie. if B € T(A2E*1Y)
then we will determine whether @ + D and d + D + 0B give isomorphic complex structures
on 7.

Moreover we will also address a question that is a generalization of the one raised in
the previous section: if ¢’ were another metric on E' that is compatible with J then given
DOl e T(T* @ so(EY @ E*10)), is it true that (7(¢), j(VCh/+D9’7I)) is biholomorphic to
(T(9), JV"+PeDy?

3.3 Three Forms

An important case of the above discussion is when E = T'M is fibered over a Hermitian
manifold (M, g, I) that is equipped with a real three form H = H2! + H>' of type (1,2) +
(2,1), such that 9H*' = 0. In this case, we will let D'*! = H?!  which is defined to be a
section of T*%! @ s0(T*0 @ T*10) by setting H2'w = H*'(v,w,-), for v € T®' and w € T°.
It then follows that VC"OD 4 ¢=1H2! where here g 'H?>! = ¢~ 'HY! is a O-operator

2

on TMg =T"" & T%'. As the corresponding D, in the above table is $I[g~*H, I], we have

Proposition 3.3.1. VO + 21[g~ H, 1] is a metric connection on TM with (1,1) curvature.

Hence J(V"+31ls7 ' H.I1D) ig 3 complex structure on C and 7.
As we will now show, natural examples of the above three form H can be found on SKT
manifolds, bihermitian manifolds and Calabi-Yau threefolds.

3.3.1 SKT Manifolds

A natural example of a real three form on any Hermitian manifold, (M, g, 1), is H =
—dw = i(0 — d)w, where w(-,-) = g(I-,-). If we take its (2,1) part, H>!, then it is
straightforward to check that it is 0 closed if and only if dH = 0. Manifolds whose H satisfy
this condition are known in the literature as strong Kahler with torsion (SK'T) manifolds and
have recently become very popular in the mathematics and physics communities [7, 6]. One
of the associated d-operators on TM¢ = TH0 @ T is VOROD — g=1 g1 and was actually
introduced in a paper of Bismut in his study of Dirac operators [5]. The main point that we
would like to stress here is that, as a corollary of the above discussion, this d-operator leads
to complex structures on the twistor spaces C and 7 that can be described as follows. First
note that V"D — g=1 H21 ig the (0,1) part of the real connection V" — 1I[g~'H, I] which
can be shown to be equal to V™~ := VF' —2¢~1H  where V1 is the Levi Civita connection.
The connection V™ is closely related to the Bismut connection, V* := VIevi 4 %g_lH (see
below for a general definition as well as [5, 10]).

Corollary 3.3.2. If (M,g,I) is SKT then (C,JV 1) is a complex manifold and T is a
complex submanifold.
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The Bismut connection that was mentioned above is actually defined for any almost
Hermitian manifold, (M, g, I):

Definition 3.3.3. The Bismut connection is the unique connection, V', that satisfies

o1
1. VH = viei ¢ ég_lH, where H is a 3-form
2.Vt =0.

It can be shown that H is (1,2) +(2,1) if and only if [ is integrable and in this case it
equals —d“w [10, 13].

3.3.2 Bihermitian Manifolds

A source of SKT manifolds is bihermitian manifolds [9, 1, 13, 16]. A bihermitian manifold
is by definition a Riemannian manifold (M, g) that is equipped with two metric compatible
complex structures J, and J_ that satisfy the following conditions

VTJ, =0 and V J_ =0,

where V= = V2 + 1971 H  for a closed three form H.
It then follows from Definition 3.3.3 that V™ and V~ are the respective Bismut connec-
tions for J, and J_. Thus an equivalent way to express the above bihermitian conditions

is
H=—-diw; =dw_ and dH =0.

Since dH is assumed to be zero, (g,J.) and (g,J_) are two SKT structures for M and
hence by Corollary 3.3.2 the associated twistor space 7 admits the following two complex
structures that depend on the three form H:

Corollary 3.3.4. 7V 74 and JV7) are two complex structures for C and T.

We will derive more results about bihermitian manifolds in Sections 3.4.2 and 8. As
for some examples, Kahler and hyperkahler manifolds are bihermitian. Other examples of
bihermitian structures have been found, in particular, on compact even dimensional Lie
groups, Del Pezzo surfaces and more generally on Fano manifolds [13, 17, 15].

3.3.3 Calabi-Yau Threefolds

Another class of Hermitian manifolds that admit 0 closed (2,1) forms, which by Propo-
sition 3.3.1 can be used to define complex structures on C and 7, are Calabi-Yau threefolds.
Indeed, H%ilbeault parametrizes the deformations of the complex structure on the threefold.
It is interesting to note that at the same time there is a well defined map from Hp., .
to the space of complex structures on the twistor space (modulo biholomorphisms) as will
be described for a more general setup in Section 4.4.1. We are currently investigating the
connection between deformations of complex structures on Calabi-Yau threefolds (as well as

on general complex manifolds) and the complex geometries of twistor space.
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3.4 Holomorphic Sections of T'wistor space

In the previous sections we gave a number of examples of the general setup of a bundle
E — (M, I) that is equipped with a connection, V, that has (1,1) curvature. Given the
associated complex manifold (C, JV:!)), which holomorphically fibers over M, it is natural to
consider its holomorphic sections. While we will use these sections in Chapter 5 to produce
holomorphic subvarieties in M and in particular stratifications of C, as was mentioned in
the introduction, our focus here is to use them to construct more connections with (1,1)
curvature— and thus more complex structures on twistor spaces. To begin, let us characterize
the holomorphic sections of C.

3.4.1 Holomorphic Sections and (1,1) Curvature
As above, let E — (M, I) be equipped with a connection V that has (1,1) curvature.

Proposition 3.4.1. J : M — (C, 7V'1) is a holomorphic section if and only if JV,J =
Vied, for allveTM.

Proof. Letting PV : TC — VC, as in Section 2.2, be the projection operator that is based
on the splitting of T'C into VC @ HVC, let us consider the holomorphicity condition of .J:
JVDJ, = J.I. If v € T,M, we then have:
1) JVI T = FVD(PY(Jw)+0Y), where vV € Hy ,C is the horizontal lift of v € T, M.
This then equals JPY (J,v) + (Iv)Y.
2) J.(Iv) = PV (J.Iv) + (Iv)Y.
Hence J is holomorphic if and only if

JPY (Jv) = PY(J,Iv). (3.4.1)

Using the formula PV = 7*V¢, as given in Proposition 2.2.6, it is straightforward to show
that PV(J,v) = V,J. Plugging this into Equation 3.4.1 proves Proposition 3.4.1. O

If we consider the —operator V%! on E¢ then the above holomorphicity condition is
equivalent to (Vo’lJ)ES’1 = 0. This in turn is equivalent to JV%le = —iV%le, for all e €
I'(EY"). We thus have:

Proposition 3.4.2. J: M — (C, JV'D) is a holomorphic section if and only if Eg’l is a
holomorphic subbundle of (Ec, V1).

Having described the holomorphic sections of C, let us now use them to build other
connections on E with (1,1) curvature.

Proposition 3.4.3. Let J : M — (C,J™!) be a holomorphic section. Then ¥V + V.J(a +
bJ), where a,b € R, is a connection with (1,1) curvature.

Proof. We will show that V%' 4+ V%! J(a 4 bJ) is a 0-operator on Ec. By using Proposition
3.4.2, it is straightforward to show that this (0,1) connection is of the form V%! 4+ A, where
A € T(T*' @ EndE¢) satisfies V&' A =0, AE;" ¢ EY" and AE}" = 0. Tt then follows that
V% 4+ A squares to zero. O
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These new connections then lead to other complex structures on the twistor space:

Corollary 3.4.4. If J is a holomorphic section of (C, JV'1) then JNV+VI@+bD.D) s g com-
plex structure on C. In addition, if (E,g,J) is a Hermitian bundle and V is a metric
connection then this complex structure restricts to T .

Among the above connections, there is a particular one that we wish to focus on:

Proposition 3.4.5. V' := V + £(VJ)J is a connection with (1,1) curvature that satisfies
V'J=o.

Thus J, originally chosen to be a holomorphic section of (C, 7 V1)), is also, by definition,

a parallel section of (C, JV"*D). Moreover, if we consider the holomorphic bundle (Eg, V"),
then the fact that V'.J = 0 implies that E},’O and E3’1 are holomorphic subbundles. We will
explore the consequences of this in Chapter 5.

3.4.2 Examples of Holomorphic Sections

In searching for examples of holomorphic sections of (C, JV'!), it should first be noted
that since m : C — (M, I) is a holomorphic submersion, there are plenty of local ones. As
for global holomorphic sections, in the case when C = C(TM) — (M, I), there is a natural
candidate— namely [ itself. While we will describe other examples of holomorphic sections
later on, our first goal is to describe a certain class of twistor spaces, which include those
associated to SKT and bihermitian manifolds, where I is holomorphic. Yet in fact we will
find it natural to begin with a more general situation where I is not necessarily integrable
and explore the condition that guarantees that I is pseudoholomorphic. We will use this, in
particular, to show that the (pseudo)holomorphicity condition on sections of twistor space
is a generalization of the integrability condition.

To begin, let (M, g,I) be an almost Hermitian manifold that is equipped with a real
three form H. Using the natural Chern connection, V" on TM (see for example [10]) we
will consider V = V" + 11[g~'H, I] and the corresponding twistor space (7, 7V-"), which
is only an almost complex manifold. We will now explore the conditions on H so that I and
—1I are pseudoholomorphic sections:

Proposition 3.4.6.

1)1 : M — T is pseudoholomorphic if and only if H is (1,2) + (2,1).
2) —1: M — T is pseudoholomorphic if and only if H is (3,0) + (0, 3).
Proof. As Proposition 3.4.1 is true regardless of whether [ is integrable, it follows that [

is pseudoholomorphic if and only if I[¢g7'H, I| = [¢g~'H;, I], which is equivalent to H being
(1,2) 4+ (2,1). The proof of 2) is similar. O

If we now choose H to be the three form that is contained in the Bismut connection
VvVt = vievi 4 % ¢~ 'H, which was defined in Definition 3.3.3, then the pseudoholomorphicity
of I is equivalent to its integrability:
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Proposition 3.4.7. I : M — (T, J™D) is pseudoholomorphic if and only if I is inte-
grable.

Proof. This follows from Proposition 3.4.6 and the fact that for the three form H in the
Bismut connection, I is integrable if and only if H is (1,2)+(2,1). O

It is in this sense, as we remarked above, that the pseudoholomorphic condition on
sections of twistor space generalizes the integrability condition on almost complex structures.

Using Proposition 3.4.6, we can now describe a class of holomorphic twistor spaces that
always admit I as a holomorphic section. Indeed, let (M, g, I) be a Hermitian manifold that
is equipped with a 0 closed (2,1) form, H>', and let H = H2>! 4+ H*'. By Proposition 3.3.1,
the connection V = V" + L1[g7'H, I] on TM has (1,1) curvature and thus (7,7 VD) is a
complex manifold. Since H is (1,2)+(2,1), we have:

Corollary 3.4.8. I : M — (T, JY'1) is holomorphic.

As was described in the previous section, whenever we have a holomorphic section of a
twistor space we automatically obtain other connections with (1,1) curvature. For the above
case, one such connection is V' = V 4 3(VI)I, which satisfies V'] = 0. This particular
connection is in fact a familiar one:

Proposition 3.4.9. V' = V¢
Proof. Since VI = [¢7*H, 1], V' =V + LI[g7*H, 1] + L([¢g7'H, I])] = V. O

To take an example of the above setup, let (M, g, ) be an SKT manifold, as defined in
Section 3.3.1, so that H = —d“w = i(0 — 0)w satisfies dH = 0. Since this latter condition
is equivalent to 9H>! = 0, the connection V" — 11[g=1H, I], which equals V~ = Vi —
%g‘lH , has (1,1) curvature. Taking Proposition 3.4.6 into account, we have:

Proposition 3.4.10. Let (M, g,1) be an SKT manifold.

DI:M — (T,7Y D) is holomorphic.
2)—1: M — (T,7V D) is holomorphic if and only if (M, g,I) is Kahler.
Proof. To prove 2), note that by Proposition 3.4.6, —I is holomorphic if and only if H is

(3,0)+(0,3). As H is already (1,2)+(2,1), this is true if and only if H = 0, or equivalently,
(M, g,I) is Kahler. O

Since a bihermitian manifold admits the two SKT structures (g, .Jy) and (g, J_) as ex-
plained in Section 3.3.2, we have

Proposition 3.4.11. Let (M, g, J.,J_) be a bihermitian manifold. The following are holo-
morphic sections:

=
=
=
=

T, j(v_v‘]+))
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Since V*Jy = 0, J, and J_ are also, by definition, parallel sections of (7, j(v+"]—))
and (7, 7V " /+)) respectively. In Chapter 8 we will use these parallel and holomorphic
sections of 7 to produce holomorphic subvarieties in (M, J;) and (M, J_) that are new to
the literature.

Having given some examples where the section I : (M,g,I) — (7,J™1) is holo-
morphic, we will now consider other examples of holomorphic sections of twistor space. The
following demonstrates that there are twistor spaces that are fibered over other twistor spaces
that naturally admit holomorphic sections.

Example 3.4.12. Let E — (M, I) be equipped with a connection V that has (1,1) curva-
ture. Denoting the projection map from C(E) to M by 7, in this example we will be focusing
on the complex manifold (C(E),T), where Z = J!) along with its pullback bundle 7*E.
Since 7 is holomorphic, the connection 7*V on 7#*F has (1,1) curvature so that the total
space of (C(m*E), J"" V1)) — C(F) is a complex manifold.

As we discussed before, ¢ is a natural section of C(n*F), defined by ¢|; = J, and the
claim is that it is holomorphic:

Proposition 3.4.13. ¢ is a holomorphic section of (C(7*E), 7™ V1)) — C(E).

Proof. Tt follows from Proposition 3.4.1 that ¢ is holomorphic if and only if ¢(7*V)x ¢

= 1*Vzx9, for all X € TC(E). By Proposition 2.2.6, this is equivalent to ¢PV(X) =
PY(IX), where PV : TC — VC is the vertical projection operator that is induced by V.
This last expression follows directly from the definition of 7 = JV:D. O

Since ¢ is holomorphic, by Proposition 3.4.5, the connection 7*V’ = 7*V + %(W*ng)gzﬁ on
m™E — (C(F),T) also has (1,1) curvature and satisfies 7*V’¢ = 0. We thus have:

Corollary 3.4.14. 7™ V"D s another complex structure on C(n*E).

The fact that R™Y is (1,1) implies that (7*Eg, 7*V'®!) is a holomorphic bundle over
(C(E),Z) and since 7*V'¢ = 0, W*E;’O and W*Eg’l are holomorphic subbundles. We will use

this result in Chapter 6 to produce complex submanifolds that form the strata of several
stratifications of (C(E),T).

If we now restrict (7*E,7*V) to a particular fiber of 7 : C(E) — M then we obtain the
setup of Example 2.4.4: an even dimensional real vector space, V', and the trivial bundle
E' =C(V) xV — C(V) that is equipped with its trivial connection d. It follows from
Proposition 3.4.13 that ¢ € T'(EndE’), defined by ¢|; = J, is a holomorphic section of
(C(E"), J4le))y — C(V), where I¢ is the standard complex structure on C(V). Another
way to show the holomorphicity of ¢ is to first note that the map

(C(E"), J@) — (V) x C(V)
J — (K, J),
where J € C(E')|k, is a biholomorphism. The section ¢ of C(E’) then corresponds to the
diagonal map from C(V') into C(V') x C(V'), which is holomorphic.

We can now rederive the results of Example 2.4.4. (Note in that example £’ was denoted

by E.)
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Corollary 3.4.15.

1
V' =d+ §(d¢)¢ has (1,1) curvature.
2(C(E"), TV is a complex manifold.

As an application of the above discussion, let TM — (M, I) be equipped with a connec-
tion V of (1,1) curvature and let 7 : C = C(T'M) — M be the projection map. The goal is
to prove a result that was stated in Section 2.3: that the almost complex structure 7y, on
C, as defined in Definition 2.3.4, is a holomorphic section of (C(7C),J) — (C,JNV'1), for
some appropriately chosen 7. To define [, use V to split 7C = VC @ HVC and identify VC
with [End(m*T M), ¢] and HYC with 7*T'M. It then follows from the above discussion that
V ="V + 1[(7*V¢)¢,-] & 7V is a connection on TC that has (1,1) curvature with respect

toZ = JV:D. Hence J = JVD is a complex structure on C(TC). Using Proposition 3.4.13,
it is then straightforward to show:

Proposition 3.4.16. 7Y, is a holomorphic section of (C(TC), 7VD) — (C,T).

As another application, consider the setup in Example 2.4.7: a Hermitian anti-selfdual
four manifold (M, g, I) whose orientation is determined by I, and = : 7+ — M, the subbun-
dle of T (T'M) whose elements induce the same orientation as the given one. If we let V be
the Levi Civita connection then as discussed in that example, 7%V is a connection on 7T M
that has (1,1) curvature with respect to both of the integrable complex structures J(V+/) and
Ty on TT. Based on the discussion surrounding Proposition 3.4.13, it is straightforward
to show that ¢ : (7+,7) — (C(m*TM), T VD) is not only holomorphic for T = JV!)
but for T = Jyy,, as well. Hence 7V’ = 7*V + (7" V)¢ is a connection on 7*T'M that has
(1,1) curvature with respect to both JV:!) and 7Y ., as was claimed in Example 2.4.7. As
7*V'¢ = 0, we obtain several holomorphic structures on the bundles W*TM;’O and W*TM((;’I
that are fibered over (71,7). O

More examples and applications of holomorphic sections of twistor spaces will be given
in the upcoming chapters.
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Chapter 4

Twistors and Grassmannians

In the previous chapter, we have not only given examples of a bundle E — (M, )
with a connection V that has (1,1) curvature but have also raised various questions about
the complex manifold structure of (C, V")), especially in Section 3.2. In this chapter we
will address these questions by holomorphically embedding C into a more familiar complex
manifold— a certain Grassmannian bundle. Indeed, as we noted previously, the condition
that RY is (1,1) is equivalent to V%! being a d-operator on Eg, and if we let dimgE = 2n
then the Grassmannian bundle that we will take will be the holomorphic bundle Gr, (Ec).

To define the embedding, we will first show how to holomorphically embed the fibers of
C into those of Gr,(E¢).

4.1 Embedding the Fibers

Let V' be a 2n dimensional real vector space and let Gr, (V) be the Grassmannians of
complex n planes. The map that we will consider is

Y C(V) — Gr,(Ve)
J — V})’l;
it has the following properties:

Proposition 4.1.1.

1. The map ¢ : C(V) — Gr,(Vc) is a holomorphic embedding.
2. The image of this embedding is {P € Gr,(V¢)|P & P = V¢},

which is an open submanifold of the Grassmannians.

Proof. Consider 9, : T,C(V) — T, Yo Gr,(Ve) and choose the holomorphic chart

End(V}" V%) — Gr, (Vi)
B — Graph(B),
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where Graph(B) = {v%' + B! [v%! € V{''}. If we let A be a general element in T;C(V) 2
{D € EndV|{D,J} = 0} then we need to show that ¢.(JA) = Zu.(A), where Z is the
complex structure on the Grassmannians.

First consider,

tA tA
b.(JA) = \t ot (exp(—— 5 )Jexn(=))
d —tA
Clemaerp(CE VI,
Using the above chart, ¥, (JA) then corresponds to —%, as an element of

End(VY' V0.
Similarly we have 1, (4) = L|_geap(— tA")(VO 1), so that under the above chart, Zvy,(A)

corresponds to —“;J which as an element of End(V}] 1, VJ1 0) equals —£
The proof of the other parts of the proposition are stralghtforward O

If we now choose a positive definite metric, g, on V' then by restriction, the above map, v,
gives a holomorphic embedding of 7 (V') into Gr, (V). Since the metric is positive definite,
the image of this map is precisely MI(V¢) = {P € Gr,(Vc)|g(v,w) = 0,Yv,w € P}, the
space of maximal isotropics of Vi defined by using the C-bilinearly extended metric. For
convenience we state this as a proposition.

Proposition 4.1.2.

J— Vvt

is a holomorphic embedding with image MI(V¢).

4.2 The Holomorphic Embedding

Let us now consider a 2n dimensional real vector bundle F — (M, I) that is fibered over
a complex manifold. As discussed above, a connection V on E with (1,1) curvature gives rise
to two complex analytic manifolds: the twistor space (C, V")) and the holomorphic fiber
bundle 7g, : Gry,(Ec) — M. To holomorphically embed C into Gr,(E¢), we will generalize
the map v that was defined in the previous section:

Theorem 4.2.1. The map

¥ (C, TV — Gr(Ec)
J — ES’I

18 a holomorphic embedding.

In the case when F is equipped with a metric g and V is a metric connection, we will
define M1(E¢) to be the space of maximal isotropics in Gr,(E¢); we then have:
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Proposition 4.2.2.

(T, TV) — Gra(Ec)

J — Eg’l

is a holomorphic embedding with image MI(Ec).

To prove Theorem 4.2.1, we will need to describe the complex structure on the Grass-
mannians similarly to how we defined J'!) on C. The first step will be to define the
horizontal distribution HVGr, on Gr,(Ec). But before giving the definition, let us first
recall that if P € Gr,(Ec) and 7 : R — M satisfies v(0) = 7w, (P) then we can use V,
considered as a complex connection on E¢, to parallel transport P along v as follows. If we
set P =< eq,...,e, >c, so that {e;} is a basis for P, then define P(t) =< e;(t), ..., e,(t) >c,
where 7*Ve;(t) = 0 and €;(0) = ¢;. Since V is a complex connection on E¢, P(t) does not
depend on the basis {e;} for P that was chosen.

With this, let us define the desired horizontal distribution on Gr,(Ec¢).

Definition 4.2.3. Let HyGr, = {%}E”\t:o]P(t) is the parallel translate of P along v, v(0)
= e (P)}.

Along with HYGr,,, there is also the natural vertical distribution VGr,; as it is defined
by the fibers of Gr,,(Ec), it is a complex vector bundle and satisfies 7¢,..(VpGr,) = 0, for all

P € Gr,(Ec). It is straightforward to prove that these two distributions are complements
to each other:

Lemma 4.2.4. TpGr, = VpGr, ® HYGr,.

We may now use the above lemma to define an almost complex structure on Gr,(Ec),
which we will show in Proposition 4.2.6 to be the complex structure that is induced by V%!
and which we will use to prove Theorem 4.2.1. As the definition of this almost complex
structure is similar to that of (V'Y on C, we will denote it by the same symbol:

Definition 4.2.5. Let 7V on Gr,(Ec) be defined as follows. First split
TGr, =VGr, ® HYGr,
and then let
JVD = 7V @ T,

where J" is the standard fiberwise complex structure on V Gr, and where we have used the
natural identification of HYGr, with 7%, TM.

If we consider the complex manifold structure of Gr,(E¢) that is induced by the O-
operator V%! on E¢, we then have:

Proposition 4.2.6. The complex structure on Gr,(E¢) is TV,

We will prove the above proposition for a more general setup in the next section; here
we will use it to prove Theorem 4.2.1 by showing that the map ¢ : (C, J™V:!)) —
(Gro(Ec), VD), which is given by ¥(J) = E%', is holomorphic. Recalling the splitting of
TC =VC ® HVC, as given in Lemma 2.2.4, let us first consider the following:
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Lemma 4.2.7. The map 1, preserves horizontals: v, : HYC — HEOJGTR. In fact,
J

Y, (vY) = vVE where vV and vVC7) are the appropriate horizontal lifts of v € T, M.

Proof. Let ~(t) be a curve in M such that y(0) = = and 7/(0) = v. Also let J(t) be the
parallel translate of J € C(E,) along « (by using V), so that

U, (vY) = %\tzow(ﬂt))-

The claim then is that ¢(J(t)), which is by definition Eg’é), equals E'(t), the parallel
translate of Eg’l along 7. To show this just note that if e(t) is the parallel translate of
e € EY' then J(t)e(t) is also parallel and since Je = —ie, it follows that J(t)e(t) = —ie(t)

for all relevant ¢ € R. Hence 4|, _q(J(t)) = %|t:0E3’1(t) = p(V,G7), O
Assuming Proposition 4.2.6, we can now prove that 1 is holomorphic:

Proof of Theorem 4.2.1. Consider v, : T;C — TE(;J Gr,. By Proposition 4.2.6, we need to

show that @b*j(VJ) _ j(V,I)w*.
A) If A € V;C, the vertical tangent space to J, then it follows from Proposition 4.1.1
that

v(JA) = TV (A),

so that 1, is holomorphic in the vertical directions.

B) As for the horizontal directions, let vV € HYC be the horizontal lift of v € T, M.
Then 1, (JVDvV) = ,((Iv)Y), which by Lemma 4.2.7 equals ({v)V:¢7). This in turn
equals JVDy(V:Er) = gDy (V). O

4.3 Proof of Proposition 4.2.6

In this section, we will prove a slightly more general version of Proposition 4.2.6; this
will then complete the proof of Theorem 4.2.1. To begin, we will find it useful to describe
the complex structures on holomorphic vector bundles:

Let np : F — (M, I) be a complex vector bundle that is equipped with a d-operator, 0,
and let V be a complex connection on F such that V! = 9. Below we will let 7)) be the
almost complex structure on either F' or Gry(F') that is defined in a by now familiar way:
use V to split the appropriate tangent bundle into vertical and horizontal distributions, and
define 7VD) to be the direct sum of the given fiberwise complex structure on the verticals
and the lift of I on the horizontals.

Proposition 4.3.1. Let V be a complex connection on F such that V%' = 9. Then the
associated complex structure on I is TNV,

Proof. Let {f;} (1 <i < dimcF) be a holomorphic frame for F over U C M and let W be
the complex vector space that is generated by {w;} over C. To prove the proposition, we
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need to show that the map

o: (Fly, TV — UxW

az‘fz‘|x — (557 aiwi)

is holomorphic. For this, consider o, : Ty F' — T55)(U x W), where 7p(f) = .

1) Since ol, is a complex linear isomorphism from F|, to W, o is holomorphic in the
vertical directions, i.e., 0,(if’) = io.(f'), where f' € V}F = F|,.

2) As for the horizontal directions, we need to show that o, (7 VD0V = Zo,(vY), where
vV is the horizontal lift of v € T, M to HfVF C TyF and 7 is the complex structure on
U x W. Let us first consider,

o (TV DY) = 0.((1v)7)

d
= E\moa(f(t))a

where f(t) is the parallel translate of f along the curve v: R — M that satisfies y(0) = x
and v'(0) = ITv. If we let f(t) = a;(t) f;|5) then the above equals

day (t)

([’U, ‘t:()wj).

Similarly, o, (vY) = (v, d%(t)\t:owj), where f(t) = a,(t)f;
along the curve 4 : R — M that satisfies 5(0) = =, ¥
(Iv, idaélt(t) li—ow;), o is holomorphic if and only if daétt)] 0 'daét(t) |t=0-

To show this equality, note that the condition ¥*V f(t) = 0 together with a; := @;(0) =
a;(0) imply that idaj(t)|t:0fj = —ia;V,f;. This then equals —a;V, f; because V%! f; = 0,

dt
. . da;(t)
which in turn equals —7

0 is the parallel translate of f

/\\\2
(a=)
~—
I

v. Now since Zo,(vY) =

li=of; since v*V f(t) = 0. Hence ¢ is holomorphic. O

As for the Grassmannians, we have:
Proposition 4.3.2. The complex structure on Gri(F) that is induced from (F,0) is JN1).

The proof of the above proposition and hence of Proposition 4.2.6 is just a straightforward
generalization of the previous proof. This then completes the proof of Theorem 4.2.1 as well.

4.4 Corollaries of the Embedding

We will now demonstrate some of the corollaries of the holomorphic embedding v :
€, JVD) — Gr,(Ec), as given in Theorem 4.2.1. In particular, we will address certain
issues regarding the holomorphic structure of twistor spaces that were raised in Section 3.2.

Let E and E’ be two real vector bundles of even dimension that are fibered over (M, I)
and that are respectively equipped with connections V and V' of (1,1) curvature.

Proposition 4.4.1. Let A : E — E' be a bundle map such that its C-extension, A :
(Ec, VO — (Eg, V%) is an isomorphism of holomorphic vector bundles. Then this map
induces a fiber preserving biholomorphism between (C(E), JV1) and (C(E'"), 7V"D).
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Proof. The isomorphism A : (E¢, V%) — (EL, V'%') induces the biholomorphism A :
Grn(Ec) — Gr,(E¢) that is defined by fl(< €1,...,n, >c) =< Aeq,...,Ae, >c. Since
A is a real map, A restricts to a biholomorphism between the set {P € Gr,(FEg)|P @
P = Etlrg,p} in Gro(Ec) and the corresponding one in Gr,(Eg). The proposition then
follows from Theorem 4.2.1 and Proposition 4.1.1, which show that these sets are respectively

biholomorphic to (C(E), JVD) and (C(E"), JV"D). ]

Now suppose that E and E’ are also equipped with respective metrics g and ¢’ and that
the above connections preserve the appropriate metrics. If we C-bilinearly extend g and ¢’
to B¢ and Eg, we then have

Proposition 4.4.2. Let A : (Ec, V%) — (Ef, V'%Y) be an isomorphism of holomorphic
vector bundles that is orthogonal with respect to g and g'. Then A induces a fiber preserving

biholomorphism between (T (E, g), JVD) and (T (E',g"), VD).

Proof. Similar to the proof of Proposition 4.4.1, the isomorphism A : (Eg, V%) —

(EL, V1) induces a biholomorphism A : Gr,(E¢) — Gr,(EL). Since A is an orthogonal
map, A maps the space of maximal isotropics, MI(Eg), in Gr,(E¢) to the one in Gr,(EL).
The proposition then follows from Proposition 4.2.2, which shows that (T (E, g), JV*!)) and
(T(E',q"), TV"D) are respectively biholomorphic to MI(Ec) and MI(EL). O

In the following two sections we consider some applications of the above propositions.

4.4.1 Cohomology Independence

Let (E,g,J) — (M, I) be a holomorphic Hermitian bundle fibered over a complex man-
ifold and let @ be the standard d-operator on E'° @ E*10 where EM is the +i eigenbundle
of J. If we choose D € T(T*%!' @ A2E*10) to satisfy D = 0 then, as described in Section
3.2, VOO 4 41D is a d-operator on B¢ = EY0 @ E%! and, for V.= V" + ¢7'D + ¢~ 1D,
the twistor space (7 (E), J™") is a complex manifold. If we now let B € I'(A2E*19) then
VErOY 1 g=1(D 4 dB) is another d-operator on E¢ and it is natural to wonder, as in Sec-
tion 3.2, whether the associated twistor space is biholomorphic to the previous one. In other
words, does the above give a well defined mapping from the Dolbeault cohomology group
HYY(A2E*10) to the isomorphism classes of complex structures on 7?7

By using Proposition 4.4.2, we will show here that such a mapping does indeed exist. As
a first step, let us consider the section of O(FEg, g) exp(g~'B), which equals (1+ ¢g~!B) since
(g7'B)* = 0. We then have

Proposition 4.4.3. The map exp(—g™B) : (Ec, V"o + ¢g7'D) — (E¢, VOO +
g (D + OB)) is an isomorphism of holomorphic vector bundles.

Proof. Let (VEM%D 4 g7 D)y = 0 and consider

(VOD 4 g7 (D+0B))(1—g "B
= VO (4=1By) + (¢71OB)w
= —(VCh(O’l)g_lB)v — ¢~ BVCrO, 4 (g~'0B)w.
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Since the first and last terms cancel, we are left with
—g BV Oy = — g7 B(—g7 ' Dv) = 0.
This then proves the proposition. O]

By Proposition 4.4.2, we can now conclude that the twistor spaces mentioned above are
biholomorphic:

Proposition 4.4.4. exp(—g~'B) induces a fiber preserving biholomorphism between _
(T, TV and (T, TV'D), where VO = VEHOD 171D and V'O = VOO 6= (D+0B).

As a corollary, we have

Proposition 4.4.5. The map [D] — [J™D], where VO = VPO 1 g=1D from the
Dolbeault cohomology group H(A2E*10) to the isomorphism classes of complex structures
on T (E,g) is well defined.

4.4.2 Changing the Metric

In the previous example we worked with a fixed metric g; but what if we were to choose
another metric ¢’ on F that is compatible with J-then is it true that (7 (g), J (VDY and
(7(q),T (V1 )} are biholomorphic? This is part of a more general question that was posed
in Section 3.2: in that section we used a fixed metric, ¢, to define d-operators on E¢ and
thus complex structures on 7 (g) —but if we were to choose another metric ¢’ then do we
obtain new complex manifolds by considering 7 (¢')?

To address these questions, let us first recall some of the details of that section. Let
(E,J) — (M, I) be a holomorphic vector bundle, considered as a real bundle with fiberwise
complex structure J, that is fibered over a complex manifold. Defining <,> and 9 to be
the standard inner product and d-operator on E™ & E*10. let us consider the d-operator
0+ D" where D! € T(T*%! ® so(EY0 @ E*10)). If g is a metric on E that is compatible
with J then, as in Section 3.2, we can use the orthogonal isomorphism

1®g: (Bc = EBY @ B, g) s (BM @ B0, <)
to obtain the d-operator VM 4+ DI1 on ¢ as well as the complex structure J (VO 4Dy, 1)

on T(g). (Here, Dy = D)' + Dyt
Similarly, if ¢’ is another metric that is compatible with J then we have the complex
structure J (VO 4DyD) o 7(¢'). The goal then is to use Proposition 4.4.2 to show that the
complex manifolds 7 (g) and 7 (¢') are equivalent under a fiberwise biholomorphism.
First note, that if we compose the map (16 ¢g) with (1 ¢")~! then we obtain the following
isomorphism of holomorphic vector bundles:
(E(Ca vCh(O,l) + Dg,l) _ (E(Ca VCh’(O,l) + Dg;l)

1,0 0,1 1,0 /—1_..0,1
U? +/U7—>('U’ +g gvv)’
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where we have used the decomposition, B¢z = E¥° @ E%!. As this is an orthogonal map from
(Ec, g) to (Ec, d’), by Proposition 4.4.2 we have

Proposition 4.4.6. There exists a fiber preserving biholomorphism between

(T(9), 74200 and (T(g), 7" 1Pt
In particular, if we set DOV to zero, we have:

Proposition 4.4.7. Let (E,J) — (M, I) be a holomorphic vector bundle that is equipped

with two Hermitian metrics g and g'. Then (T(g), JV"D) and (’T(g’),j(vCh/’[)) are bi-
holomorphic.
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Part 11

Applications
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Chapter 5

Holomorphic Subvarieties

Having given examples and explored various properties of holomorphic twistor spaces,
we will now present our first application. We will use holomorphic sections of (C(E), J V1)
to decompose (M, I) into different types of holomorphic subvarieties. We will then develop
tools from twistor spaces in order to study different properties of these subvarieties. The
importance of our results will especially be demonstrated when we consider bihermitian
manifolds in Chapter 8.

5.1 The M., and M, 4,

To begin, let £ — (M, I) be a real rank 2n vector bundle fibered over a complex
manifold and equipped with a connection V that has (1,1) curvature. Further, suppose
that J and K are respectively parallel and holomorphic sections of (C(E), JV+!))—so that
VJ =0and KVK = VK (see Section 3.4). Our main theorem of this section is that the
degeneracy loci of the real bundle maps [J, K], J4+ K and J— K are holomorphic subvarieties
of M:

Theorem 5.1.1. Let J and K respectively be parallel and holomorphic sections of (C, J 1)

— (M, I). The following are holomorphic subvarieties of M :

1) M<s = {x € M| Rank[J, K]|, < 2s}
2) M<, 4y ={x € M| Rank(J £ K)|, < 2r}.

Notation 5.1.2. We will similarly define M, and M, 1y as above but with the appropriate
< signs replaced with =.

The reason that the above real bundle maps yield holomorphic subvarieties is that they
are in fact holomorphic when restricted to the appropriate holomorphic bundles, which we
now describe.

First consider the holomorphic bundle E¢ that is equipped with the d-operator V%! (see
Lemma 2.4.2). Since J is parallel, E}’O and Eg’l are two holomorphic subbundles of E¢, and
since K is holomorphic, by Proposition 3.4.2, E?(’l is a third. Now the holomorphicity of K,
as explained in Section 3.4.1, can also be used to show that the connection V' = V41 (VK)K
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has (1,1) curvature, so that V'®! is another d-operator on E¢c. As V'K = 0, E}(,o and E?(’l
are holomorphic subbundles. (Note that since (V' K)EY" = 0, V%! = V%! when acting on
Ey')

Given these bundles, we have

Proposition 5.1.3. The following are holomorphic

) J+K:Ey — EY! 2)J - K:Ey — EYY
3) J+ K:E* — E° 4) J - K:EY — E°
5 [J, K] : Byt — ER°.

Proof. The proofs of 1) and 2) are straightforward. To prove 3), let e € T'(E}") satisty
V%e =0 and consider

VO + K)e = (i 4 K)V™le = o (i 4 ) (V1K) Ke.

Since (i + K)V%!K = 0, the map given in 3) is holomorphic.
The proof of 4) is similar, and that of 5) follows by composing the maps in 1) and 4) or
the maps in 2) and 3). O

Note that Theorem 5.1.1 immediately follows from the above proposition.

Although we proved the holomorphicity of [J, K] by composing, say, the maps given in
1) and 4), we should stress that it does not depend on the (1,1) condition on the curvature
of V, RV—but only depends on the (1,1) condition on RV

Proposition 5.1.4. Let V be a connection on E — (M, I) and let J and K be sections of C
such that V.J = 0 and KNK = VK. Moreover, assume that RV, where V' = V—i—%(VK)K,
is (1,1). Then

[J,K]: Ept — E°

is holomorphic, where each of the bundles is equipped with the O-operator V'O
Proof. Let e € T'(EY") satisfy V'%'e = 0 and consider
VI Kle = —(i + K)(V*' J)e.
Since V.J = 0, this equals
i+ (VP R)K, e,

which is zero since

(i + K)VK = VMK (i — K) = 0.
Hence [J, K] is holomorphic. O

As an example, if (M, g, 1) is not an SKT manifold then the curvature of V~ (Section
3.3.1) is not (1,1) but the curvature of (V=)' = V™ + $(V~I)I = V" is always so. (Note
that IV~ 1 still equals V1)
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5.1.1 Metric Case

Let us now further suppose that E is equipped with a fiberwise metric g, V is a metric
connection and J and K are sections of 7 (E, g). Then note:

e The holomorphicity of map 3) in Proposition 5.1.3 can be derived from that of 1). The
reason is that map 3) equals —g~!(J + K)'g, where J + K : E?gl — Eg’l. Similarly,
the holomorphicity of map 4) can be derived from that of 2).

e The maps
LKl B — B
- gl K] Ept — B

respectively define holomorphic sections of A2E,° and A2E".

5.2 The M# and M?°

Consider the setup of Theorem 5.1.1 of a real rank 2n bundle £ — (M, I) and the
respective parallel and holomorphic sections J and K of (C(E), JV") — (M,I). We
will now introduce a slightly finer decomposition of the holomorphic subvarieties M«  and

M<rx)-
Definition 5.2.1. Let M# stand for any of the following:

1) M™ = {2 € M| dimKer(J + K)|, = 2m,}
2) M*m=1) = o € M| dimKer(J — K)|, = 2m_,}
3) MUmem=1) = ppimes) o pptem-1),
Notation 5.2.2. So far we have introduced the M<,, M<,+) and M#. We will let M°
stand for any of these holomorphic subvarieties.
To relate the M# to the other subvarieties, first note that we can decompose M, = {z €
M| Rank[J, K]|, = 2s} as follows:

M= | MOmmen (5.2.1)

mi1+m_1=n—s

This is immediate from

Lemma 5.2.3. Let V' be an even dimensional real vector space and let J and K be elements
of C(V). The ker[J, K| = ker(J + K) ® ker(J — K).

Proof. If we restrict JK to ker[J, K] then it squares to 1. Hence
ker[J, K] = W1 S5 W_l,

where JK|w, = 1 and JK|w_, = —1. The lemma then follows from the fact that W; =
ker(J + K) and W_; = ker(J — K). O
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Also note:

1) Locally, M, = M™um-1) for some (my,m_;) that satisfy m; + m_; = n —s. The
reason is that the dimensions of ker(J + K) and ker(J — K) cannot locally increase.

2) M(T,Jr) = M=) and M(r,,) = M=),

5.2.1 Metric Case

Let us now further suppose that E is equipped with a fiberwise metric g, V is a met-
ric connection and J and K are sections of 7 (F,g). The following gives some additional
properties of the M7,

Proposition 5.2.4.

1) Given x € M, the following is an orthogonal and J, K —invariant splitting of E,:
Im[J, K| @ ker(J + K) & ker(J — K).
Moreover the rank[J, K| = 4k.
2) M is a disjoint union of the following open subsets:

U M™% gnd U M)

mi1=even mi1=odd

3) Uy —even M™% ={x € M| J, and K, induce the same orientations}.

4) Upycoaa M™% = {z € M| J, and K, induce opposite orientations}.
Parts 2) — 4) are also true if we were to replace M™% with M*™=1) and J, with —J,.

Example 5.2.5. Suppose that rankE = 4 and J and K induce the same orientations on
E. Then by the above proposition, M = M©9 y A7©:2) y pr0), O

Proposition 5.2.4 follows immediately from the following brief background on the alge-
braic interaction of two complex structures.

Some Background: Let (V,g) be an even dimensional real vector space equipped
with a positive definite metric and let J and K € 7 (V,g). Consider the orthogonal and
J, K —invariant splitting:

V =1Im[J,K]® ker(J+ K) @ ker(J — K). (5.2.2)

We then have:
Proposition 5.2.6.

1) Im[J, K] is an H-module and is 4k real dimensional.

dimKer(J + K
2) J and K induce the same orientation on V if and only if tm 67;( + K)

18 even.
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Remark 5.2.7. The above proposition would not necessarily be true if we were to assume
that J and K are two general elements of C(V'). For instance, take V =< vy,vy >g and
define J and K via the equations

o Juy =0y, Jug = —uy
o Kvy = —rvy, Kvy =1~ 'vy, where r € Ryg — {1}.

Then J and K are elements of C(V') that induce opposite orientations on V and yet the
ker(J + K) = 0. Moreover, the rank[J, K] = 2 and not a multiple of four. Note that
J, K ¢ T(V,q) for any metric g because the eigenvalues of JK do not have norm 1.

Proof of Proposition 5.2.6. Let us begin by diagonalizing JK:
VeC=WV,eV,)e.eo(V,eV,)o(heC e (V,®C),

where ¢ € C — {+1} satisfies c¢ =1, Vi CV and JKvy = Avy for vy € V).
Now set 2¢e = c+cand V., d V., =V, ® C for V, C V. We then obtain the following
orthogonal and J, K —invariant decomposition:

V=V,®..eoV,oViaV_,.
Note:
o {J K}v=2ev, forvel,
o ImJK|=V, ®..®&V,, ker(J+ K) =V, and ker(J — K) =V_;.

The claim then is that V,—and thus I'm[J, K]—is an H-module. The reason is that if we
let J' = ZE=<y,, where €” + f? = 1, then (J')* = —1 and {J', K} = 0 when acting on V..
({J',J} =0 as well.)

Although the rest of the proof of the proposition follows from this claim, we will now
give a more direct proof of the fact that rank[J, K] = 4k. To see this just note that
g[JO, 1K] . Ve — V¢ (where Vg := V @ C) is skew and sends V; to V;"" and V"' to
Vo O

Remark 5.2.8. If we consider the algebra 1D, generated by two complex structures Jo and
Ky over R, then one may use the above proof to derive its orthogonal representations. (These
representations are by definition the ones where Jy and K, act by orthogonal transformations
with respect to some metric.)

Corollary 5.2.9. The irreducible, orthogonal representations of iD., are:
R[t]/(p) ® KoR[t]/(p),
where JoyKq acts by t and
Dp=t+1

2Q)p=(t—c)(t—2c), force C—{£l},cc=1.
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In [11], we not only derive the orthogonal representations of iDo, but the indecomposable
ones as well.

Having given some basic properties of the M? in the above propositions, we will present
our major results about them in Chapter 7. There, we determine lower bounds on the
dimensions of the M? as well as necessary conditions for there to exist curves in M that
lie in certain M#. We will give the applications of these results, for the case when M is a
bihermitian manifold, in Chapter 8. Our present focus is to derive them by first considering in
the next chapter an example of the general setup of Theorem 5.1.1 where the base manifold
is itself the total space of (C(E), JV:D) — (M,I). We will then use this example in
Section 7.1 to establish a twistor point of view of the general M°—by realizing them as the
intersection of K (M) with the corresponding C° in C. Some of these C° will be shown to be
complex submanifolds of C and by determining their dimensions and describing their tangent
bundles, we will derive the results mentioned above. (We will also describe a metric version
of this setup where C is replaced with 7.)

In the next chapter, we will first consider the twistor spaces C(V') and 7 (V, g) which are
associated to vector spaces and then those associated to vector bundles and will be focusing
on studying the above properties of the C° and 7°.
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Chapter 6

Stratifications of Twistor Spaces

6.1 Twistor Spaces of Vector Spaces

6.1.1 C(V)-case

Let V be a 2n dimensional real vector space and let C := C(V) be its twistor space with
complex structure Io. To obtain an example of the setup of Theorem 5.1.1, consider the
trivial bundle £ = C x V' — C along with its trivial connection d. By Proposition 3.4.13,
¢, defined by é|x = K, is a natural holomorphic section of (C(E), J(®!)). As for a parallel
section, we will choose the constant section J, a fixed element of C, so that dJ = 0. By
Theorem 5.1.1, we then have

Proposition 6.1.1. Given J € C, the following are holomorphic subvarieties of C:

1) C<s(J) ={K € C| Rank[J, K] < 2s}
2) Ci<rt)(J) ={K €C| Rank(J £ K) < 2r}.

We also have the subvarieties C#(J) that correspond to the M# of Definition 5.2.1. More
explicitly, C#(.J) will stand for any of the following:

1) ™) (J) = {K € C| dimKer(J + K) = 2m4}
2) Ctvm-1)(J) = {K € C| dimKer(J — K) = 2m_,}
3) ¢tmim-1(J) = ¢lm) q ctom-1),

Notation 6.1.2. When referring to the above subvarieties, we will usually drop the “(J)”
factors and will denote all of them by C°.

We will now be studying different properties of the C°. In particular, we will show that
the C* are complex submanifolds that form several stratifications of C and will determine
their dimensions and describe their tangent bundles.

To accomplish this, we will be using the following holomorphic embedding of C into the
Grassmannians of n-planes in Ve =V ® C:
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Lemma 6.1.3. The map

Y C— Gr,(Ve)

0,1
K — V-,

where Vlg’l is the —i eigenspace of K, is a holomorphic embedding whose image is open in

Grn(V@).
Proof. See Proposition 4.1.1. O
We then have

Proposition 6.1.4.

1) (Cleryy) = {W € Im3p| dime(V; ' NW) >n —r}
2) (C™)) = (W € Imap| dime(V,;° W) =my}
3) p(CHm1) = (W € Imy| dime(VY' NW) =m_,}.

Analogous formulas hold for C<, ) and Clmum—1),

We thus find that ¢ maps Ct™*), C*™m=1) and C(<, 1) to open subsets of either Gr®
or Gr2%) in Gr,(V¢), where Grt®) = {W € Gr,(V¢)| dime(VO N W) = s} for some V° €
Gr,(Ve). Gr® is a type of Schubert cell in Gr,(V¢) and we will now review some of its
properties.

Gr® : Let V be a real vector space of dimension 2n and let V° € Gr,(Ve). As above,
define Gr®) = {W € Gr,(Ve)| dimec(VONW) = s}. We will now introduce certain holo-
morphic charts for Gr,(V¢) that will, in particular, be used to show that Gr(®) is a complex
submanifold.

To begin, let W € Gr® and split

Ve=WaeW =W, e W) e (W oW,

where Wy = VONW, W, @ W = V% and W, and W/ are appropriate complements.
Now consider the corresponding holomorphic chart for Gr,(V¢) about W:

p: End(W,W'") — Gr,(V¢)
A — Graph(A) ={w+ Aw € V¢| w e W}.
We then have
Wy Ws
.. Wll a a2 / 0

Proposition 6.1.5. Let A = W\ @ € End(W,W"). Then Graph(A) NV" =

2 3 4
{w+ Aw € V| w € kera,} and its dimension equals that of kera;.
Proof. Let w+ Aw € Graph(A) and set w = w; +wy € Wy & Wy. Then w+ Aw € V? if and

only if wy + aqwy + asws = 0, which in turn is equivalent to w = wy € kera;. O
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If we define
W, W,

!/
Endy(W, W) = {7V <‘“ 2

=1 Wl, ) € End(W,W")| dimKera, =t}
2

as Qg
we then have

Corollary 6.1.6. The map

End,(W,W") — Gr) 0 Imp
A — Graph(A)

is well defined and bijective (here, t € {0,1,...,s}). Moreover, when t = s this map gives a
holomorphic chart for Gr® about W .

Using the above corollary, it is straightforward to show:

Corollary 6.1.7.
1) Gr'® is a complex submanifold of Gr,(Vg) of dimension n* — s°.

2) Gr(®) equals Gr=®) and is a holomorphic subvariety of dimension n> — s2.

Properties of the C°: By then combining Proposition 6.1.4 and Corollary 6.1.7, we
obtain

Proposition 6.1.8.

1) ¢"™) s a complex submanifold of C of dimension n® — m?.

2) Ci<rx) is a holomorphic subvariety of dimension n* — (n —r)*.

An analogous result holds for Ct~m-1)
Let us now consider some properties of C(m1m-1) = C(mi*) q clum-1),
Proposition 6.1.9. C"v"™-1) is nonempty if and only if my +m_y < n.

Proof. If K € C'™ -1 then by Lemma 5.2.3, dimKer[J, K] = 2(m; +m_;) < 2n.
Conversely, given my, m_; € Z>q such that m; +m_; < n, we will define a K € Clmim-1)
as follows. First consider the J-invariant splitting:

V= P <wJu>eVieV.,

i€{1,2,..,1}

where dimV; = 2m; and dimV_; = 2m_;.
Now define K € C by setting

o Kv; = —rJv; and KJv; = r~tu;, where r € R — {0, £1}
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e Kwi=—Jw; and Kw_; = Jw_1,Vw; € Vi and w_, € V_;.
So defined, one may check that K is indeed an element of C(™-m-1), O

Supposing that m; + m_; < n, we will now show that C™*) and C*™-1) intersect
transversally, thus proving, in particular, that C"1™-1) is a complex manifold. To show this,

we will first describe TgC™*) and TC*™=1) in TxC = gl == {A € gl(V)] {A, K} =0}
Proposition 6.1.10.

1) TC™) = {A € glyy| A: Ker(J+ K) — Im(J + K)}
2) TkCH™ ) = {A € glyq| A: Ker(J — K) — Im(J — K)}

3) If my +m_y < n then C"™) and C*™-1) intersect transversally.

Proof. To prove Part 1) of the proposition, let K € C™*) and v € ker(J 4+ K) and suppose
K(t) is a curve in C(™*) that satisfies K (0) = K.
As the rank of J + K(t) is independent of ¢, one may extend v to a curve v(t) in V' so
that
(J+ K(t))v(t) = 0.

Taking %|t:0 of the above expression gives
K'v=—(J+ K)V'(0),
which shows that
TC™*) C{A € gl A: Ker(J + K) — Im(J + K)}.

That these subspaces are indeed equal then follows from the fact that they have the same
dimensions.

The proof of Part 2) of the proposition is similar and that of Part 3) is straightforward.

m

Corollary 6.1.11. For my +m_; < n, C"™™1) s a complex submanifold of dimension
n? —m? —m?,.

Since by Equation 5.2.1
CS = U C(mlzm—l)’

mi1+m_1=n—s

it follows that C, is a disjoint union of complex submanifolds of varied dimensions.
Lastly note that by then using the different C# we can stratify C in several ways, i.e.,
they can be used to decompose C into disjoint unions of complex submanifolds.

6.1.2 7T-case

Let (V,g) be a 2n dimensional real vector space with a positive definite metric and let
T :=T(V,g) be the associated twistor space. Similar to the C—case of the previous section,
we have
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Proposition 6.1.12. Given J € T, the following are holomorphic subvarieties of T :

1) 7<s(J) = {K € T| Rank[J, K] < 2s}
2) Ti<rt)(J) ={K € T| Rank(J + K) < 2r}.

We also have the subvarieties 77 (J) that correspond to the M# of Definition 5.2.1 and
which will stand for 7 (™) (.J), Ttm=1(J) and T mm-1(]).

Notation 6.1.13. When referring to the above subvarieties, we will usually drop the “(J)”
factors and will denote all of them by T°.

We will now study the 7° in two ways. The first will be to embed them into a certain
space of maximal isotropics associated to V¢ := V ® C and the second will be to study them
directly inside of 7" by using special charts.

Maximal Isotropics:

To begin, let

M](V(C) = {W - GT’n(V(C)‘ g(wl,wg) = O, Y w1y, Wy € W}

be the space of maximal isotropics in V. Considering it as a complex submanifold of
Gr,(Vc), we have

Lemma 6.1.14. The map

T — MI(Vg)
K—>V}§’1,

where Vlg’l i1s the —i eigenspace of K, is a biholomorphism.
Proof. See Proposition 4.1.2. O

Proposition 6.1.15.

D) 9(Ti<rpy) = {W € MI(Ve)| dime(V; " NW) > n —r}
2) (T ) = {W € MI(Vg)| dime(V;° N W) = my}
3) Y(THm-1)y = (W € MI(Vg)| dime(V)"' N W) =m_,}.

Analogous formulas hold for 1<,y and 7 (mme1)

It follows that ¢ maps 7 ™) Ttm-1) and 7, 1 to either M1 or MI=*) in MI(V¢),
where MI®) = {W € MI(V¢)| dime(VONW) = s} for some V0 € MI(Ve). MI® is a type
of Schubert cell in M1 (V) and we will now review some of its properties.

MI® : As above let (V, g) be a real vector space of dimension 2n with a positive definite
metric and for V? € MI(V¢), define MI®) = {W € MI(V¢)| dime(VONW) = s}.

To study the MI®) we will begin by defining certain holomorphic charts for MI(V¢)
that will be used, in particular, to show that the M) are complex submanifolds.

If we let W € MI®) we then have:
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Proposition 6.1.16. One may split
Ve=WaW =W, eW,) e (W, e W),
where
o W' is a maximal isotropic
e W =VoNW and Wy, @ W4 = V0
o g(wr,wy) =0,V wy € W, and wy € Wh.

Proof. Using Lemma 6.1.14, let VO = V"' and W = V@' where J, K € T satisfy dimKer(J—
K) = 2s.
Consider then the following orthogonal and J, K-invariant splitting:

V=V@aker(J—K),

where V = Im(J — K).
If we complexify, we may further split

Vo= ) e @y

and
ker(J—K)@C=Vy'nvatao v vy’
Thus R -
Ve= (" nvele (V) e (V' nve e (V))),
which satisfies the conditions listed in the proposition. O

Given the above splitting for Vi, consider the corresponding holomorphic chart for
M1I(Vg) about W:

p: End?(W,W") — MI(V¢)
A — Graph(A) ={w+ Aw € V¢| w € W},

where Endd(W,W') = {A € End(W,W")| g(Aw,w) = —g(w, Aw) Yw,w € W}.
We will now describe how each Graph(A) intersects V°:

Wiy W,
Wl aq (05}

Wi\ as a4
{w+ Aw € V| w € kera,} and its dimension equals that of kera;.

Proposition 6.1.17. Given A = € Endd(W,W'), the Graph(A) NV =

Proof. This follows from Proposition 6.1.5. m
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If we define

Wi W
g nN_ Wil a a g / , -
Endi(W,W') ={ {;, € End!(W,W")| dimKera, =t}
W2 as ay

then by the above proposition we have:

Corollary 6.1.18. The map

End(W,W') — MIY 0 Imp
A — Graph(A)

s well defined and bijective. Moreover, when t = s this map gives a holomorphic chart for
MI®) about W.

Wy Wy

Note that in appropriately chosen bases, A = %1, < Zl 22 ) € Endd(W,W') is a skew
2 3 4

matrix. Hence

Uscto24,..5) Endi (W, W) if s is even

g N —
End'(W,W') = { Ute{1,3,5,...,s} End) (W, W) if s is odd.

It is then straightforward to prove the following proposition:

Proposition 6.1.19.

1) MI(Vg) is a disjoint union of the following two open subsets:
U M19 and | ) M1,

t=even t=odd
nin—1)—s(s—1)
5 :
3) MI®) equals U MIT2R) and is a holomorphic subvariety of
k€Z>q
nn—1)—s(s—1)
5 .
4) MI1=9) = MIG) U MIGH) and is a holomorphic subvariety of MI(Ve).

2) MI® is a complex submanifold of dimension

dimension

Properties of the 7°: If we return to the setup of (V,g) with a fixed element J € 7
then by Proposition 6.1.15 we have a result analogous to Proposition 6.1.19 but for 7 instead
of MI(V¢). For future reference we provide the details:
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Proposition 6.1.20.

1) T is a disjoint union of the following two open subsets:
U T gnd U T (ma),
mi=even mi=odd
n(n—1) —my(m; — 1)
2
3) T(m%) equals U TmA26%) ond is a holomorphic subvariety of
kEZ>0

2) Tm%) 4s q complex submanifold of dimension

n(n—1) —my(my — 1)
2
4) Ti<p 1y = T U T =459 and is a holomorphic subvariety of T .

dimension

Analogous results hold for T(<,_y and T*™m=1),
Another way to prove Part 1) of the above proposition is to use the following:

Proposition 6.1.21.
1) Uppy—even T ={K € T| J and K induce the same orientations}.

2) Unycoad T ={K € T| J and K induce opposite orientations}.
The above holds true if we were to replace T ™) with T ™) and J with —J.
Proof. The proof follows from Proposition 5.2.4. O

Remark 6.1.22. Below, we will present an alternative derivation of (the entire) Proposition
6.1.20 without using maximal isotropics.

Let us now consider some properties of 7 (m1m-1) = 7 (mi#) o 7 (em-1)
Proposition 6.1.23. 7™m-1) js nonempty if and only if n —my —m_; = 2k (k € Zy).

Proof. If K € T™uvm-1) then by Lemma 5.2.3, dimKer[J, K] = 2(m; +m_;) and by Propo-
sition 5.2.6, rank[J, K| = 4k. Hence 2n = 4k + 2(my + m_1). The proof of the rest of the
proposition is straightforward. O

Supposing that n —mq —m_; = 2k, we will now show that 7% and 7*™-1) intersect
transversally. To do so, we will first describe Tx7 ™% and Tx T *™1) in T T = 0(K} =
{Ae€o(V,g9)| {A, K} = 0}. If we split V= Im[J,K] ® ker(J+ K) @ ker(J — K) and let

Py, P, and P_; be the corresponding projection operators, we then have
Proposition 6.1.24.

1) TKT(ml’*) = {A € O{K}| PlApl = 0}

2) TT™™1) = {A € oy5y| P.LAP_, =0}

3) If n —my —m_q =2k, fork € Z>o, then T gpd THm-1

intersect transversally.
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Proof. The proof is similar to that of Proposition 6.1.10. [

Corollary 6.1.25. For n —m; —m_y = 2k (k € Z>), Tmm=1) s q complex submanifold
of dimension 5(n(n —1) —mi(my — 1) —m_1(m_1 — 1)).

Since
I]; — U T(ml ST — 1) ,

mi+m_i1=n—s

we find that 7, is a disjoint union of complex submanifolds of varied dimensions.
Other Charts for 7(V,g): We will now describe a C* chart for 7 about K €
T (mim-1)(.J) that can be used to derive Proposition 6.1.20 without using maximal isotropics.
There is of course the standard chart that is induced from the map

O{K} — T
A — exp(A)Kexp(—A),

where oyy = {4 € o(V,g)| {A, K} = 0}. However, this chart has the disadvantage that
it does not allow us to immediately determine in which 7™™-1) exp(A)Kexp(—A) lies.
Instead, let us use J and K to decompose o(V, g) into

Uy +ug G oy Noky,

where ug = {A € o(V, g)| [A, K] = 0}. (Note that this is an orthogonal splitting of o(V, g),
where the metric used is —tr.) Letting D; be a complement to u; Nug in uy, consider then
the map

/,L:DJEBO{J}HO{K} — T
(A4, B) — exp(A) - eap(B) - K,

where exp(B) - K := exp(B)Kexp(—B). This map is a local diffeomorphism from a neigh-
borhood about the origin in the domain to one about the point K in the range. We will use
it to define C> charts for the 7#(J) about K as follows: First consider the orthogonal and
J, K-invariant splitting of V' = V@V, @& V_4, where Vi, = ker(J+ K), and the corresponding
splitting of oy Nogxy = 0p3 N U{K}|VO Dol ® 0{J}|V71. We then have:

Proposition 6.1.26. Suppose K € T™-m-1)(J) and let A€ Dy and B = By+ B, +B_, €
o Nogrylve @ ognylvy ® ognylve,. There exists a neighborhood N in ogn N ogxy about the
origin such that if B € N then

1) u(A, B) € T () if and only if B, =0

2) u(A, B) € T*™=9(J) if and only if B_; =0

3) u(A, B) € T™™=9(]) if and only if B, = 0 and B_; = 0.
Proof. First note that since A € uy, the dimKer(J £ exp(A) - exp(B) - K) = dimKer(J £

exp(B)- K). Focusing on the proof of Part 1) of the proposition, let us split J = Jo® J1®J_4
according to the decomposition of V =V, ® V] & V_4. It then follows that for small enough
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B € op5y Nogky, the ker(J +exp(B) - K) = ker(J, +exp(B:) - K1). Hence the dimKer(J +
exp(B) - K) = 2m, if and only if J; = —exp(B) - K. As Ky = —J; and By € ogply,, this
is equivalent to exp(2B1) = 1 (as endomorphisms of V). For small enough B, this in turn
holds if and only if By = 0. The other parts of the proposition are proved similarly. O]

This then defines charts for the 7#(J) that together with Proposition 6.1.12 can be used
to derive Proposition 6.1.20 without using maximal isotropics.

6.2 Twistors of Bundles

We will now introduce the holomorphic subvarieties C° and 79 for the case when the
twistor spaces are associated to bundles. Their properties will be used in Chapter 7 to
derive our main results about the general M?.

6.2.1 (C-case

Let E — (M, I) be a real rank 2n bundle fibered over a complex manifold and equipped
with

e a connection V that has (1,1) curvature
e a section J of 7 : C(E) — M satisfying V.J = 0.

We will use J to decompose (C(E), V") into complex submanifolds and holomorphic
subvarieties as follows. First consider the bundle 7*FE with the connection 7*V that has
(1,1) curvature with respect to J!). By Proposition 3.4.13, ¢, defined by ¢|x = K, is a
natural holomorphic section of (C(7*E), 7™ V1)) — C(E), where T = JV1. Since 7*.J
is a parallel section, by Theorem 5.1.1 we obtain the following holomorphic subvarieties in

C:=C(E).

Proposition 6.2.1. Let J € T'(C) satisfy VJ = 0. The following are holomorphic subvari-
eties of (C,JV'D):

1) C<s(J) = {K € C| Rank[J, K] < 2s}
2) C(gr,j:)<J) ={K €C| Rank(J £ K) < 2r}.

We also have the subvarieties C*#(.J) that correspond to the M# of Definition 5.2.1 and
which will stand for C(™)(.J), Ctm=1)(J) and C(mm-1)(/]).

Notation 6.2.2. When referring to the above subvarieties, we will usually drop the “(J)”
factors and will denote all of them by C°.

Using the fact that the C# are C™ fiber bundles together with the results of Propositions
6.1.8 and 6.2.1, we arrive at the following:

Proposition 6.2.3.

1) The C* are complex submanifolds of C and have the following codimensions:
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ml,*) — 2

a) codimcC! my

b) codimcCH™-1) =m?,

c) codimeCmim=1) = m?2 4 m? .

2) Ci<r) 18 a holomorphic subvariety of C of codimension (n — ).

We can also describe TxC#(J) as follows. First recall that V induces a splitting of T'C
into VC @ HVC, where VxC = TxC (Er(ky) and H VC is a certain horizontal distribution (see
Lemma 2.2.4). Since VJ = 0, we have

Proposition 6.2.4. TxC#(J) = VgC#(J) & HYC.
Note that ViC#(J) = TxC(Ex))*(J) was already described in Proposition 6.1.10.

Proof of Proposition 6.2.4. By Section 2.2, a general element of HYC is given by d[d(t(t) li=0,

where K (t) is the parallel translate of X' = K(0) (using V) along some curve in M. The
proof of the proposition then follows from the fact that since V.J = 0, K(t) € Cmm-1(])
for some (mq,m_q). O

6.2.2 7T-case

Let (E,g) — (M, I) be a real rank 2n bundle fibered over a complex manifold and
equipped with a fiberwise metric. Also let

e V be a metric connection on E that has (1,1) curvature and
e J be a section of 7 : 7(E,g) — M that satisfies V.J = 0.

If we consider 7 := T (E, g) with its complex structure J(V-¥) then, similar to the C—case
of the previous section, we have

Proposition 6.2.5. Let J € T'(7) satisfy VJ = 0. The following are holomorphic subvari-
eties of (T,TJN1):

1) 7<s(J) = {K € T| Rank[J, K] < 2s}
2) Ti<r+)(J) ={K € T| Rank(J £ K) < 2r}.

We also have the subvarieties 7#(J) that correspond to the M# of Definition 5.2.1 and
which will stand for 7 (™) (.J), Ttm=1(J) and T mm-1(]).

Notation 6.2.6. When referring to the above subvarieties, we will usually drop the “(J)”
factors and will denote all of them by T°.

Note it is straightforward to show that the 7# are in fact C*° fiber bundles. Using this
together with the results of Propositions 6.1.20 and 6.2.5, we arrive at
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Proposition 6.2.7.

1) The T# are complex submanifolds of T and have the following codimensions:

. mi,%) _ mi(mi—1)
a) codimgT (M) = Tl

. *m_1) _ m-1(m_1—-1)
b) codimcT*m-1) = M=t

¢) codimcT mm-1) = mi(mi—Dtmoy(m_1—1)

2) T (%) = U,erZO T(m+26%) and is a holomorphic subvariety of codimension W

3) ZSTH') = T(Zn—r,*) — ’]’(n—r,*) U T(n_H'L*)_

Parts 2) and 3) are also true if we were to replace T <,y with T<,_y and T with
T mo1)

Let us now describe T 7 #(J). First recall that V induces a splitting of 77 into VT &
HVT, where VT = TxT (E,(x)) and HVT is a certain horizontal distribution (see Lemma
2.2.5). We then have

Proposition 6.2.8. T T#(J) = VgT#(J)® HYT.
Note that Vg T#(J) = Tk T (Exx))*(J) was already described in Proposition 6.1.24.

Proof of Proposition 6.2.8. The proof is similar to that of Proposition 6.2.4. m
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Chapter 7

General Theorems about the M/°

7.1 A Twistor Point of View

Let us return to the general setup of Chapter 5 and consider the respective parallel and
holomorphic sections J and K of (C(E), JV"") — (M, I). We are now prepared to carry
out the set of ideas that were laid out at the end of that chapter—to realize the M? :=
{Mey, M<p 1y, M #1 as the intersection of certain complex submanifolds and subvarieties in
C and to use this point of view to derive a number of corollaries about the A/°.

To begin, we will realize the M7# as the intersection of complex submanifolds in C: First
note that since V.J = 0, by the previous section the C*#(J) are complex submanifolds of C.
Secondly, since K : M — C is holomorphic, we can use it to holomorphically embed M
into C. We then have:

K(M#) = K(M)NC#(J)

or alternatively
M#* = K~1(C*(J)). (7.1.1)

To realize the other M? inside of C, note that in the above equations we can respectively
replace M# with M, or M(<, 1) and C#(J) with C<4(J) or Ci<,1)(J).

If we now equip F with a fiberwise metric g and choose V to be a metric connection and
J, K € T'(T) then it is clear that Equation 7.1.1 and its surrounding discussion would still be
true if we were to replace C with 7. This then allows us to view the M?° as the intersection
of complex submanifolds and subvarieties inside the twistor space 7 .

By using the properties of the subvarieties C° and 7° which were derived in the previous
section, we will now demonstrate two of our main corollaries of this twistorial point of view
of the M?.

7.2 Bounds on the M?

As a first corollary, we will bound the dimensions of the M?. We will find that the bounds
depend on whether J and K are sections of C or of 7.
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7.2.1 (C—case

Let us consider the setup of Theorem 5.1.1 where J and K are respectively parallel and
holomorphic sections of (C(E), JV") — (M, I). Since K : M — C is a holomorphic map
and, by the above discussion, M(<, +) = K~ (C(<r1)(J)), it follows from general theory that
if M(<y+) is nonempty in M then the codimM <, +y < codimC (<, +)(J). As we have already
determined the codimensions of the C(<,+)(J) in Proposition 6.2.3, we have

Proposition 7.2.1. Let dimcM = m. If M<,+) is nonempty then the complex dimension
of each of its components is > m — (n — )%

Remark 7.2.2. The above proposition can also be proved in another way by applying the
following lemma (see [8]) to the first two holomorphic bundle maps given in Proposition
5.1.3.

Lemma 7.2.3. Let E and F be two rank n holomorphic vector bundles fibered over a complex
manifold N and let A: E — F be a holomorphic bundle map. The complex codimension of

N< ={x € N| RankA|, < k}

is < (n — k)2,

Either by using an analysis that is similar to the one first used to derive Proposition 7.2.1
or by deriving it directly from that proposition, we have:

Proposition 7.2.4. Let dimcM = m. If M# is nonempty then the complex dimension of
each of its components is bounded as follows:

1) dimM™) > m — m?

2) dimM®™=1) > m —m?,

3) dimM =1 > m —m? —m? |

7.2.2 7T-case

Let us now consider the setup of Section 5.2.1 so that J and K are respectively parallel
and holomorphic sections of (7(E, g), VD) — (M, I). We will first focus on the M<, ).
By using Proposition 5.2.4, we may split it into two disjoint open subsets:

M<ry = MERTT U M),
where
M) = | M,
kGZZO

To bound the dimensions of Mz ™| we will express this subvariety as K~ (Taan(J)),

where T2 *)(J ) is analogously deﬁned and is, by Proposition 6.2.7, a holomorphic subva-
riety of 7. As in the previous section, it then follows that the codzmMé;T’ ) <
codimTen'™ )(J ) and since we have already determined the codimensions of the T )(J )
in Proposition 6.2.7, we obtain:

52



Theorem 7.2.5. Let dimcM = m. If MEm g nonempty then the complex dimension of
each of its components is > m — w

An analogous statement is true for MEZE™,

Either by using a similar analysis or by deriving it directly from the above theorem, we
obtain:

Theorem 7.2.6. If M7 is nonempty then the complex dimension of each of its components
1s bounded as follows:

1) dimM™*) > m — ma(m = 1)

2
_ 1 —1
2) dimM(*,m,l) >m— m 1(m2 1 )
ml(ml — ].) + m_l(m_l — ].)

3) dimM(mm=1) >y

2

We will now list some cases that we will focus on in Chapter 8.

Corollary 7.2.7. The following are bounds on the complex dimensions of some of the M7 :

1) dimM®? dimM®®Y >m —1
2) dzm]W(22 >m —2

3) >m
4) dimM%?  dimM®*) > m —

Remark 7.2.8. Note that the bounds given in 1) follow from those in 4) since if M2 is
nonempty then it is open in M*?)

7.3 The M7 along Curves

We will now apply the twistor point of view of Section 7.1 to derive another corollary
about the M#. Unlike the previous one, this corollary will not use the holomorphicity of
the twistor space C, rather it will just use the descriptions of TxC#(J) and Tx7#(J) that
were given in Propositions 6.2.4 and 6.2.8. To describe it, consider the setup of a rank 2n
real vector bundle E — M equipped with a connection V. Also let J and K be sections of
7 :C(E) — M such that VJ = 0. Note that we do not impose any conditions on K or on
the curvature of V; nor do we require M to be even dimensional.

Given z in M# and v € T, M, the goal that we are currently working on is to derive
necessary and sufficient conditions for there to exist a curve 7 in M such that 7/(0) = v
and () € M7 for at least small t € R. We are interested in these conditions because they
can be used to derive both upper and lower bounds on the dimensions of the M# (see the
discussion below and [12]).

As a first step, we will now show how to use twistor spaces to give a natural geometrical
derivation of certain necessary conditions on V, K.
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Proposition 7.3.1. Let x € M%* and suppose that there is a curve v in M such that
v(0) =z, y(t) lies in M# for small t € R and v'(0) = v. Then

1) for M#* =M™ VK : Ker(J + K) — Im(J 4+ K)

2) for M# = M*™-) VK : Ker(J — K) — Im(J — K)

3) for M# = Mmm-) ¥ K : Ker(J + K) — Im(J + K) and
V,K : Ker(J—K) — Im(J — K).

Proof. As~(t) € M#, K(~(t)) € C#(J), so that K,v € TxC#(J). Since by Proposition 6.2.4
T C*(J) = VxC*(J) ® H}.C,

the vertical projection PV of K,v lies in VxC#(J) = TxC(E,)#(J). Now by Proposition
2.2.6, PV = 1*V¢, where ¢ € I'(m*EndE) is defined by ¢|; = j, and since

TV, =1 Vi, (n"K) =V,K,

we find that V,K € TxC(E,)#(J). The proof of the proposition then follows from Proposi-
tion 6.1.10. 0

Remark 7.3.2. Although Proposition 7.3.1 can certainly be proved by more direct methods
that do not involve twistor spaces, we are currently using the twistor point of view of the M#
to derive stronger results (at least in the case when there are certain differential conditions
imposed on K ).

Let us now further suppose that E is equipped with a fiberwise metric g and J and K are
sections of 7 : T(FE, g) — M. In this case we have derived a result analogous to Proposition
7.3.1. To state it, let us first orthogonally split £ = Im[J, K| ® ker(J + K) @ ker(J — K)
at the point x € M and define Fy, P, and P_; to be the corresponding projection operators.
We then have:

Proposition 7.3.3. Let x € M?% and suppose that there is a curve v in M such that
7(0) = x, ¥(t) lies in M# for smallt € R and +'(0) =v. Then

1) for M#* = M™*) P (V,K)P; =0

2) for M# = M®*m-) pP_(V,K)P_; =0

3) for M#* = Mmm-) P (V,K)P, =0 and P_(V,K)P_, = 0.
Proof. The proof follows directly from Proposition 7.3.1 and the fact that Im(J + K) =
Im[J, K| @ ker(J — K). Note that if we also assume that Vg = 0 then one can alternatively

derive the above proposition by replacing C in the proof of Proposition 7.3.1 with 7 and by
using the description of Tk 7T (E,)#(J) given in Proposition 6.1.24. O

It follows that if there exists a v € T, M such that P;(V,K)P; # 0 then M cannot equal
M(™1%) along any curve v that satisfies 7/(0) = v, i.e., the dimension of ker(.J + K) along
any such v must always change. Hence Propositions 7.3.1 and 7.3.3 can be used to derive
upper bounds on the dimensions of the M#; see [12] for explicit examples.
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We will now consider the holomorphic twistor spaces of bihermitian manifolds and will
apply Theorem 7.2.6 and Proposition 7.3.3 to study certain Poisson structures on the man-
ifold.
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Chapter 8

Bihermitian Manifolds

8.1 Subvarieties and Bundle Maps

Let (M, g, Jy,J_) be a bihermitian manifold, as described in Section 3.3.2, so that
VtJ.=0and V J_ =0,

where V= = VI + 271 H for a closed three form H. To build holomorphic subvarieties
inside of (M, J, ), first note that by Corollary 3.3.4, the total space of (7 (T M), JV +/+)) —
(M, J,) is a complex manifold. Also, since V~J_ =0, J_ is a parallel section of 7 and, by
Proposition 3.4.11, J is a holomorphic section. (Note that the holomorphicity condition on
J 1s equivalent to JL V™ Jp = V7 Ji, which in turn can be shown to be equivalent to the
integrability condition on J;.) As these results are also true if we were to interchange +
with —, by Theorem 5.1.1 we have

Proposition 8.1.1. Let (M,q,J.,J_) be a bihermitian manifold. The following are holo-
morphic subvarieties of M with respect to both Jy and J_:

1) M<s ={xz € M| Rank[J;,J_ ]|, < 2s}
2) M<y 1) ={x € M| Rank(J; £ J_)|, < 2r}.

Let us now fix the complex structure J, on M. As in the general case of Section 5.1,
to derive the holomorphicity of the above subvarieties in (M, J,), we will first consider
the following holomorphic bundles: 7"° and T, equipped with the d-operator V=01 as
well as T}F’O and Tg’l, equipped with the d-operator (V=) 1 = y~=O1 4 %(V_(O’l)J+)J+.
By Proposition 3.4.9, this latter (0,1) connection equals V"% where V" is the Chern
connection on T'M that is associated to (g, Jy). (Note that VOO = v=O1) on 791

By Proposition 5.1.3, we then have:

Proposition 8.1.2. Let (M, g, J,,J_) be a bihermitian manifold. The following are holo-
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morphic maps between the specified bundles that are fibered over (M, J):

) J+J T — 1! N Jy —J T — 0
3) Jy+J T — T} 4 Jo—J T — 10
5) [Ty, J] - T — 1.

With the appropriate holomorphic structures on the bundles, the above statement is also true
if we were to interchange + with —.

Corollary 8.1.3. [J,J_|g-" € T(A?’TM) induces a holomorphic section of N*T}° —
(M, Jy) and of N2T>° — (M, J_).

Remark 8.1.4. Note that Corollary 8.1.3 was first derived in [19] by using other methods
and thus the holomorphicity of M<s is already known in the literature. However, the holo-
morphicity of the other maps in Proposition 8.1.2 as well as the holomorphicity of M<, +)
are new to the literature. !

Remark 8.1.5. By Proposition 5.1.4, the holomorphicity of [Jy, J_], as given in Part 5) of
Proposition 8.1.2, is independent of the bihermitian condition dH = 0.

8.2 Bounds and Poisson Geometry

Let us consider the M# in a bihermitian manifold that correspond to those of Definition
5.2.1. It immediately follows that their dimensions are bounded by the ones given in Theorem
7.2.6. The present goal is to use known Poisson structures on M to derive additional bounds
on the dimensions of the M?# that are stronger than some of the bounds given in that
theorem. At the same time, we will use these latter bounds in Section 8.3 to derive an
existence result about certain M# in CP? that cannot be derived by using the bounds from
Poisson geometry.

8.2.1 Motivation for Bounds

Before we specify the additional bounds for the M7, we would like to use Proposition
7.3.1 to motivate the reason that one should search for other bounds in the first place.
Indeed, one way to obtain lower bounds on the dimensions of an M# about a smooth point
x is to find curves such as v in M that satisfy v(0) = 2 and v(t) € M# (for at least small
t € R). Although Proposition 7.3.1 does not give sufficient conditions for the existence of
such curves, it does give ones that are necessary. To specify them, first consider the following
orthogonal and J,, J_ invariant splitting:

T.M=ToeTy®T 1 :=Im[J;, J_|® ker(J + J_) @ ker(J, — J_).

Letting Py, P, and P_; be the corresponding projection operators, we then have

'We note here that Marco Gualtieri has derived the holomorphicity of the M, (<r,4) by using the generalized
geometry description of bihermitian geometry.
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Proposition 8.2.1. If there exists a curve v of the above type and if v'(0) = v then
1) for M#* = M"™) P[g~*H,, J.]P, =0
2) for M# = M™*™=Y) P_\[¢g7'H,, J,|P_, =
3) for M# = Mmm=1) p g H, J.]P, =0 and P_,[g"'H,, J,|P_, = 0.
Proof. The proof follows from Proposition 7.3.3 and the fact that V= J, = —[¢7'H, J,]. O

Remark 8.2.2. Note that if we found a w € T,M such that P,[g" H,,, J.| P, # 0 then there
are no curves in M that satisfy v'(0) = w and that lie in M%) for at least small t € R.
We will apply this result in [12] to derive upper bounds on the dimensions of the M* in
specific examples.

Now our main point is that we have proved
Proposition 8.2.3. The following holds true:
1) P[g~*H,,J, P, =0 Yve Tt

2) Py[g'H,, J P, =0 YveTH
3) Pilg *H,,J )P, =0 and P_i[g"'H,, J]P.1 =0 Vv € Ty.

Proof. First note that by Section 3.3.2, the three form H in the connections V* = Ve £
197 H is (1,2) + (2,1) with respect to both J; and J_. This is equivalent to the conditions:
Jilg'H, Ji ) =g 'Hy, ,Ji) and J_[¢g'H,J_ | =g 'H, , J_].

Now consider

Pl[gile, J+]P1 = J,J+P1[g71Hv, J+]P1
=J_Plg 'Hy 0 JL )P
As P,J, = —P,J_, this equals
~J_Pilg 'Hy,0, J-1PL = Pilg ' Hy 7,0, J+|P1.

Hence
Pilg " Hiy g, -1y, J+ )P =0,

which proves Part 1) of the proposition; the other parts are proved similarly.
m

Given v € Ty, for instance, it is then natural to ask whether there exists a curve v in M
such that 7/(0) = v and y(t) € M™™-1) for at least small ¢ € R. The present goal is to
show that such curves do indeed exist by using real Poisson geometry.

8.2.2 Background

Before we describe its connection to bihermitian geometry, let us first give some brief
background on Poisson geometry. Let (N, A) be a real manifold that is equipped with a
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section of A?T. X is then a real Poisson structure if {f, g} = \(df,dg) defines a Lie bracket
on C*°(N). Given a complex structure on N, one can similarly define a holomorphic Poisson
structure.

The fact about the real Poisson manifold (N, ) that we will need in order to obtain
the desired curves in a bihermitian manifold is the following. If we let v € ImM\,, where
Ay : TEN — T, N, and extend it to a vector field A\(df) then, as A is Poisson, the flow of this
vector field will preserve A. Hence there exists a curve v in N such that 4/(0) = v and (¢) lies
in a constant rank locus of A for at least small t € R. If we define Ny, = {x € N| Rank\, = k}
to be such a locus, we then have

Proposition 8.2.4. Let (N, \) be a real Poisson manifold. If Ny is nonempty then dimNy >
k.

Remark 8.2.5. Another, though closely related, way to derive the proposition is to first note
that the ImX\ is an integrable generalized distribution for N. It can then be shown that the
leaves of the corresponding foliation lie in the constant rank loci of X\, yielding the bounds
given above.

8.2.3 Poisson Bounds for the M#

With this background on Poisson geometry, let us return to the bihermitian setup
(M,g,J.,J_). In this case, the following Poisson structures were found by Lyakhovich
and Zabzine [20] as well as Nigel Hitchin [19] (see also [1]).

Proposition 8.2.6. The following are real Poisson structures on M :
o=1[J,J g7 and Ie=(J,EJ )g "

Moreover, if we let o be the (2,0) component of o with respect to J then it is a holomorphic
Poisson structure on (M, J,). The same statement is true if we interchange + with —.

Consequently, the M<, and M, 1) of Proposition 8.1.1 are the degeneracy loci of the
above Poisson structures and the M# refine the structure of the constant rank loci.

If we reconsider the vector v € Tj from the end of Section 8.2.1 then we can now un-
derstand the reason that there exists a curve v in M such that /(0) = v and ~v(¢) lies in
Mmm=1) for at least small ¢ € R. The reason is that since o is Poisson, there exists such
a curve that lies in Mj, a constant rank locus of [J;, J_], and by Section 5.2, M, is locally
Mmum=1) for some (my, m_;).

By also considering the other real Poisson structures given in the above proposition
together with Proposition 8.2.4, we have derived the following bounds on the M7.

Proposition 8.2.7. Let dimcM = m. If M* is nonempty then the complex dimension of
each of its components is bounded as follows:

1) dim MO > m —my
2) dim ME™-1) >y
3) dim M ™™= > m — (my 4+ m_y).
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Remark 8.2.8. Note that the bounds in 1) and 2) modify some of those in 3). For example,
if M™0Y) is nonempty then its complex dimension is really > m—my and not just m—mq—1.
The reason is that by Proposition 5.2.4, MV s open in M ™) Also note that if M)
15 nonempty then its complex dimension is m.

To compare the above bounds to the ones derived from twistor space, note that only a
few of the twistor bounds of Theorem 7.2.6, which we list in Corollary 7.2.7, are stronger
than the Poisson bounds given in Proposition 8.2.7. Though, in the next section we will give
a corollary of the twistor bounds that cannot be derived by using the Poisson bounds alone.

Remark 8.2.9. It can be shown that the fact that o and A+ are Poisson structures, as
stated in Proposition 8.2.6, does not depend on the bihermitian condition dH = 0. Hence
the bounds of Proposition 8.2.7 are true regardless of this condition. This is to be compared
to the bounds derived from holomorphic twistor spaces (Theorem 7.2.6), where the condition
dH = 0 was certainly used.

8.3 Existence of the M# and the Bounds from 7

In the following, we will use the twistor bounds of Theorem 7.2.6 to derive information
about the constant rank loci of holomorphic Poisson structures on CP? and about the exis-
tence of certain M# in the manifold. If we let A/ = CP? and let I be its standard complex
structure, then first note that there exists a holomorphic Poisson structure, 6, on M that
vanishes only on points and complex curves [23]. Now it is possible to show, as described
below, that there are bihermitian structures (g, J,,J_) on CP? such that J, = I and the
constant rank loci of [J4, J_] are the same as those for Red. Given such a structure, our
claim is that the associated subvarieties M®1D and M2 as defined in Definition 5.2.1,
must be empty in M. In particular, My, the zero rank locus of [J,, J_| and of &, must be
either M©3) or M3 but can never (even locally) be M2V or M) The reason is that
if M2V were to exist then its complex dimension, by Theorem 7.2.6, must be greater than
or equal to two. However, the dimension of M, is less than or equal to one, and as M1
is contained inside of My, it follows that M?1) cannot exist. (The same argument is true if
we replace MY with M(1:2)))

Note that the bound for the complex dimension of M®Y given in Proposition 8.2.7 is
only greater than or equal to one (see Remark 8.2.8); thus we really needed the twistor
bounds from Theorem 7.2.6 to come to our conclusion. Lastly, there are methods given, for
instance, in [15] that can be used to produce bihermitian structures on CP? with the above
properties; it can be checked that in these examples, M, is indeed equal to M (®3).
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