View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Warwick Research Archives Portal Repository

A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL:

http://wrap.warwick.ac.uk/149525

Copyright and reuse:

This thesis is made available online and is protected by original copyright.

Please scroll down to view the document itself.

Please refer to the repository record for this item for information to help you to cite it.
Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications


https://core.ac.uk/display/388607969?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/149525
mailto:wrap@warwick.ac.uk

Applications of Pseudoholomorphic Subvarieties to

J-Anti-invariant Forms and Spectral Geometry

by

Louis Bonthrone

Thesis
Submitted to The University of Warwick
for the degree of

Doctor of Philosophy

Mathematics Institute

July, 2019

THE UNIVERSITY OF

WARWICK



Contents

Acknowledgments iv
Declaration v
Abstract vi
1 Introduction 1
1.1 Outline and main results . . . . . . . . . ... ... .. .. ........ 2

2 Background 7
2.1 Almost Complex Structures . . . . . . . .. .. .. ... ... ...... 7
2.1.1 Almost Kéhler Manifolds . . . . ... ... ... ......... 12

2.1.2  Cauchy-Riemann Type Equations and Pseudoholomorphic Curves 15

2.1.3 Local Coordinates . . . .. ... ... ... ... ......... 20

2.2 Spectral Theory . . . . . . . .. . 25
2.2.1 The Rayleigh Quotient and the Min-Max Theorem . . . . . . . . 25

2.2.2 Estimates for Kahler Manifolds . . . . . . ... ... ... .... 29

3 J-anti-invariant forms 34
3.1 Introductory Remarks and an Overview . . .. .. ... ... ... ... 34
3.2 Finite 2-dimensional Hausdorff measure . . . . ... ... ... ... .. 37
3.3 Positive cohomology assignment . . . . . .. ... oL 45
3.4 Higher dimensions . . . . . .. . ... o 49
3.5 A birational invariant of almost complex 4-manifolds . . . . . . ... .. 54
3.6 Further discussions . . . . . . . . . . . . . . . e 58
3.6.1 Multiplicity of zeros for a continuous function u : D> — R? . .. 58

4 Eigenvalues on almost Kahler manifolds 61
4.1 Introduction . . . . . . . . . . . ... 61
4.2 Preliminaries . . . . . . . . ... e e e 64
4.2.1 FEigenvalues of the Laplacian on an almost Kéhler Manifold . . . 64

4.2.2  Almost Kahler Geometry and Complex Projective Space . . . . . 64

4.3 Pseudoholomorphic Vector Bundles . . . . . . . ... ... ... ..... 66
4.3.1 Globally Generated Bundles . . . . . .. ... ... ........ 69

4.4 Examples . . . . .. e 71
4.5 Regularity of the Level Sets . . . . . . . .. .. .. ... ... ... ... 74
4.6 Test Functions . . . . . . . . . . . . ... ... 77
4.7 Proof of Theorem 4.1.1. . . . . . . . . . . . . . ... . 78
4.8 FEigenvalues of Pseudoholomorphic Subvarieties . . . . . . .. ... ... 80

4.8.1 Analysis on Pseudoholomorphic Subvarieties . . . . .. ... .. 80

ii



CONTENTS iii

4.9 Further Directions . . . . . . . . .. . Lo 84
4.9.1 Locally Approximable Pseudoholomorphic Maps . . . .. .. .. 84
4.9.2 Variations of the Almost Complex Structure. . . . . ... .. .. 88

Bibliography 90



Acknowledgments

My thanks must surely go first to my supervisors Weiyi Zhang and Peter Topping
without whom this thesis would not exist.

I would also like to express my gratitude to my partner Julia and my family who
have provided a constant source of support and encouragement. In particular I would
like to acknowledge the role my Nan has played in getting me to where I am today.

I also thank the rest of the geometric analysis group at Warwick, and all its mem-
bers over the years, for numerous insightful discussions and seminars, including Mario
Micallef, Claude Warnick, Alix Deruelle, Wenshuai Jiang, Kai Zheng, Andrea Mondino,
Tobias Huxol, Paul Bryan, Andrew McLeod, Ben Sharp and Lucas Ambrozio.

v



Declaration

Chapter 2 contains classical results that are required in subsequent chapters. Chapter
3 is taken from the paper [5] which is joint work with Weiyi Zhang. Chapter 4 will
be submitted as a paper in its own right in due course and is the authors own work
undertaken during his doctoral studies.

I hereby declare that this submission is my own work and that, to the best of
my knowledge and belief, it contains no material previously published or written by
another person nor material which has been accepted for the award of any other degree
or diploma of the university or other institute of higher learning, except where due

acknowledgement has been made in the text.



Abstract

The results contained in this thesis can be split into two categories, namely those involv-
ing the analysis of J-anti-invariant forms and those in the realm of spectral geometry.

We primarily study the relation of J-anti-invariant 2-forms with pseudoholomorphic
curves in the first half of the thesis. We show that the zero set of a closed J-anti-
invariant 2-form on an almost complex 4-manifold supports a J-holomorphic subvariety
in the canonical class. This confirms a conjecture of Draghici-Li-Zhang. A higher
dimensional analogue is also established. Furthermore, the local model built for the
bundle of J-anti-invariant forms can be used to prove that, on an almost complex 4-
manifold, the dimension of the cohomology group associated to closed J-anti-invariant
2-forms is a birational invariant in the sense that it is invariant under degree one
pseudoholomorphic maps.

In the latter half we study the eigenvalues of the Laplacian of an almost Kéhler
metric. In particular we find that the bounds established by Kokarev [33] in the case
of a Kéahler metric with respect to an integrable almost complex structure also hold in
the almost Kahler setting. That is, we show that if a compact almost Kéahler manifold
admits a pseudoholomorphic map into a projective space then the k-th eigenvalue of
the Laplacian, with respect to a given Kéhler metric, can be bounded above by a
constant depending only on dimension, the map into projective space and the Kéahler
class. We provide examples of strictly almost Kahler manifolds which admit a non-
trivial pseudoholomorphic map into a projective space. Similarly to Kokarev [33] we
establish a version of the estimate for pseudoholomorphic subvariety. Finally we prove
that the estimate holds for almost Kéhler manifolds admitting a pseudoholomorphic
map into projective space in a class of non-smooth maps. In particular we obtain that
the estimate holds for Kahler manifolds which admit a rational map into projective

space.
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Chapter 1

Introduction

The groundbreaking work of Gromov [24] in the 1980’s set the ball rolling on the study
of pseudoholomorphic curves in symplectic manifolds. A pseudoholomorphic curve is a
smooth map from a Riemann surface into an almost complex manifold and since any
symplectic manifold admits an almost complex structure they are natural objects to
study. Indeed, their study has allowed the field of symplectic topology to reach new
heights, of particular note is the deep theory of symplectic 4-manifolds. Their influence
can also be seen further afield, for example in algebraic geometry and string theory to
name a few.

A cornerstone in the theory of pseudoholomorphic curves is the positivity of inter-
sections phenomena. This property is, of course, one shared with holomorphic curves
in complex manifolds and more generally with all complex subvarieties. To study com-
plex submanifolds it is often convenient to view them as zero loci of analytic functions.
This approach is colloquially known as the “mapping out viewpoint” and has proven
extremely powerful in the complex setting where it is essentially the intersection theory
of complex subvarieties. In contrast, Gromov’s groundbreaking work on pseudoholo-
morphic curves has made the “mapping into” point of view the most common approach
in the study of pseudoholomorphic curves and higher dimensional almost complex sub-
manifolds. Nevertheless Taubes uses the “mapping out” approach in his seminal work
on the equivalence of SW and Gr to give a criteria for a set to support a pseudoholo-
morphic curve. Building on these techniques Zhang [60] has initiated a programme to
develop the “mapping out” point of view for arbitrary almost complex structures. It
is the purpose of this thesis to continue this work, exploring its applications to under-
standing the canonical bundle of an almost complex manifold, the birational invariants
of an almost complex manifold and the spectrum of the Laplacian of an almost Kéhler

manifold.
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1.1 Outline and main results

The main results of this thesis, whilst all lying under the broad guise of almost complex
geometry, can be split into two distinct areas. Firstly there are results concerning the
zero locus of sections of the canonical bundle. This work will make up Chapter 3.
Secondly we present estimates on the eigenvalues of the Laplace-Beltrami operator on
a closed, almost Kéahler manifold, this is the content of Chapter 4.

Chapter 2 is a catch-all background chapter, in that it may have no clear through-
line, but it shall provide all of the necessary background to make sense of the subsequent
chapters. A brief review of almost complex structures, pseudoholomorphic curve theory
and spectral theory will be included. In particular, whilst looking at spectral theory,
we recall some fundamental results pertaining to the eigenvalues of the Laplacian on a
Riemann surface. These results motivate the estimate of Bourguignon, Li and Yau [7]
which is the starting point of Chapter 4.

We now provide an overview of the main results of this thesis. First we turn our
attention to a well known folklore theorem (see [29, 35]) which dates back to the 1980’s
and says that for a generic Riemannian metric on a 4-manifold with positive self-dual
second Betti number, the zero set of a self-dual harmonic 2-form is a finite number of
embedded circles. It is the starting point of Taubes’ attempts, e.g. [51], to generalise
the identification of Seiberg-Witten invariants and Gromov invariants for symplectic
4-manifolds to general compact oriented 4-manifolds.

Recently Zhang [60] proposed the subsequent philosophy,

1.1.1. A statement for smooth maps between smooth manifolds in terms of R.Thom’s
transversality should also have its counterpart in pseudoholomorphic setting without
requiring the transversality or genericity, but using the notion of pseudoholomorphic

subvarieties.

Following this philosophy the above genericity statement for the zero set of a self-
dual harmonic 2-form in the smooth category should find its counterpart in the almost
complex setting without the genericity assumption. It is stated as Question 1.6 in [60]
which first appeared in [16]. Let us now make the statement precise.

Let (M?",J) be an almost complex manifold. The almost complex structure acts
on the bundle of real 2-forms A? as the following involution, a(-,-) — a(J-,J-). This

involution induces the splitting
A*=AT @A, (1.1)

corresponding to the eigenspaces of eigenvalues +1 respectively. The sections of these
bundles are called J-invariant and J-anti-invariant 2-forms respectively. The bundle A}
inherits an almost complex structure, still denoted by J, from Ja(X,Y) = —a(JX,Y).

On the other hand, for any Riemannian metric g on a 4-manifold, we have the
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well-known self-dual, anti-self-dual splitting of the bundle of 2-forms,
2 _ A+ -
A=A, BA,. (1.2)

When g is compatible with J, i.e. g(Ju, Jv) = g(u,v), we have A, C A;. In particular,
it follows that a closed J-anti-invariant 2-form is a g-self-dual harmonic form. Hence,
a closed J-anti-invariant 2-form is the natural almost complex refinement of a self-
dual harmonic form on an almost complex 4-manifold. Following philosophy (1.1.1)
our expectation is that the almost complex counterpart of the aforementioned folklore
theorem should be that the zero set of a J-anti-invariant 2-form is a J-holomorphic
curve.

Since the complex line bundle A7 can be viewed as a natural generalisation of the
canonical bundle of a complex manifold it is instructive to take a brief digression and
consider what is known in the complex setting. On a complex surface, if « is a closed
J-anti-invariant 2-form, then Jea is also closed and a+iJ« is a holomorphic (2,0) form.
Hence the zero set a~!(0) is a canonical divisor of (M, .J), e.g. by the Poincaré-Lelong
theorem. This meets our expectations in the case of an integrable almost complex
structure.

We are able to confirm our above speculation for any closed, almost complex 4-

manifold.

Theorem 1.1.1. Suppose (M, J) is a closed, connected, almost complex 4-manifold
and a is a non-trivial, closed, J-anti-invariant 2-form. Then the zero set, Z, of «

supports a J-holomorphic 1-subvariety, O, in the canonical class Kj.

Theorem 3.1.1 could be extended to the sections of bundle A%’O of real parts of
(n,0) forms, which has a natural complex line bundle structure induced by the almost
complex structure on M. The space of its sections is denoted Q%’O. We have Theorem
3.4.1, which says that the zero set of a non-trivial closed form in Qﬁ’o supports a
pseudoholomorphic subvariety of real codimension 2 up to Question 3.9 of [60].

We also study the relation of J-anti-invariant forms with the birational geometry
of almost complex 4-manifolds, in particular we look for birational invariants. To this

end recall that we can define cohomology groups, e.g. [39],
H7 (M) = {a € H*(M;R)|3 a € 27 such that [a] = a}

generalising the real Hodge cohomology groups, where Z; are the spaces of closed 2-
forms in Q§ It is proven in [14] that H} (M)®&H; (M) = H?(M;R) when dimg M = 4.
The dimensions of the vector spaces HjE (M) are denoted as hf(M ).

In [60] it is shown that the natural candidate for generalising birational morphisms
to the almost complex category are degree one pseudoholomorphic maps. We can use
the local model built for Theorem 1.1.1 to study the extension properties of closed J-

anti-invariant forms. This is the content of Proposition 3.5.1, which should be compared
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with the Hartogs extension for pseudoholomorphic bundles over almost complex 4-
manifolds established in [11].
With this Hartogs type extension for closed J-anti-invariant 2-forms in hand, we

are able to show the dimension of J-anti-invariant cohomology is a birational invariant.

Theorem 1.1.2. Let ¢ : (M, J1) — (M2, J2) be a degree 1 pseudoholomorphic map

between closed, connected, almost complex 4-manifolds. Then hy (My) = hj (Ma).

Together with the almost complex birational invariants defined in [11], including
plurigenera, Kodaira dimension, and irregularity, we have a rich source of invariants to
study the birational geometry of almost complex manifolds.

The second part of this thesis is dedicated to obtaining upper bounds for the eigen-
values of the Laplacian on almost Kéhler manifolds.

The jumping off point for us will be a bound of Bourguignon, Li and Yau [7]. They
provided an upper bound for the first non-zero eigenvalue for a given Kéahler metric on
a projective manifold M which depended only on dimension, volume and a holomorphic
immersion ¢ : M™ — P™. Notice in particular that this bound depends only on the

Kahler class [w].

Theorem 1.1.3 (Main Theorem of [7]). Let M™ be an n-dimensional complex manifold
admitting a holomorphic immersion ¢ : M — PN. Suppose that ® is full in the sense
that ¢(M) is not contained in any hyperplane of PN. Then, for any Kdihler metric w
on M, the first non-zero eigenvalue \i(M,w) satisfies

M1.w) < an™La((g). ),

where
fM ¢*WFS Awn !

Jarw™

Recently Kokarev [33] has extended their result by giving bounds on the k-th eigen-

d([¢], [w]) :

value, which depend linearly on k, for a more general class of Kahler manifolds.

Theorem 1.1.4 (Theorem 1.2 of [33]). Let (M",J) be a closed n-dimensional Kihler
manifold and ¢ : M™ — P™ a non-trivial holomorphic map. Then, for any Kdhler

metric g on M™, the eigenvalues of the Laplace-Beltrami operator A4 satisfy,
Me(M™, g) < Cln,m)d([6), [k, for any k> 1, (1.3)

where C(n,m) > 0 is a constant depending only on n and m and d([¢], [wy]) is defined
by,

_ S *wrs Awl ™!
Jorwi ‘
We are able to establish that this result in fact holds if the the almost complex

structure is not integrable, that is, it holds for almost Kéhler manifolds.

d([¢], [wg]) : (1.4)
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Theorem 1.1.5. Let (M™,J) be a closed n-dimensional almost Kahler manifold and ¢ :
M™ — P™ a non-trivial pseudoholomorphic map, where P™ is taken with its standard
complex structure. Then, for any almost Kahler metric g on M", the eigenvalues of

the Laplace-Beltramsi operator Ay satisfy,
A(M™, g) < Ol m)d(9), gDk, for any k> 1, (1.5)
where C(n,m) > 0 is a constant depending only on n and m and d([¢], [wy]) is defined

by,
B fM *wps N oﬂ;_l

d([¢]a [wg]) : fM wn (16)
g
Notice that alternatively we can write
*lwpg] — [wo]" 1
(9], gl o= (o] = el (M) 17)

([wg]™, [M]) ’

where (-,) denotes the pairing of de-Rham cohomology and singular homology. It is
clear that d([¢],[wy]) depends only on the de-Rham class [wy] € H?*(M;R) and the
induced map on 2-cohomology ¢* : H?(P™; Q) — H?(M;Q).

Corollary 1.1.1. Let E — M be a complex vector bundle over a compact almost
complex manifold (M,J). Suppose further that the total space is endowed with an
almost complex structure J and the bundle is globally generated by pseudoholomorphic
sections with respect to J. Then for any almost Kdahler metric g on M the eigenvalues

of the Laplace-Beltrami operator satisfy,

(c1(E) — [wg]" ™1, [B"])
([wg]™, [37])

where C > 0 is a constant depending only on dim(M), rank(E) and dim(HY(E)).

Me(M,g) <C k, forany k> 1, (1.8)

As in [33] we can also obtain a version of Theorem 1.1.5 for pseudoholomorphic
subvarieties of almost Kéhler manifolds. Let (M"*¢ .J) be a closed almost Kihler
manifold and X" an irreducible pseudoholomorphic subvariety whose regular part ¥
has complex dimension n. Here we say that ¥" C M"* is an irreducible pseudo-
holomorphic subvariety if it is the image of a somewhere immersed pseudoholomorphic
map ® : X — M where X is a smooth, closed, connected almost complex manifold.
Given an almost Kéhler metric g on M its restriction to the regular part of ¥ yields
an incomplete almost Kéahler metric on X,. We are interested in the eigenvalues of the

Laplacian corresponding to gs.

Theorem 1.1.6. Let (M™, .J) be a closed almost Kihler manifold and ¢ : M"Tt —
P™ a non-trivial pseudoholomorphic map. Furthermore let ™ C M™* be an irreducible
pseudoholomorphic subvariety such that the restriction of ¢ to X is non-trivial. Then,

for any almost Kdhler metric g on M, the eigenvalues of the Laplacian associated to
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gs. satisfy,

Js ¢*wrps Awp™?

I5 Wy

(2, g5) < C(n,m) k, for any k> 1, (1.9)

where C'(n,m) > 0 is a constant depending only on n and m and wy is the Kdhler form
of g on M.

Finally we are able to show that the pseudoholomorphic map ¢ : M — P™ in
Theorem 1.1.5 need not be smooth. The precise statement of the weakened regularity
conditions can be found in §4.9.1 wherein we state and prove Theorem 4.9.1 which is
the low regularity counterpart of Theorem 1.1.5. This is new even in the holomorphic
setting. It turns out that rational maps satisfy the regularity conditions in question

and hence we obtain the following interesting consequence of Theorem 4.9.1.

Theorem 1.1.7. Let M"™ be a closed Kdhler manifold and L — M «a holomorphic line
bundle with base locus V- C M. If V is a subvariety of codimension at least 2 then, for

any Kdhler metric w on M, the eigenvalues of the Laplace-Beltrami operator satisfy,

/\k(M,w) < C(Cl(L) ~ [w]nilﬁ [M])

< Vol(M, []) k, forany k>1, (1.10)

where C' > 0 is a constant depending only n and m.
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Background

2.1 Almost Complex Structures

An almost complex manifold is a pair, (M, J), where M is a smooth manifold and
J € End(TM) is an automorphism of the tangent bundle such that J? = —I. We call
the automorphism J an almost complex structure.
A nondegenerate 2-form w € Q?(M) is said to be tamed by an almost complex
structure J if
w(X,JX) >0, VX el(TM)\ {0},

and compatible with J if
w(JX,JY)=w(X,Y) VXY e (TM).

With these definitions, for a nondegenerate 2-form w and an almost complex structure
J, the bilinear form defined by

(X,Y) =w(X,JY), VX,Y e(TM),

defines a Riemannian metric on M if and only if w is tamed by and compatible with J.
When an almost complex manifold (M, J) is equipped with a Riemannian metric g
satisfying
9(JX,JY)=9g(X,Y), VXY e(TM),

then we call the triple (M, J, g) an almost Hermitian manifold. Notice that the metric
defined by a tamed and compatible nondegenerate 2-form is thus almost Hermitian
(with respect to the given almost complex structure). On the other hand given a Her-
mitian manifold (M, J, g) there is a naturally associated nondegenerate 2-form defined
by

w(X,Y)=9(JX,Y), VXY el(TM),

which is often called the Hermitian form or fundamental form.
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One might initially hope that every oriented, even dimensional manifold admits an
almost complex structure. But this is not the case, even if one requires closedness in
addition. Indeed Borel and Serre [6] prove that the only spheres which admit an almost
complex structure are S? and S°. The next proposition tells us, amongst other things,
that manifolds admitting almost complex structures are in one-to-one correspondence

with those admitting nondegenerate 2-forms.
Proposition 2.1.1 ([40]). Let M be a smooth manfold of dimension 2n, then

(i) for each almost complex structure J there exists a nondegenerate 2-form compat-

ible with J, moreover the space of such forms is contractible;

(ii) for each nondegenerate 2-form w there exists an almost complex structure J with
which w is compatible, moreover the space of such almost complex structures is

contractible.

Corollary 2.1.1. Ewvery orientable 2-dimensional manifold admits an almost complex

strutcure.

Example 2.1.1. The most fundamental example of an almost complex structure is
the standard almost complex structure Jy on R?” which arises from the identification
with C" via z; = x; +1y;. That is, Jy acts via multiplication by ¢ on each fibre of TC",

this can be represented in matrix form as

n
0 1
Jo = .
&)
Notice that here we have taken the convention that JO% = —8%_, which is the con-
J J

vention we will use throughout this thesis.

The nondegenerate 2-form given by,
n
wo = Zda:j A dy;,
j=1

is tamed by and compatible with Jy. Thus (C", Jy, wp) is an almost Hermitian manifold,

in fact it is a Kéhler manifold the definition of which shall be given in the next section.

Example 2.1.2. We now give an example, first investigated by Kodaira in the 1950’s
[32], of an almost complex manifold which we shall return to multiple times throughout
this thesis. The Kodaira-Thurston surface is given by X = S x (Nil®/T") where Nil? is
the Heisenberg group,

Nil®> ={ A € GL(3,R) |A = . Ty, z€R Y,

S O =
O = 8
SR
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and I is the subgroup of Nil® with integral entries, acting by left multiplication. Letting

t denote a coordinate on S' an invariant frame of T'X is given by

9 6 o6 _ .9 9
ot dr By 0z 0z’

with its coframe being
dt, dzx, dy, dz— xdy.

We can define an almost complex structure J on 7*X on X by J(dx) = dt, J(dy) =
dz — zdy, by taking the duals we have defined an almost complex structure on X.

Furthermore there is a tamed and compatible 2-form given by
w=dz ANdt+dy A (dz — zdy),

thus making (X, J,w) an almost Hermitian manifold.

To round out this brief section we will discuss the conditions under which an almost
complex structure is a complex structure. For this first recall that a complex manifold is
a manifold with a holomorphic atlas, i.e. transition maps are holomorphic. A complex
manifold has a naturally associated almost complex structure which is given locally by
Example 2.1.1 and patched together by the holomorphic transition data.

An almost complex structure is said to be integrable if it is associated to a holo-
morphic atlas, in this case we often to refer to it simply as a complex structure. One
might hope that in fact every almost complex structure is integrable but, alas, this is
not the case. The J in Example 2.1.2 is non-integrable whereas Jy in Example 2.1.1 is
integrable.

One can characterise integrability in a number of ways. For now we focus on the
so-called Nijenhuis tensor:

Ny(X,Y):==([JX,JY] - J[JX,Y] - J[X,JY] - [X,Y]), X, Y eTM. (2.1)

1
4
A straightforward calculation shows that if J is integrable then N; = 0. It turns out
that the converse is also true and this is the content of the famed Newlander-Nirenberg

theorem.

Theorem 2.1.1. Let M be a smooth manifold and J a smooth almost complex structure

on M. Then there exists a holomorphic atlas associated to J if and only if Ny = 0.

Example 2.1.3. The almost complex structure Jy on C" in Example 2.1.1 was defined
using the global holomorphic coordinates z; and is hence integrable. On the other hand

it is easy to calculate that N, = 0.

Example 2.1.4. Consider now the Kodaira-Thurston surface X with the almost com-

plex structure J given in Example 2.1.2, we claim that this is not integrable.
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Indeed, we have that

0 0 0 0 0

hence we can calculate,

o 0 0 0 0 0 0
Wi =~ ([ 73] ) =5 7 O
Thus this almost complex structure J is not integrable.

On the other hand we can also take the original viewpoint of Kodaira [32] using the
fact that C2 = Nil® x R is a nilpotent group to write X = C2/T, where T is a discrete
subgroup which acts holomorphically and preserves the standard symplectic form on
C2?. With this in mind X is an elliptic surface, in particular X admits an integrable

almost complex structure.

Fundamental to the study of complex geometry are the type decompositions of
complex differential forms. The decompositions continue to hold for almost complex
manifolds but in the non-integrable setting these decompositions do not play nicely
when taking derivatives.

Given an almost complex structure J, extending the almost complex structure to
the complexified tangent bundle T¢M = TM ® C induces a splitting

T°M =TM & T M,

into the eigenspaces of J with eigenvalues i and —i respectively. The complexified
cotangent bundle thus admits an analogous type decomposition which in turn induces

a decomposition of the bundle of complex k-forms

g = @ o

ptg=k

Remark 2.1.1. The sections of T1°X are precisely the vector fields of the form Z —iZ

where Z is a real vector field.

With these splittings we can give another characterisation of integrability of J.

Indeed there is a natural (2, 0)-form with values in T*°M given by:
T D(THYM) x DT M) — DT M), (&, &) = [€1,&]"" (2.2)
To verify that this is indeed a (2, 0)-form it is enough to recall the following identity:

(€1, f&2] = fl&1, &) +&i(f) &2, Ve C™(M).

Note that unless otherwise specified scalar functions are to be considered as mapping
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into C. With this identity it is clear that 7(&1, f&2) = f7(&1,&2). We call T the torsion
of J.

Suppose that we have a local holomorphic coordinate system 2, then, since |

d_ 8‘] —
0z'7 9z31 T
0, we must have 7 = 0. It turns out that 7 vanishing is equivalent to the vanishing of

the Nijenhuis tensor.

Proposition 2.1.2. I'(TYYM) is closed under the Lie bracket, i.e. T =0, if and only

Proof. The (1,0) vector fields on (M, J) are precisely those of the form Y —iJY where
Y e I'(T'M). Thus it suffices to check when the following quantity is of this form:

(X —iJX)Y —iJY]|=[X,Y] - [JX,JY] - i([JX,Y] + [X, JY]).
So we have closure if and only if
J(X,Y]-[JX,JY]) =[JX, Y]+ [X,JY].

This is in turn equivalent to N;(X,Y) = 0. O

A fundamental difference between complex and almost complex geometry is the
interaction of the exterior derivative with the natural type decompositions coming from
J. Let d : Q{é — Q(’é“ be the complex linear extension of the exterior derivative on

real forms and define operators
9 :=qPthiod. Qpd — QPTha g .= gPitl o g . QP9 5 QPaHL

where P11 : Q(’f: — QP17 is the projection map.

The torsion, 7, of J yields operators:
QP QPT2aTL and 7Pt QP hat2,
Indeed, if &1, ..., &, a local frame of TH°X over U C X then T is given by

T=Y e 7eQU).

Now if u € QP9 then:
TU—ZTl (€ Ju), TU—ZTZ (& su).

It is straightforward to verify that 7/, 7" are both derivations, more precisely that:

(uAv) = ('u) Av+ (—1)deg“ u A (7'v),
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and similarly for 7”. It turns out that 7/ + 7" is precisely the quantity that describes

how far the exterior derivative is from respecting type decompositions.
Lemma 2.1.1. d=0+ 0+ 7 +7".

Proof. Since all of the operators involved are derivations it suffices to check the formula
for 0-forms and 1-forms. But by convention the contraction of a function by a vector
field is zero, so for O-forms 7'u = 7w = 0. Since du can have only (1,0) and (0,1)
parts we have the formula for 0-forms.

Now let u € Q! and &, € T(TCM), then

du(&,n) = &(u(n)) —n(u(§)) — u((& n]).

So if u is of type (0,1) and &, 7 of type (1,0), it is easy to see that

(du)Q’O(f,m = _U([fvﬂ]o’l) = _U(T(&n)) = (_T/U)(&U)‘

By definition we have (du)'! = Ou, (du)*? = Ou and 7"u = 0. Thus the desired

formula holds. By conjugation we have the formula for (1,0)-forms also. O

Remark 2.1.2. It will be useful in later chapters to note that when acting on complex

valued functions we get the splitting d = 0 + 0 even in the non-integrable case.

Since integrability of J is equivalent to the vanishing of 7 the Newlander-Nirenberg

theorem hence gives the following characterisation of integrability.

Theorem 2.1.2. An almost complex structure J is integrable if and only if d = 0+ 0.

2.1.1 Almost Kahler Manifolds

In this brief section we shall review some of the remarkable properties that arise when
we assume that the fundamental form of a (almost) Hermitian manifold is closed, that
is, when the manifold is also symplectic with compatible almost complex structure.
An almost Hermitian manifold is called almost Kdhler if the fundamental form is
closed, i.e. dw = 0, and Kdhler if the almost complex structure is also integrable.

Remark that any symplectic manifold is almost Kahler by Proposition 2.1.1.

Example 2.1.5. The form wy = Z?Zl dxj ANdy; on (C", Jy) is clearly closed and hence
(C™, Jp,wp) is a Kdhler manifold.

Let us now give an example of a strictly almost Kahler manifold, i.e. a symplectic
manifold which does not admit an integrable almost Kéahler structure. To do this we

discuss a basic topological restriction on Kéhler manifolds, namely the Hodge diamond.
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Theorem 2.1.3 (Hodge Decomposition and Symmetries). A Kdhler manifold admits

the following decomposition of its cohomology with complex coefficients,

HYOM;C) = @) HY (M),
i+j=k

where HJ (M) are the Dolbeaut cohomology groups. Moreover the cohomology groups
HU%I (M) satisfy the following symmetries,

HY(M) = HA(M), and HY(M)=H""7(M),
where n = dim(M). In particular, for h*J (M) = dim H* (M), we have
I (M) = h(M) and B (M) = "I (M),

Remark 2.1.3. These symmetries of h"/ are commonly conveyed by arranging the

numbers in a diamond, known as the Hodge diamond.

Notice that, from the symmetry H®J (M) = H3¢(M), it follows that dim(H>°(M)) =
dim(H%!(M)) and thus from the Hodge theorem we see that the first Betti number of

a Kéahler manifold is necessarily even,
by = 2dim HO(M).

Example 2.1.6. Thurston was the first to observe that the Kodaira-Thurston surface
admits a symplectic form but no Kéhler structure [53]. The form w = dx A dt + dy A
(dz — zdy) on the Kodaira-Thurston surface (X,.J) is closed thus making (X, J,w) a
strictly almost Kéhler manifold.

In fact X cannot admit a Ké&hler structure despite the fact that it admits both
almost Kahler structures and integrable almost complex structures. Indeed, one can
explicitly compute the first fundamental group and its commutator subgroup which
leads one to conclude that b; = 3. In particular b; is odd and hence X cannot admit a

Kahler structure.

Now consider the setting of an almost Hermitian manifold (M, J, g) of dimension

2n. We say that an affine connection V is an almost Hermitian connection if
VJ=Vg=0.

Such connections always exist on an almost Hermitian manifold.
At this point it is interesting to remark that an almost Hermitian manifold is Kéhler
if and only if the Levi-Civita connection of associated the Riemannian metric is almost

Hermitian.

Proposition 2.1.3 (Lemma 4.15 of [41]). Let (M, J,g) be an almost Hermitian man-
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ifold, w the fundamental form and VY€ the Levi-Civita connection of g. Then the

following are equivalent,
(1) V¢ =0,
(2) dw =0 and J is integrable.

It is interesting to put this characterisation in the context of other natural connec-
tions available on almost Hermitian manifolds.

Let e; be a local unitary frame, 6° its dual coframe and Hg the connection 1-forms
associated to a given almost Hermitian connection V. The torsion ® = (©1,...,0") of
a connection V, which is a matrix of 2-forms, can be defined by Cartan’s first structure
equation

o’ = —05 A 67 + O

The so-called Chern connection (also sometimes referred to as the second canonical
connection) is the unique almost Hermitian connection for which the (1,1) part of the
torsion vanishes, that is, each (©7)(bY) = 0. Tt is well-known that such a connection

always exists, for example consult [20].

Lemma 2.1.2. Let (M, J,g) be an almost Hermitian manifold, then there exists a

unique almost Hermitian connection V such that @11 = 0.

On the other hand there is an equivalent description of the torsion which has become
more common in Riemannian geometry textbooks. Namely the torsion T of an affine

connection V is defined by,
T(X,Y)=VxY -VyX - [X,Y], X,YeDI(TM).
In terms of a local frame E; of T'M we have that
T(X,Y)=0'(X,Y)E;, VYX,Y cT(TM).

Thus returning to the local unitary frame e; we have that,

T= 2(@i€¢ + OJe;)

holds on TCM.
Let us define functions T;k and N;?E as the coefficients of the torsion of the Chern

connection with respect to the local unitary frame 6*, that is,
(O =Th 69 A6*, (7)) = NI 67 A G-,

In [54] it is remarked that the (0,2) part of the torsion is independent of the Her-
mitian metric and can in fact be regarded as a Nijenhuis tensor for J which maps
TOIM x TOYM — THOM (c.f. with the torsion of J defined by (2.2)). Furthermore
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it is remarked that these functions give a useful characterisation of the almost Kéhler
condition dw = 0 and the quasi-Kéhler condition (dw)™? = 0.

Lemma 2.1.3 (Lemma 2.4 of [54]). An almost Hermitian manifold (M, J, g) is almost
Kdhler if and only if

and quasi-Kahler if and only if

Given an almost Hermitian manifold (M, J, g) endowed with its canonical connec-
tion V¢ one thus has two, quite natural, choices of how to define the Laplacian acting
on functions. On one hand we can use the Laplace-Beltrami operator which arises
purely from the metric g (see §2.2 for a definition). On the other we can use the canon-
ical connection and define the Laplacian as the trace of the Hessian, which in terms of

a local unitary frame e; is given by
ACF =3 (VEdf) (e @) + (VEdF) (@, ),

for some f € C°(M).

In general these notions of Laplacian do not agree, but if the almost Hermitian
manifold is quasi-Kéhler then they do. Indeed, the Laplacian of the Levi-Civita con-
nection acting on a function is given as the trace of the map F' : TM — TM defined
by

F(X) = V& (grad f) + Tye(grad f, X),

where VI is the Levi-Civita connection, V¢ is the canonical connection and Tgc is
the torsion of V. For details see [31]. Now if g is quasi-Kihler then Tyc is simply
the Nijenhuis tensor by Lemma 2.1.3 and hence maps T%'M x T%'M — T'OM. Thus
it is straightforward to deduce that the trace of the torsion term must be zero in this

case and hence we have the following lemma.

Lemma 2.1.4 (Lemma 2.6 of [54]). Let (M, J, g) be an almost Hermitian manifold and
g be quasi-Kahler then the canonical Laplacian is equal to the usual Laplacian of the

Levi-Civita connection of g.

2.1.2 Cauchy-Riemann Type Equations and Pseudoholomorphic Curves

Let us now briefly discuss Cauchy-Riemann type equations and some of their applica-
tions on almost complex manifolds with a view to developing some basic pseudoholo-
morphic curve theory.

In the following we shall assume that (M, J) is a smooth almost complex manifold

with J a smooth almost complex structure tamed by some w and (X,j) a compact
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Riemann surface. A smooth map u : ¥ — M is said to be a (parameterised) J-
holomorphic curve if
duoj=Jodu. (2.3)

We shall also refer to such curves as pseudoholomorphic curves. Notice that the re-

quirement that u satisfy (2.3) is equivalent to it solving the Cauchy Riemann equation
_ 1 .
oru :zi(du%—JOduoy):O. (2.4)

Remark 2.1.4. Throughout the later chapters of this thesis we shall refer to pseudo-
holomorphic disks in some given almost complex manifold. Henceforth, by pseudoholo-
morphic disk we shall be referring to a disk D, C C equipped with the standard almost
complex structure, jo, and a smooth J-holomorphic map w : (D), jo) — (M, J).

Take a holomorphic coordinate atlas U, of ¥ and write u,, for the restriction of u to
Uy. Then, if z = s+ it is a holomorphic coordinate on U,, the above Cauchy-Riemann

equation reduces to the following first order non-linear PDE,
Ostiq + J(uq)Opuq = 0.

Remark 2.1.5. If u = f + ig maps into C" equipped with its standard almost com-
plex structure then the above equation is in fact the usual system of Cauchy-Riemann

equations

5sf = atg 559 = *atf-

Local Properties

Throughout this section we will consider a smooth almost complex manifold (M, .J),
i.e. M is a smooth manifold equipped with a smooth almost complex structure J, and
smooth J-holomorphic curves. Although all of the statements below hold with varying
degrees of lower regularity.

We first establish a unique continuation property following the exposition in [40)]

since this gives us an excuse to discuss the Carleman Similarity Principle.

Theorem 2.1.4 (Unique Continuation). Let (M, J) be a smooth almost complex man-
ifold and Q C C an open neighbourhood of the origin. If u,v : Q@ — M are two

J-holomorphic curves which agree to infinite order at the origin, that is
/ =] = O(*), VkeN,
|z|<r

then u= v on SQ.

We should briefly remark that a J-holomorphic curve satisfies (2.4) and hence is a
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solution to the following second order quasi-linear equation
Au = (0pJ (u))0su — (0sJ (u)) Oy

Thus the unique continuation property can seen to follow from Aronszajn’s unique

continuation theorem.

Theorem 2.1.5 (Theorem 2.3.4 of [40]). Let Q C C be a connected open set. Suppose
that w € VVif(Q,Rm) satisfies,

|Aw(z)] < C(|w] + [dsw| + 0w} (), (2.5)

for almost every z = s + it € Q and that w vanishes to infinite order at some zy € 2.
Then w = 0.

It will be useful for the work undertaken in later chapters to present a proof which
does not rely on Aronszajn’s unique continuation theorem. To that end consider now
the Carleman Similarity Principle which says, in essence, that one can locally transform
a J-holomorphic curve to a holomorphic curve. We shall see in the following that this
in fact leads J-holomorphic curves to share many local properties with holomorphic

curves.

Theorem 2.1.6 (c.f. Theorem 2.3.5 of [40]). Let p > 2 and B. C C for some ¢ > 0.
Suppose that C € L (B, Endg(C)) and v € WHP(B.,C) is a solution to

ov(z) + C(z)v(z) =0. (2.6)

Then, for a sufficiently small § > 0, there exist maps ® € C°(Bs, Endgr(C)) and o €
C*(Bs,C) such that ®(z) is invertible and on Bs,

Now Theorem 2.1.4 follows by a simple argument, the full details of which can
be found in [40]. Indeed, consider the set up of Theorem 2.1.4 and remark that it
suffices to prove the theorem for u,v : £ — C". Define a function w :  — C" by
w(z) = u(z) — v(2) and remark that this satisfies a Cauchy-Riemann type equation
of the form (2.6). Hence Theorem 2.1.6 yields a holomorphic function o on some
small ball, Bs, centred at the origin such that ¢ = ®~w for some invertible function
® € C°(Bs, Endg(C)). Since w vanishes to infinite order at z = 0 and ®(0) is invertible
it follows that o vanishes to infinite order. But ¢ is holomorphic and hence ¢ = 0 on
Bs. So w =0 on Bg, from which it is straightforward to conclude Theorem 2.1.4.

For holomorphic curves it is well known that critical points are isolated. Thus, given
a J-holomorphic curve u : Q@ — C", Theorem 2.1.6 immediately implies that v~ (x)

is a finite set for every x € M. Furthermore, one can show that v := Osu : Q@ — C"
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also satisfies an equation of the form (2.6) and hence Theorem 2.1.6 can be applied to
deduce that its zeroes are isolated. These properties are encapsulated in the following

proposition.

Proposition 2.1.4 (Lemma 2.4.1 of [40]). Let ¥ be a compact Riemann surface with-
out boundary, (M,J) a smooth almost complex manifold and u : X — M a smooth,

nonconstant pseudoholomorphic curve. Then the set
X = u Y{u(z)|z € 2, du(z) = 0}),

of preimages of critical values is finite. Moreover, u='(x) is a finite set for everyx € M.

In fact by a similar argument (with a sprinkling of point set toplogy) one can obtain

the following characterisation of the intersection of pseudoholomorphic curves.

Proposition 2.1.5 (Proposition 2.4.4 of [40]). Let (M, J) be a smooth almost complex
4-manifold and for i = 1,2 let u; : ¥; — J be J-holomorphic curves where ¥; are
closed Riemann surfaces. Furthermore assume that uy : 31 — M is nonconstant and
w1 (1) # ua(X2). Then the set uy ' (uz(X2)) is at most countable and accumulates only

at the critical points of u.

This proposition suggests that the intersection index of pseudoholomorphic curves
may be worth exploring. To this end let us take a brief digression to recall the notion
of a local intersection index for smooth oriented submanifolds.

Suppose that M is a smooth oriented manifold of dimension n and u; : X; — M are
smooth, oriented submanifolds of dimension n; for i = 1,2. We say that X; intersects

Xy transversally at a point x € X N X if
T.X10T, Xo=T,M.

We say that X7 intersects Xy transversally, abbreviated X; M Xo, if they intersect
transversally for all z € X1 N Xo.

Now suppose that there is no excess dimension, i.e. n = ni + ns. In this case
notice that if X7 h X5 then the intersection submanifold X; N X5 is 0-dimensional, i.e.
consists only of isolated points. We define the local intersection index, d(u1,us;x) as
follows. If X7 M X5 then we set 0(u1,ug;x) = £1, with the sign positive if and only if

the natural orientations on either side of the following splitting match
T.M = Imdui(z) ® Im dus(z).

More precisely, if eq,...,e,, is an oriented basis of T, X1 and ey, 41,...,€n,4n, IS an
oriented basis of T, X5 then the intersection index at x is +1 if eq, ..., e, is an oriented
basis of T,,M and —1 otherwise. In the case that the intersection is not transverse we

need to appeal to the Transversality Theorem.
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Indeed, if X7 and X5 do not intersect transversally then by the Transversality
Theorem one can (smoothly) deform X; by an arbitrarily small amount to, say, u{ :
X{ < M such that X{ th X5. Then we define 0(u1, ua; x) = d(uf, ug; ). Of course one
must check that this is well defined, that is, that d(u1, us;x) is a homotopy invariant,
see for example [25, 43].

With another application of the Carleman Similarity Principle we can obtain the
following proposition (this also appears as Exercise 2.6.1 in [40]) which is the easiest
case of Gromov’s phenomena of positivity of intersections. For the proof we follow
Wendl [58].

Proposition 2.1.6 (Theorem 2.88 [58]). Let (M,J) be an almost complex manifold
and @ a compact codimension 2 J-holomorphic submanifold. Suppose that uw: D — M
is a pseudoholomorphic disk such that u(0) € Q.

(1) Then either u='(Q) consists of isolated points, or, u(D) C Q.

(2) Suppose that the intersection points are isolated and, after possibly shrinking D,
that u(0) is the unique such point. Define an intersection number u - @Q to be
the number of points of intersection (counted with multiplicities) with a generic
smooth perturbation of u which fixes the boundary 0D. Then u-Q > 1 with

equality if and only if u is transverse to @) at zero. That is,
6(Q, ur(D); u(0)) = 1,

with equality if and only if u intersects QQ transversally at zero.

Sketch Proof. First remark that the result is local and so it is enough to assume that
M = C" equipped with some almost complex structure J. Moreover we can choose
complex coordinates such that Q = C* ! x {0}, u(0) = 0 € C" and J = J @i along
Q, where J is some almost complex structure on C*! and 4 is the standard complex
structure on C.

In this setting the map u has the form u(¢) = (a(¢), f(¢)) for some smooth functions
@:D — C"!Yand f: D — C. Thus the intersection u(D) N Q is described by the
zeroes of f. It turns out that f satisfies a Cauchy-Riemann type equation and hence
the hypothesis of the Carleman Similarity Principle. To prove this we employ a neat
interpolation trick used by [40] and [58].

For 7 € [0,1] define a smooth homotopy between ug({) = (a(¢),0) and u; = u
by u-(¢) = (a(¢),7f(¢)). Writing s + it for coordinates on D our map u satisfies
Osu + J(u)0yu = 0. Hence,

Osu+ J(up)Ou = Osu+ J(u)Ou + [J(ug) — J(u)]0u

= — </1 dJ(u,Tf)dT> O
0 dr

= —Af.
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Since J(ug) = J(1,0) = i the projection C"~! x C — C factors through the above
equation and so we can define a smooth function C' : D — Endgr(C) to be the projection
of A onto the second factor and obtain the following Cauchy-Riemann type equation
for f

Osf +i0f + Cf =0.

Applying the Carleman Similarity Principle we obtain that, either the zeroes of f
are isolated, or, f vanishes identically on a neighbourhood. This proves the first part
of the lemma. For the second part suppose that (D) and @ intersect uniquely at
0 € C» ! x C. By the Carleman Similarity Principle this zero of f is isolated and of
positive order. Thus we can perturb f by an arbitrarily small amount to a smooth
function with only simple zeroes and whose signed count is positive. Since this count
is precisely that of the transverse intersections of the resulting perturbation of v with
@ we obtain the desired inequality. If we in fact have 6(Q,u1(D);u(0)) = 1 then the
corresponding zero of f is already simple and hence the intersection of u and () must

already be transverse. O

Writing 0(u1,u2) for the number of all intersection points we can state the more
general case of positivity of intersections in 4-manifolds as follows. Unfortunately the
proof of this is beyond the scope of this elementary background chapter, rather nice

accounts are given in [40, 58].

Theorem 2.1.7 (Positivity of Intersections). Let (M, J) be a smooth almost complex 4-
manifold and Ay, Ay € Ho(M;Z) homology classes represented by simple J-holomorphic
curves uy : X1 — M and ug : X9 — M respectively. Suppose that uy(Uy) # ue(Us) for
any nonempty open subsets Uy C 31,Us C Yo, then

d(ur,uz) < Ay - Ag,
with equality if and only if all intersections are transverse.

2.1.3 Local Coordinates

Local holomorphic coordinates provide an extremely powerful tool in complex geometry.
An example of this, which is particularly relevant to the work carried out in subsequent
chapters, is addressing whether a set has the structure of a complex subspace. More
precisely we are referring principally to the work of King [30] in which it is established
that the intersection of complex cycles yields another complex cycle. Due in part to
the lack of local holomorphic coordinates in the non-integrable case such a result is not
yet available in this setting.

In [50] Taubes suggested an alternative to holomorphic coordinates for symplectic
4-manifolds which he used to prove, amongst other things, a useful criterion for de-

termining whether or not a set is an almost complex subvariety. In this setting one
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can find a coordinate neighbourhood of a given point which is foliated by embedded J-
holomorphic disks in any given direction. As one would expect this can be generalised
to higher dimensions and one can always find a coordinate neighbourhood which can
be foliated by J-holomorphic disks in any given direction. The following statement is
Lemma 3.10 in [60] and the proof there is based on a combination of the proofs in [50]
and [55].

Let (M, J) be an almost complex manifold of complex dimension n. For any point
x € M we can find a neighbourhood U of x and a non-degenerate 2-form €2 on U such
that J is compatible with 2 in U. This pair (€2, J) induces an almost Hermitian metric
on U.

Remark 2.1.6. We say that an almost complex manifold (M, J) is locally symplectic
if for any point x € M there exists an open neighbourhood U of z on which there is a
symplectic form compatible with J, i.e. a closed, non-degenerate 2-form 2 on U such
that J is compatible with 2. Not all almost complex manifolds are locally symplectic,
for example [8] implies that S® equipped with the standard almost complex structure
does not have the locally symplectic property. On the other hand it was shown in
[46] (although a mistake was noticed and corrected in [36]) that every almost complex

4-manifold is locally symplectic.

Now we can identify a geodesic ball centred at = with a ball in R?" centred at the
origin. We identify R?” 2 C" so that

Qp=wy = de'Ade?+- +dz® P Ade®™
)
3 (dz°NdZ"+ -+ d2" " AdZV )

Here we write complex coordinates (2°,---,2"71) = (2!, 22, 2?71 2?"). Further
we may assume that J is an almost complex structure on C™ which agrees with the

standard complex structure Jy at the origin.

Lemma 2.1.5. Let J be an almost complex structure on C" which agrees with the
standard complex structure Jo at the origin. Further, let g be a Hermitian metric
compatible with J. Then there exists a constant pg > 0 with the following property.
Let 0 < p < pg and D C C the disk of radius p. There exists a diffeomorphism
Q: D x D" ! — C", and constants L, L,, depending only on g and J, such that

e For allw € D" ', Q(Dy,) is a J-holomorphic curve containing (0,w);
o Forallwe D", |(¢,w) — QG w)| < L-p-|Cl;
e For allw € D1, the derivatives of order m of Q are bounded by Ly, - p;

e For each k € CP"! we can choose Q such that the disk Q(Dy) is tangent at the

origin to the line determined by k.
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We use Dy, to denote the disk of radius p at the point w € D™ ! in the space D x D"~ 1.

Proof. Since J agrees with Jy at the origin our strategy is to look for J-holomorphic
disks which are perturbations of Jy-holomorphic disks.

The space of complex directions at the origin in C" is parameterised by CP"~! so
for a given direction x = [1 : k1 : .. : k1] € CP" ! consider the Jy-holomorphic disk
(¢, w1 + K1C,y ooy W1 + kp_1¢) through the point w = (wy,...,w,_1) € D"~!, where
¢ € D. We search for J-holomorphic perturbations of the form

Q’LU,H(C) = (C7 w1 + K/lg + 71 (wa K, C)a vy Wp—1 + anlg + Tnfl(wa K, C))v

for some smooth functions 7; : D — R2. The system of J-holomorphic equations for

Quw, are of the form

oT; _

875 == Q’L(w7 K, 7'1(’11)7 K, C)7 teey Tn—l(w7 R, C))? 1= 17 ey — ]-7
and satisfy, after possibly shrinking the disk D, the following estimates for some con-
stants C}, > 0,

|Qillcxr < CrllJ — Dollgr, i=1,....,n—1. (2.7)

A schematic expression of @); can be found in [50] where it is remarked that Q; can
be seen to come from pull-backs of tensors on C? which are constructed from the
coefficients of J — Jy.

It will be convenient to consider the equation over a slightly larger disk than D
hence we introduce a smooth cutoff function x, : C — [0, 1] which is identically 1 on
D and vanishes for |z| > 3p. We now look for solutions to the following system of
equations

oT;

aE Xin(walile(wa R, C)a "-aTnfl(wa K?C))a 1= 17 sy T — 1>

¢
which have the form

1=1,...n—1.

TZ(C) _ i/XPQi(wa ’€7Tl(wvlzvn)7v7'"u7_n—l(wa K,ﬁ))d%%

The search will be over the class of (n — 1)-tuples of C22 which restrict to the circle
of radius 4p in the span {e=% e=2 ..}, This class of functions can be viewed as a

Banach space when equipped with the norm

n—1
Vd i — Vd i)s
7l = 37 7] pldri| + g2 + pf sup (A= VATl
i=1 t,seC ]t _ 3,5

By making p > 0 small we can make the right hand side of (2.7) arbitrarily small.

Thus we can apply contraction mapping theorem on the Banach space described above
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to obtain a unique smooth solution 7 = (71, ..., 7,—1) which also varies smoothly in w,
r and satisfies the bounds (c.f. Lemma 5.5 of [50])

or

: < Cp?,
p ‘&w p

or
6wi

I7lco < (0 + pllwl +18]),  [ITller < Clo+ (Jw] + [x])).

With existence of a J-holomorphic perturbation under our belts the lemma will
follow by applying the implicit function theorem with s held constant. Indeed, without
loss of generality, assume that £ = [1:0: ... : 0]. Then there exists an € > 0 such that
for each |w| < € there exists a unique smooth solution 7,,. That is, the perturbed disks
qu, are J-holomorphic. As the pair (¢, w) vary the map o((,w) = qu(¢) defines a
map from a neighbourhood of the origin in C™ to C*. Now by taking p > 0 small we

can ensure that

Orw
ow
That is, for p > 0 small the derivative of ¢ is invertible at the (0,0) € C™ and hence o

<1, at (Cw)=(0,0).

is a diffeomorphism on some neighbourhood of the origin. O

Throughout we refer to a coordinate system arising from this lemma as a J-fibre
diffeomorphism. Note that these coordinates are far from unique, it is particularly
important to remark that for any given complex direction there is a foliation whose
central disk is tangent to this direction at the origin of this coordinate system.

The coordinates given by Lemma 2.1.5 can in fact be improved further to give a
convenient coordinate expression for the almost complex structure. First we remark
that we can choose coordinates for which the almost complex structure agrees with
the standard almost complex structure Jy along a given embedded pseudoholomorphic
disk.

Lemma 2.1.6 (Lemma 2.4.2 of [40]). Let (M, J) be a smooth almost complex manifold
and uw : D — M an embedded pseudoholomorphic disk. Then there exists a smooth
coordinate chart 1 : U — C™ on an neighbourhood of u(0) such that for z € QNu=1(U)

You(z) =(2,0,..,0), d(u(z)J(u(z)) = Jod(u(z)).

Proof. Writting z = s + it for complex coordinates on D, choose a complex frame

bundle

ou
— =1, 0o, ..., Dy
Os 1y £425 ceey

of the pull-back bundle v*T'M and consider the exponential map ¢ : Q x C*~! — M

n

¢(za Wi, .-y znfl) = €XDPuy(z) Zl‘ij(z) + Zyj‘](u(z))zj(z) )

Jj=2 Jj=2
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where w; = x; + iy;. There exist neighbourhoods U C M and V' C C" such that
¢ : V. — U is a diffeomorphism. Now, since ¢(z,0,...,0) = u(z) and along the disk
D x{(0,...,0)} € C™, it holds that

foler oo} .
— +J(@p)=— =0 =1,..
axj + (d)) ay] ) ] 9y ) n7
we have that the inverse ¢~ : U — V gives the desired coordinate chart. ]

Let us return now to the foliation, say @, of a neighbourhood in M by embedded
J-holomorphic disks given by Lemma 2.1.5. Henceforth it will be constructive to view
Qasamap Q: D x D x D2 — C" and write (£, ¢, w) for the associated coordinates,
where ¢,¢ € D and w = (w',--- ,w""?) € D" 2,

Since the disks of constant ((, w) are J-holomorphic the almost complex structure J
must decompose, with respect to the splitting T (D x D x D"2) = TD@TD®TD" 2 =
R2 & R? ¢ R?"4, as follows:

a b1 C1
J=1 0 d e
0 b2 C3

Here a,d’,b; € R2%2 by € REn=Hx2 ¢ ¢y e R2Xn=4Y) and ¢g € RE=Hx2n—4) 4p0
matrix valued functions on D" such that the condition J? = —1I is satisfied.

We can further choose coordinates (€1, (1, w1) such that the disk {&; = 0,w; = 0} is
J-holomorphic. To see this first remark that from the proof of Lemma 2.1.5 we can find
smooth functions 7o, - , 7,2 : D — R? such that 7;(0) = 0 and the embedding ¢
(10(¢), ¢, 11(C), -+ ,Th—2(C)) is J-holomorphic. By making the change of coordinates

(&, GLwr) = (€= 70(0),Cw' —71(Q), - s w™ % — T_a(()),

we thus have a foliation such that disks of constant (¢, w) are J-holomorphic as is the
disk {¢; = 0,w; = 0}. Finally we can make a further change of coordinates (similarly
to Lemma 2.1.6) to (&2, (2, w2) so that

0 1 0 1
= d d|up) = :
a (_10>an a](D) <_10>

Applying this process to the complex directions determined by the n—2 components
of wy, that is, choosing J-holomorphic disk foliations along the directions of w; at
x = Q(0,0,0), we are able to standardize the coordinate along the central disk {&» =

0, w2 = 0} such that J|¢,—g w,—0} is a 21 X 2n block matrix with n of the 2 x 2 matrices

(5e)
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We use the coordinates defined in this section and slight refinements in Chapter 3.

2.2 Spectral Theory

Since the second half of this thesis concentrates on spectral properties of almost Kéahler
manifolds we include here some basic definitions and results which will expedite the

discussions in Chapter 4.

2.2.1 The Rayleigh Quotient and the Min-Max Theorem

In this section we largely follow the treatment of [9] and [10] wherein a more thorough
account can be found.
Let (M,g) be a compact, oriented Riemannian manifold without boundary. First

recall that the divergence operator on (M, g) is defined to be the map
div: T(TM) — C*(M), satisfying (div(X))dV, = d(tx(dVy)),

where tx : Q"(M) — Q" !1(M) denotes contraction by X and dV; the volume form.

The Laplace-Beltrami operator acting on smooth functions is given by,
A:C¥(M)— C®(M), Af=div(Vf),

where Vf denotes the gradient of f. In local coordinates ' the Laplace-Beltrami

operator associated to g has the form,

1 9 i 0
= — v _—
A NI <\/!gg 8xj>,

with |g| = det g and g are the components of the inverse to the matrix with entries

0 0
Gij = 9(@a @)

Remark 2.2.1. We choose to work with oriented Riemannian manifolds above as all
manifolds appearing in later chapters will be. Nonetheless the Laplacian can be defined
on any Riemannian manifold. Indeed, choosing a local volume form we can define the
divergence locally. On the other hand since changing the sign of dVj does not alter
div(X) the definition extends to the whole manifold and hence one can define the

Laplacian as above.

Through a suitable choice of differential form, Stoke’s Theorem can be used to

obtain the Divergence theorem on a Riemannian manifold.

Theorem 2.2.1 (Divergence Theorem without boundary). Let (M,g) be a compact

Riemannian manifold without boundary, then

/ divXdV, =0, VX e T(TM).
M
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For functions u,v € C°°(M), by simply taking the vector field X = vVu in the

divergence theorem and using the following identity,
div(vVu) = vAu + (Vv, Vu),

we deduce that Green’s formulas also hold.

Corollary 2.2.1 (Green’s Identities). Let (M,g) be a compact Riemannian manifold
without boundary and u,v € C*(M) then

/ vAudVy = —/ (Vu, Vu) dVy,
M M

and

/vAudVg:/ vAudVy.
M M

Notice that for u,v € C*°(M) the first Green’s Identity yields that

«u—AuuaMy=[;wame=HVuﬁaM>za (2.8)

and the second that
(v, _AU>L2(M) = (u, —AU>L2(M)- (2.9)

We will return to the meaning of these identities shortly.

We let L?(M) denote the space of measurable functions u : M — R which satisfy,

e = [ fuPav, < oc.
M

As usual this norm is induced by the following inner product which makes L?(M) a

Hilbert space,
(u,v) p2(ar) = / wwdVy, u,v € L*(M).
M

We denote by H¥(M) the closure of C*°(M) with respect to the Sobolev norms

i

2
2 2 ¢
lullz = ||UHL2(M) T ; HV u’ L2(M)

where )
Hv%” :/ IVlu[2dV,.
L2(M) M

If the reader is familiar with the more general Sobolev spaces WP (M) then one can

remark that H¥(M) is an abbreviation for the space of approximable W*?2 functions.

Remark 2.2.2. Beware that the Sobolev spaces H*(M) should not be confused with
the cohomology groups of M; the intended meaning of H* (M) should be clear from

context.
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Remark 2.2.3. One must pay attention to the definitions of Sobolev spaces between
Riemannian manifolds. Indeed, for compact Riemannian manifolds M, N of dimensions
m and n respectively we can give two inequivalent definitions of W*P(M, N). Firstly
we can define it similarly to H¥(M) above, that is, to be the closure of C*°(M, N) with
respect to the W*P-norm. On the other hand we can take an isometric embedding

N — R* and define a Sobolev space for maps by,
WY2(M,N) := {u e W"2(M,R¥)|u(z) € N a.e. z € M}.

For p > m these spaces agree, which essentially follows from the Sobolev embedding
theorem. Furthermore in the borderline case, p = m, Schoen and Uhlenbeck [47, 48]
proved that these spaces still agree. But for p < m this is not the case. Consider,
for example, the radial projection from the unit ball in R? to its boundary S?. For
2 < p < 3 this is in WP(B3,S?) but does not lie in the closure of C*°(B3,S?) with
respect to the W1P-norm. An enlightening discussion of these spaces is given in [4].

In Chapter 4, to avoid confusion, we shall refer to functions in the closure of
C*°(M, N) with respect to the WkP_norm as approximable W#P functions.

Let us briefly recall some definitions from functional analysis. First that the spec-
trum of a linear operator T': D(T') C H — H defined on a dense subset D(T") of a
Hilbert space H is the set of A € C such that T — AI is not invertible, where I is
the identity operator. Moreover an element A in the spectrum of T is an eigenvalue if
T — M = 0p, where Oy denotes the zero operator.

The resolvent of an operator T is Ry = (T — AI)~! for A € C not in the spectrum
of T. If there exists a A such that (T'— AI)~! is a compact, bounded, linear operator
and is defined on a dense subset of the range of T then we say that T" has a compact
resolvent. Recall that an operator is compact if it maps the unit ball to a precompact
set. Using the Spectral Theorem for Compact Operators [44] one can show that if an
operator 1" has a compact resolvent then the spectrum of 7' is discrete and that any

non-zero elements of the spectrum are eigenvalues.

Theorem 2.2.2 ([18, 21]). Let (M,g) be a compact Riemannian manifold without
boundary and A the associated Laplace-Beltrami operator defined above, then there

exists a unique self-adjoint extension of the Laplacian to a positive, linear operator
—A: H* (M) — L*(M)
satisfying,
(=Au,v)r2(ary = (Vu, Vo) 2(apy,  Yu € H*(M),v € H'(M).

Moreover —A has a compact resolvent and in particular it follows that the spectrum

is discrete and has the following properties:
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(i) all eigenvalues are real and have finite multiplicity;

(ii) ordering eigenvalues as follows, 0 < A1 < Ao < ... we have that A\, — oo as
k — o0;

(iii) there exists an orthonormal basis {uy} C L*(M) where each uy, is an eigenfunction

corresponding to eigenvalue Aj.

Some remarks about the proof of this theorem are in order. Firstly, since C°°(M)
is dense in L?(M) the identity (2.9) says precisely that —A is formally self adjoint, one
can use this fact to further prove that the extension is self-adjoint. Similarly positivity
can be seen to arise from the identity (2.8). As mentioned above Theorem 2.2.2 the
discreteness of the spectrum follows from the compactness of the resolvent operator. To
deduce the compactness of the resolvent we use the energy estimate (see for example
18))

|=2) ]l sy < Cllgllizny - for g € A

and since H'(M) embeds compactly into L?(M), by the Rellich-Kondrachov Compact-
ness Theorem, we deduce that the resolvent is indeed compact. Notice here that the
compactness of M is vital for Rellich-Kondrachov to apply, if the manifold is non-
compact then parts of the spectrum may be continuous.

Let u;, uj be eigenfunctions associated to distinct eigenvalues A\; and \; respectively.

By the second Green’s Identity we have,
0= / (UZAUJ - U]AUZ) dVOlg = ()\1 - )\])/ U;Uj dVOlg.
M M

Thus we see that distinct eigenspaces are orthogonal with respect to the L? inner prod-
uct. Therefore, we may choose an L2-orthonormal sequence ug = (Vol(M ))7%, UL, U, ...
of eigenfunctions corresponding to the eigenvalues 0, Aj, Ag,... . Then {u;} is a com-

plete orthonormal sequence in L?(M) and, in particular, we have the so-called Parseval

identities.
0.) 0.)
w=Y (wureu, |ulfs = (uu)is, Vue L*(M).
=0 =0

From these considerations it is straightforward to prove Rayleigh’s Theorem, for
example see [10]. We include a useful variational characterisation in the statement

which can also be found in [10].

Theorem 2.2.3 (Rayleigh’s Theorem). Let (M, g) be a compact Riemannian manifold
without boundary and A the extension of the Laplace-Beltrami operator given by Theo-
rem 2.2.2. Write 0 < A1 < Ay < ... for the eigenvalues and uq, us, ... for the correspond-
ing L?-normalised eigenfunctions. For k € N and Ej, := {ug,u1,...,up_1}+ C L2(M)
it holds that,

A = inf { Zy(u)|u € H (M) N Eg}, (2.10)



CHAPTER 2. BACKGROUND 29

where X4(u) is the Rayleigh quotient defined by

IVl VuPdvol,

Ry () AT (2.11)

el 722,

Moreover the infimum is achieved if and only if the function in question is an eigen-
function of Ag.

Moreover, if for k € N we let Vi, be the collection of all k + 1-dimensional subspaces
of C*®°(M), then

Ae(9) :V}g‘f;k SIGJE Kg(u). (2.12)

A useful consequence of this characterisation is that to prove a bound on Aj it
suffices to produce k + 1 linearly independent test functions whose Rayleigh quotient
satisfies the same bound. Since we will only be considering compact manifolds one can
take a constant as one of these test functions reducing the problem to finding k linearly
independent test functions. This is the approach used by Kokarev in [33] and the one
we take in Chapter 4.

2.2.2 Estimates for Kahler Manifolds

In general, for a given Riemannian manifold (M, g), one cannot expect to compute
eigenvalues explicitly except in very special cases. For example, the eigenvalues of the
Laplacian on the sphere with respect to its standard metric can be computed [10] as can
those of the Laplacian on P™. Despite this one can give estimates on the eigenvalues
in terms of geometric quantities associated to (M, g). For the purpose of this thesis we
look only at bounds for Kéhler manifolds and this story inevitably starts with Riemann
surfaces.

The spectrum of the Laplacian of a Riemann surface is an important invariant and
there is a rich history of results. The geometric estimates we are interested in arguably
started with the work of Szegd estimating the first eigenvalue of the Laplacian for

simply connected domains in R2.

Theorem 2.2.4 ([49]). Let Q C R? be a simply connected domain with finite area A.
The first non-constant Neumann eigenvalue of the Laplacian on ) satisfies the following

bound
M) <C-AT

where C' > 0 is a computable universal constant.

This work was later generalised by Hersch [28] to give a bound on A for an arbitrary

metric on the 2-sphere which depends only on the area.

Theorem 2.2.5 ([28]). Let g be a smooth Riemannian metric on S®. Then the first
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eigenvalue of the Laplacian associated to g satisfies the following bound
)\(8279) S 8 - A_la

where A is the area of S* with respect to g. Moreover, equality is achieved if and only

if g is the round metric on S?.

Berger verified that this estimate also holds for flat metrics on the torus and sug-
gested that it holds for any metric on the torus. This was proven and generalised to
any oriented Riemann surface by Yang and Yau [59]. The statement of this result that
we give below is chosen to emphasise its similarity to results later in this section and

thesis.

Theorem 2.2.6 (Yang-Yau [59], [17]). Let (M,g) be an orientable Riemann surface
of genus v and area A. Then, there exists a conformal map ¢ : M — P of degree at
most {%—3] and it holds that

M(M,g) < 87 - deg(9) - A™* < 8= [”ﬂ A,

It was pointed out by Berger [3] that such a bound, i.e. an upper bound in terms
of volume, fails for higher dimensional spheres. On the other hand the non-orientable
surface case was considered by Li and Yau [38] where the importance of the conformal
class was pointed out, in particular an upper bound for A; in terms of the so-called con-
formal area is given. These methods lead to what is, as far as the author is aware, the
earliest geometric bound on the first eigenvalue of a compact Kéahler Manifold (exclud-
ing results which apply only to Riemann Surfaces or compact Riemannian manifolds

in general).

Theorem 2.2.7 (Li-Yau [38]). Let M be a compact Kihler Manifold with Kdhler form

Q and which admits a meromorphic map into P*. Then
A (M) < 2V (M) Vol (M, Q)1

where Vo(M) = inf { [, Q" 'A ffwpg| f : M — P is meromorphic} and wrs denotes
the Fubini-Study metric defined below.

The Fubini-Study metric on PV is the natural metric induced on the quotient PV =

SN+1/S! in local holomorphic coordinates z; it has the components

) N
(wrs)ij = TS SNPE ((1 - ; |Zi|2> 0ij — ZiZj> : (2.13)

Thus Bourguignon, Li and Yau were lead to consider the compact complex manifolds

arising from holomorphic maps into projective space, that is algebraic submanifolds.
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In a sense one can now see the Kéahler class as playing the role of the conformal class

for these estimates.

Theorem 2.2.8 (Bourguignon-Li-Yau [7]). Let M™ be an n-dimensional complex man-
ifold admitting a holomorphic immersion ® : M — PN. Suppose that ® is full in the
sense that ®(M) is not contained in any hyperplane of PV. Then, for any Kihler metric

w on M, the first non-zero eigenvalue A\ (M,w) satisfies

N+1
)\I(M7w)§4n N d([@],[w]),

where
S @ wrs A w1

fMWn

A number of years later Arezzo-Ghigi-Loi [1] generalised this result to compact

d([9], [w]) :=

Kaéhler manifolds admitting globally generated holomorphic line bundles with a stablilty

condition. The main theorem in [1] is the following.

Theorem 2.2.9 (Arezzo-Ghigi-Loi [1]). Let E — M be a holomorphic vector bundle
of rank r over a compact Kdhler manifold M of complex dimension n. Assume further
that E is globally generated and the Gieseker point Tg is stable. Then, for any Kdhler

metric w on M the first non-zero eigenvalue A\ (M,w) satisfies

Arh™(E)  (a(B) — [w]" 1, [M])
r(h9(E)—r) (n—1)!Vol(M,w]) ~

)\1(M,w) S

Remark 2.2.4. Notice that if w € 2m¢q (L) for some line bundle L — M, then

2nh°(F) deg(E)
(RO(E) = r)e(L)™

)\1(M7w) S
r

where deg(E) = c¢1(E) - c1(L)" L.

Remark 2.2.5. Rather than understand Gieseker stability fully in the complex al-
gebraic sense it is enough for us to remark that, roughly speaking, a holomorphic,
globally generated vector bundle is Giesker stable if and only if the associated map
into the Grassmannian can be moved into a “balanced” condition. A basis of H°(E)
is said to be w-balanced if and only if (up to multiplication by a constant) the basis
is orthonormal with respect to the L? inner product induced by the pull-back of the
standard metric on the universal subbundle of the Grassmannian and the volume form
%. Now a theorem of Wang [57] implies that if E is Gieseker stable then H°(E) admits

an w-balanced basis.

It is well known from the Kodaira embedding theorem that closed K&hler mani-
folds which admit a globally generated holomorphic vector bundles can be embedded

holomorphically into a complex Grassmannian and hence, via the Pliicker embedding,
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into some projective space. Arezzo, Ghigi and Loi were able to show that globally
generated vector bundles on a Kéhler manifold are stable thus arriving at the following

generalisation of the Bourguignon-Li-Yau estimate.

Corollary 2.2.2 (Arezzo-Ghigi-Loi [1]). Let E — M be a globally generated holomor-
phic vector bundle over a compact Kahler manifold M of dimension n. Suppose that
N = hO(E) = dim H°(E) and let ¢4 : M — PN~1 be the holomorphic embedding arising
from Kodaira’s embedding theorem. Then, for any Kdhler metric g on M, the first

etgenvalue of the associated Laplace-Beltrami operator satisfies,

AnN (¢hlwrs] — [wy]™ L, [M])
)\I(Mvg) é N _1 ([wg]n’[M]) ’

Finally we are brought to the most recent results building upon the estimate of
Bourguignon, Li and Yau which are due to Kokarev [33]. He uses the min-max char-
actrisation of the eigenvalues of the Laplacian to give an upper bound on the k-th
eigenvalue which is linear in k. To obtain this more general result one needs to use

cut-off functions to construct linearly independent test functions and hence the explicit

constant ends up being sacrificed to obtain this estimate for higher eigenvalues.

Theorem 2.2.10 (Kokarev [33]). Let (M™,J) be a closed n-dimensional Kdhler man-
ifold and ¢ : M™ — P™ a non-trivial holomorphic map. Then, for any Kdahler metric
g on M™, the eigenvalues of the Laplace-Beltrami operator A, satisfy,

MM, g) < Clnom)d([6], gDk, for any k> 1, (2.14)

where C(n,m) > 0 is a constant depending only on n and m and d([¢], [wy]) is defined

by, )
B fM P wps A wg_

Jar Wy

In the case of n = 1, i.e. M is a Riemann surface, and m = 1 this result in fact

d([¢], [wg]) - (2.15)

recovers the bound of Korevaar [34]. This states that for any Hermitian metric g on a

Riemann surface M the Laplace eigenvalues satisfy

where ¢ : M — P! is an arbitrary non-trivial holomorphic map and C' is a universal

constant. Indeed, for a non-trivial holomorphic map ¢ : M — P! it holds that

Vol(P!)

d([¢], [wg]) = deg(d’)m,

from which the estimate of Korevaar follows. Thus Theorem 2.2.10 can be viewed as a

generalisation of Korevaar’s estimate to higher dimensional Kéhler manifolds.
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When ¢ : M™ — P!, Theorem 2.2.10 can also be seen to be a generalisation of
Li and Yau’s estimate recalled in Theorem 2.2.7 above. In this case one can again
express d([¢], [wy]) in terms of the ratio deg(¢)/ Voly (M) where deg(¢) is taken to be
the volume of the generic P! fibre.

Finally we close out this section by recalling that for an n-dimensional Riemannian

manifold, (M, g), the Weyl asymptotic law states that
A(M, g) Vol(M, g)% ~ C(n)k%, as k — 400,

where C'(n) is a constant depending only on n. For n = 1 we see that this asymptotic
is compatible with (2.14) in the sense that the power of k matches. Of course this is no
longer the case for n > 1. In fact, as pointed out in [33], estimate (2.14) cannot hold if
k is replaced by k. Indeed, if this were the case, then in the limit & — +oo one finds
that an estimate of the form VOl(M,g)%_1 < C(n) - d holds with d the numerator of
(2.15). Taking any compact Kihler manifold ¥ consider the fibration ¢ : ¥ x Pt — P!
which forgets the first factor. Working with the product metric g5, ® grs the degree, d,
of ¢ is independent of gy, from which we see that the Vol(M, g) estimate above cannot
hold. Despite this one can still ask whether an estimate compatible with the Weyl law

exists over a given Kéhler class.



Chapter 3

J-holomorphic curves from

J-anti-invariant forms

Since the 1980s there has been a well known folklore theorem (see [29, 35]) which says
that for a generic Riemannian metric on a 4-manifold with positive self-dual second
Betti number, the zero set of a self-dual harmonic 2-form is a finite number of em-
bedded circles. It is the starting point of Taubes’ attempts, e.g. [51], to generalise
the identification of Seiberg-Witten invariants and Gromov invariants for symplectic
4-manifolds to general compact oriented 4-manifolds.

Following the philosophy of [60], which is stated as (1.1.1) in §1.1, the above gener-
icity statement for the zero set of a self-dual harmonic 2-form in the smooth category
should find its counterpart in the almost complex setting without assuming genericity.
It is stated as Question 1.6 in [60] which first appeared in [16]. In this chapter we make
this speculation precise and in the process build a local model which allows us to give a
higher dimensional version as well. We are also able to apply this local model to study
birational invariants of almost complex 4-manifolds.

This chapter is based on [5] which is joint work with Weiyi Zhang.

3.1 Introductory Remarks and an Overview

Let (M?",J) be an almost complex manifold. The almost complex structure acts on
the bundle of real 2-forms A? as the following involution, a(:,-) — «(J-,J-). This

involution induces the splitting,
A? = A}“ DA, (3.1)

corresponding to the eigenspaces of eigenvalues +1 respectively. The sections of these
bundles are called J-invariant and .J-anti-invariant 2-forms respectively and the spaces
of these sections are denoted by Q:} The bundle A7 inherits an almost complex
structure, still denoted by J, from Ja(X,Y) = —a(JX,Y).

34
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On the other hand, for any Riemannian metric g on a 4-manifold, we have the

well-known self-dual, anti-self-dual splitting of the bundle of 2-forms,
2 _ A+ -
A=A, DA, (3.2)

When g is compatible with J, i.e. g(Ju, Jv) = g(u,v), we have A, C A:{. In particular,
it follows that a closed J-anti-invariant 2-form is a g-self-dual harmonic form. Hence,
a closed J-anti-invariant 2-form is the natural almost complex refinement of a self-
dual harmonic form on an almost complex 4-manifold. Following philosophy (1.1.1)
our expectation is that the almost complex counterpart of the aforementioned folklore
theorem should be that the zero set of a J-anti-invariant 2-form is a J-holomorphic
curve.

Since the complex line bundle A can be viewed as a natural generalisation of the
canonical bundle of a complex manifold it is instructive to take a brief digression and
consider what is known in the complex setting. First recall that the canonical bundle
of a complex manifold of complex dimension n is the n-th exterior power A" 2 of the
holomorphic cotangent bundle €2, notice that A" € is a line bundle. Under the divisor
to line bundle correspondence the canonical bundle can be associated to a Weil divisor
(up to linear equivialnce), say K, the divisor class of K is known as the canonical class
and any divisor in this class is known as a canoncial divisor. On a complex surface, if o
is a closed J-anti-invariant 2-form, then J« is also closed and a+iJ« is a holomorphic
(2,0) form. Hence the zero set a~1(0) is a canonical divisor of (M, J), e.g. by the
Poincaré-Lelong theorem. This meets our expectations in the case when the almost
complex structure is integrable.

In this chapter, we are able to confirm our above speculation for any compact almost

complex 4-manifold.

Theorem 3.1.1. Suppose (M, J) is a closed, connected, almost complex 4-manifold
and « is a nmon-trivial, closed, J-anti-invariant 2-form. Then the zero set, Z, of «

supports a J-holomorphic 1-subvariety, O, in the canonical class K.

We will call the J-holomorphic 1-subvariety O, stated in theorem the zero divisor
of a.

Here, a closed set C' C M with finite, nonzero 2-dimensional Hausdorff measure is
said to be an irreducible J-holomorphic 1-subvariety [52] if it has no isolated points
and if the complement of a finite set of points in C, called the singular points, is a
connected smooth submanifold with J-invariant tangent space. A J-holomorphic 1-
subvariety is a finite set of pairs {(C;,m;),1 < i < m < oo}, where each C; is an
irreducible J-holomorphic 1-subvariety and each m; is a positive integer.

The general scheme to prove Theorem 3.1.1 is similar to what is used in [60] where
it is proven that the intersection of a compact 4-dimensional pseudoholomorphic subva-

riety and a compact almost complex submanifold of codimension 2 in a (not necessarily
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compact) almost complex manifold is a pseudoholomorphic 1-subvariety. This basic
strategy traces back to [30] at least, where it works in complex analytic setting. In the
pseudoholomorphic situation, this strategy was worked out by Taubes [50].

More concretely, the plan is to first show that Z has finite 2-dimensional Hausdorff
measure, this is done in section 2. The idea is to foliate neighbourhoods of points in
Z by J-holomorphic disks. Applying a dimension reduction argument with the help
of a unique continuation result, Proposition 3.2.2, we are able to reduce our study to
the intersection of Z with J-holomorphic disks. We establish the positivity of such
intersections in Lemma 3.2.1 by exhibiting a holomorphic trivialisation of A’ over a
given J-holomorphic disk. This lemma is the counterpart of Gromov’s positivity of
intersections of J-holomorphic curves with complex submanifolds of real codimension
two, c.f. Proposition 2.1.6 and [24].

If, in addition, we can find a “positive cohomology assignment” for Z in the sense
of Taubes, which plays the role of intersection number of the set Z with each local disk,
we are able to show that Z is a J-holomorphic 1-subvariety by Proposition 6.1 of [50]
(stated as Proposition 3.3.1).

Our strategy to associate a positive cohomology assignment to Z is to view J-anti-
invariant 2-forms as sections of the bundle A;. Now a J-anti-invariant form « defines
a 4-dimensional submanifold I', in the total space of A whose intersection with M,
as submanifolds of A7, describe the zero set of the form. Given a disk in M, whose
boundary does not intersect I',,, we can compose with a section and perturb to obtain
a disk ¢’ : D — A which intersects M transversely. Then the oriented intersection
number of ¢’ defines a positive cohomology assignment. A finer study of positive
cohomology assignment also gives rise the desired information for the homology class
of the zero divisor.

Theorem 3.1.1 could be extended to the sections of bundle A]%’O of real parts of
(n,0) forms, which has a natural complex line bundle structure induced by the almost
complex structure on M. The space of its sections is denoted Q%’O. We have Theorem
3.4.1, which says that the zero set of a non-trivial closed form in Qﬁ’o supports a
pseudoholomorphic subvariety of real codimension 2 up to Question 3.9 of [60]. The
key to establish this result is again a version of Lemma 3.2.1 for the bundle A%’O. This
is our Lemma 3.4.1.

In Section 3.5 we study the relation of J-anti-invariant forms with birational geom-

etry of almost complex manifolds. Recall we have the cohomology groups [39]
H7 (M) = {a € H*(M;R)|3 a € 27 such that [a] = a}

generalising the real Hodge cohomology groups, where Zf are the spaces of closed 2-
forms in Q§ It is proven in [14] that H} (M)®&H; (M) = H?(M;R) when dimg M = 4.
The dimensions of the vector spaces Hf (M) are denoted as h?(M ).

In [60] it is shown that the natural candidate for generalising birational morphisms
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to the almost complex category are degree one pseudoholomorphic maps. Using the
local model given by Lemma 3.2.1 together with the foliation-by-disks technique as
used to establish Theorem 3.1.1, one can study the extension properties of closed J-
holomorphic disks. This gives us Proposition 3.5.1, which should be compared with
Hartogs extension for pseudoholomorphic bundles over almost complex 4-manifolds
established in [11].

With this Hartogs type extension for closed J-anti-invariant 2-forms in hand, we

are able to show the dimension of J-anti-invariant cohomology is a birational invariant.

Theorem 3.1.2. Let ¢ : (My,J1) — (Ma,J2) be a degree 1 pseudoholomorphic map
between closed, connected almost complex 4-manifolds. Then hy (My) = hj (Ma).

Together with the almost complex birational invariants defined in [11], including
plurigenera, Kodaira dimension, and irregularity, we have a rich source of invariants to

study the birational geometry of almost complex manifolds.

3.2 Finite 2-dimensional Hausdorff measure

In this section, we assume M is a 4-dimensional closed manifold. The peculiarity of
dimension 4 is that the Hodge operator x4 of a Riemannian metric g on M also acts as
a involution on A2. Thus we have the self-dual, anti-self-dual splitting of the bundle of
2-forms
2 _ A+ -
A=A, BA,.

On the other hand given an almost complex structure J on M, we also get a splitting

of the bundle of 2-forms into J-invariant and J-anti-invariant forms
2 _ At A-
A =A7 DA;.

Moreover, we can always choose a compatible g in the sense that ¢ is J-invariant,
i.e. g(Ju,Jv) = g(u,v). The pair (g,J) induces a J-invariant (in general non-closed)
2-form w by

w(u,v) = g(Ju,v).

The triple (J, g,w) defines an almost Hermitian structure. It is straightforward to
deduce the decompositions

Af =R(w)® A7, (3.3)

AT =R(w) @ A;. (3.4)

In particular, A5 C A;r and it follows that every closed J-anti-invariant form is a
harmonic g-self-dual form, e.g. Lemma 2.6 of [14].

Also recall that A7 inherits an almost complex structure, still denoted by J, from
JB(X,Y)=—B(JX,Y). In particular A} is a complex line bundle over M.
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In this section, we will show that the 2-dimensional Hausdorff measure of the zero
locus, Z, of any closed J-anti-invariant 2-form is finite.

To this end let us briefly recall some basic definitions concerning the Hausdorff
measure and dimension on compact Riemannian manifolds. For (M, g) a compact
Riemannian manifold let d, be the associated distance function and for any subset
A C M we denote by diam(A) the diameter of U,

diam(A) := sup{dy(p,q) |p,q € A}, diam(0) :=0.

For any A C M and § > 0 we define,

[e.9]

HE(A) := inf { > (diam(U;))*

=1

Ac U, ,diam(U;) < 6 w} . kel0,00),
i=1
with the infimum being taken over all countable open covers, U;, of A satisfying
diam(U;) < 6. The H{f (A) are monotone and decreasing in § and thus the limit as
0 — 0 exists (although it may be infinite). We can thus define an outer measure by,
HE(A) = lim HE(A),
6—0
we call this the k-dimensional Hausdorff measure. Notice that if H¥(A) < oo then
HY(A) = 0 for all £ > k and that if H¥(A) > 0 then H*(A) = oo for all £ < k. From

this we can also define the Hausdorff dimension of a subset A C M as,
dimy (A) := inf{k > 0| H*(A4) = 0},

or dimy(A) = oo if H¥(A) =0 for all k > 0.

Proposition 3.2.1. Let (M, J) be a closed, connected, almost complex 4-manifold and
suppose that « is a non-trivial, closed, J-anti-invariant 2-form. Then the zero set Z of

a 1s compact, with Hausdorff dimension 2 and finite 2-dimensional Hausdorff measure.

Remark 3.2.1. Since every closed J-anti-invariant form is a harmonic g-self-dual form
for a compatible g, it follows from [2] that the zero locus Z = a~1(0) is a countably
2-rectifiable set. Recall that a subset of an n-dimensional Riemannian manifold M is
called countably k-rectifiable if it can be written as a countable union of sets of the
form ¢(X), where X C R¥ is bounded and ¢ : X — M is a Lipschitz map. However, it
is not clear whether such a set would have finite 2-dimensional Hausdorff measure by
[2]. Furthermore it is important for this and future work to have a proof which uses

only pseudoholomorphic properties.

Considering « as a smooth section of the bundle A the compactness of Z follows
immediately from the continuity of « since a closed subset of a compact space is com-

pact. Hence we can cover Z by finitely many balls. We need to show that Ce~2 many
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e-balls will be enough to cover Z. We show this in each ball. These balls may be taken
small enough such that they are foliated by J-holomorphic disks as we recalled in the
background chapter. Let us cement notation by explicitly recalling the coordinates set
up in §2.1.3.

Fix © € M, we can find a neighbourhood U of x and a non-degenerate 2-form {2 on
U such that J is compatible with € in U. This pair (2, J) induce an almost Hermitian
metric on U. Now we can identify a geodesic ball centred at 2 with a ball in R* centred
at the origin. Identifying R* = C? such that

7
Q= wo = da' ANda? + dz® A dat = 5 (dw® A dw® + dw' A dw') .
Here we write complex coordinates (w?, w') = (2!, 22, 23, 2*). We may assume that .J
is an almost complex structure on C? which agrees with the standard complex structure
Jo at the origin.

Let Dy, := {(§, w)|[¢| < p}, where w € D. Now Lemma 2.1.5 yields a diffeomor-
phism @ : D x D — C2, where D C C? is the disk of radius p, such that

o Yw € D, Q(Dy) is a J-holomorphic submanifold containing (0, w),

e Yw € D, there exists z depending only on €2 and J such that

e Yw € D, the derivatives of order m of () are bounded by z,, - p, where z,, depends

only on €2 and J.

Such diffeomorphisms shall be called J-fibre-diffeomorphisms. It is important to re-
mark that we can change the direction of these disks by rotating the original Gaussian
coordinate chart chosen. More precisely given x € CP! we can choose @ such that
Q(Dy) is tangent at the origin to the line determined by .

Let w : D — M be an embedded J-holomorphic disk with z = u(0). We can further
choose the coordinate system such that the almost complex structure J behaves partic-
ularly well along the image u(D). This is essentially a reformulation of the construction
on page 903 of [50] and will be used in Lemma 3.2.1.

Let (£,w) be the coordinates associated with the above ). Since the disks of
constant w are J-holomorphic the almost complex structure J must decompose, with
respect to the splitting T(D x D) = TD & TD = R? @ R?, as follows:

g=(* "
0 o

Here a, d’, b are 2 x 2 matrix valued functions on D x D such that the condition J? = —I

is satisfied.
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We can further choose coordinates (§1,w1) such that u(D) is just & = 0, at least
locally near z. Indeed as remarked previously we can choose the direction the foliation
such that Q(Dy) intersects u(D) transversally at «(0). The transversality condition
facilitates the application of implicit function theorem to find, after shrinking D if
necessary, a smooth map 7 : D — R? such that 7(0) = 0 and u(w) = Q(7(w),w). We let
(&1, w1) = (§—7(w),w). Thus, in the (£, w;) coordinates, the matrix b obeys b(0, -) = 0.
We can make a further change to coordinates (&2,ws) = (g1(&1,w1) - &1, g2(wy)), for
suitable smooth matrix value functions g; and gs such that, in addition to the general

requirement J? = —I, we have

(01 o {01
a:(l O) and a(O,-):(l 0).

To summarise, the discussion above allows us to take coordinates in a neighbourhood
of u(0) such that J = Jy along u(D). Later, we will denote such coordinates, (ws,£2),
by (!, 2% 23, 2*) so that u(D) is described by ®=x*=0 near u(0).

We continue assuming v : D — M is an embedded J-holomorphic disk and U is a
neighbourhood of u(0) with the coordinates described above. On u(D) N U define

bolu(pynw = da' Ada® — dz® A dat. (3.5)
This is J-anti-invariant. We notice that
—Jpolupynr = dat A da* + da® A da?, (3.6)

where the J refers to the almost complex structure on A7 .

We can extend ¢ to a section of A; on U. Indeed, by shrinking U if necessary,
we may assume that A7J is trivialised over U. So we can take a local basis of A7, say
¥, Jip. On u(D) there are functions hi, ha such that

$olu(pynr = MYlup)nv + haJY|up)nu-

Now to extend ¢¢ we choose any non-zero smooth extensions of h; and hs to U.

The foliations described above reduce the study of Z to its intersection with em-
bedded J-holomorphic disks. To study such intersections we need to produce an ap-
propriate local trivialisation of A7 .

Using the almost complex structure on A we can locally choose an orthogonal
basis, say, ¢, J¢. We write the J-anti-invariant form « locally in terms of this basis,
a = f¢+ gJo, where f and g are smooth functions.

Lemma 3.2.1 below establishes a trivialisation for A7 in which « is holomorphic
over an embedded J-holomorphic disk in terms of the chosen basis. This allows us
to establish that if a given embedded J-holomorphic disk intersects the zero set non-

trivially then the intersection is a finite number of isolated points. Furthermore these
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intersections are positive.

Lemma 3.2.1. Let (M, J) be an almost complex 4-manifold and v : D — M a smooth,
embedded J-holomorphic disk. Then for any closed, J-anti-invariant 2-form «, there
exists a neighbourhood U C M of u(0) and a nowhere vanishing ¢ € Q0 (U) such that
for a expressed in terms of the basis {¢, Jo},

a=fo+gJo, (3.7)
on U, the function (f ow) +i(gowu) is holomorphic on u=*(u(D) N U).

We will first write a with respect to the local basis ¢g and show that the coef-
ficients satisfy a Cauchy-Riemann type equation. From this point an application of
the Carleman Similarity Principle allows us to find a local basis whose coefficients are
holomorphic. We only state a weak version of the Carleman Similarity Principle which

is enough for our application.

Theorem 3.2.1. Let p > 2 and B. C C for some € > 0. Suppose that C,Cy €
L*(Be,C) and v € WYP(B,,C) is a solution to

ov(z) + C1(2)v(z) + Co(z)v(2) = 0. (3.8)

Then, for a sufficiently small 6 > 0, there exist functions ® € C°(Bs,C) and o €
C*(Bgs,C) such that ®(z) is nowhere zero and on B,

Remark 3.2.1. If (o = 0 then the transformation ® can be found to depend only
on (7. But in the general case, ® will depend on v. This is essentially the hidden
reason that our argument would not lead to a divisor-to-section correspondence for

J-anti-invariant forms and their divisors even for tamed J.

Proof of Lemma 3.2.1. Take ¢¢ to be the extension of (3.5) described above and write

a = fodo + goJPo. Since « is closed, we must have
0 =da = dfyg A ¢g + fodpo + dgo N\ Jdo + go d(Jgf)o). (3.9)
First remark that the subsequent equalities follow from the definition of ¢,

u*(angﬁo) = —ds = u*(&u (—J¢0)),
’U,*(84 J¢0) = dt = ’U,*(ag | (J¢0)),

where z = s+ it are holomorphic coordinates on (D, Jy) centred at the origin such that
Jods = dt.
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By contracting (3.9) with d3 and pulling back along u we obtain the first of the
following expressions of 2-forms on u~*(U). The second is obtained by contracting with
04 instead. Using tilde’s to denote quantities which have been pulled back to D we
obtain

z a0 . .0 0
dfo Nds + foff —dgo A dt — goy = —u ig%—igjqﬁo =0,
Ox Ox

~ -~ 0 0
—dfo ANdt + foBf' —dgo N ds — goY = —u” izfﬁo - %J% =0,
Oz ox
where 8 := 03 udg, v := O3 1dJ g, B := 04 1dgg and ' := 04 1dJpy. The second
equality on each line follows from u*¢g = u*Jpy = 0.
For 1-forms 7, A on D we have the identity n A JoA = —Jyn A X. Thus we can rewrite

the equations above as,
(o + Jodgo) A ds = —foB + G
(dfo + Jodﬁo) Adt = foBf' — o7

Or equivalently in terms of components with respect to the coordinates z = s + it on
D,

ofo 07 <~
£+£:—foﬁm+gwm
dfo 990 _

95 o foBla — GoAis-

This is a Cauchy-Riemann type equation for fo -+ igo.
By Theorem 3.2.1 there exists a > 0, a nowhere zero function ¢ : Bs — C and a
holomorphic function F': Bs — C such that

Iy = ®F, (3.10)

where Fy = fo + 7 go. Henceforth we write F' = f+ i1gand ® = &1 + i Do,
Define
Pluss) = (Prou™t) - go + (P20u™") - Joo

and thus
TWlupy) = —(Paou™) - go+ (Rrou™") - Jep.

These are nowhere vanishing J-anti-invariant forms on u(Bs). Extending them to a

neighbourhood of u(0) in M we can thus write

a=fo+gJ9,

for some smooth functions f,g: M — R. By restricting to u(Bjy) and applying (3.10),
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we have fou+igowu=F. The conclusion follows since F' is holomorphic. O

Remark 3.2.2. Above we applied Theorem 3.2.1 to a Cauchy-Riemann equation whose
zeroth order term is not a multiple of fo + igo. Thus the basis {¢, J¢} found in the
lemma will depend on « by Remark 3.2.1.

The next lemma establishes a unique continuation result for Z = a~!(0). The
result is well known for self-dual harmonic forms [2], alternately it can be regarded as

a corollary to Lemma 3.2.1 (c.f. proof of Lemma 3.4.2).

Lemma 3.2.2. Suppose that o is a closed, J-anti-invariant 2-form, then if « =0 on

some open set in M, it must vanish identically on the whole of M.

Proof. For any Riemannian metric g compatible with J, we have A} C A;. In par-
ticular, any closed J-anti-invariant 2-form is a self-dual harmonic form. Hence any
nontrivial, closed, J-anti-invariant 2-form cannot vanish on an open subset of M. In

fact, from [2] it is known that such zero set has Hausdorff dimension < 2. O

Remark 3.2.3. It is useful to have a proof of the above fact which relies only on

pseudoholomorphic properties, for this see the proof of Lemma 3.4.2.

We now have all of the necessary ingredients to locally estimate the Hausdorff
measure of the zero set Z in Proposition 3.2.1. In particular, Lemma 3.2.1 serves the
role of Lemma 2.2 of [60], i.e. Gromov’s positivity of intersections of a J-holomorphic

disk and a codimension two almost complex submanifold, in the following proof.

Proof of Proposition 3.2.1. This proof follows closely the structure of the proof of
Proposition 2.4 in [60].

First we should remark that since M is compact the finiteness of the Hausdorff
measure will be independent of the metric we use. Now for any z € Z we can find a J-
fibre-diffeomorphism Q* of a neighbourhood of = in M. By compactness we can choose
finitely many of these diffeomorphisms, say Q%¢, covering Z and such that the disks
are all of the same radius. We show that each Z N Q% (D x D) has finite 2-dimensional
Hausdorff measure.

Pick z € Z and write @ for Q*. For each w € D we know that Q(D,,) intersects Z
in finitely many points if it is not totally contained in Z, this is by Lemma 3.2.1. We
claim that there are only finitely many w € D such that Q(D,,) C Z.

Suppose that this is not the case. Then we may assume without loss of generality
that 0 is an accumulation point of w. We now foliate a neighbourhood of x by J-
holomorphic disks transverse to Q(Dy), whereby producing an open neighbourhood M
which is contained in Z. Since this contradicts Lemma 3.2.2 we will then have the
claim.

As before take Gaussian coordinates centred at 2 but now so that (0, w’) is identified
with Q(Dg). We choose a J-fibre-diffeomorphism Q' : D’ x D' — C2?, where D’ denotes
the disk in C of radius p’ < p, such that
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o Vuw' € D', Q(D.,) is a J-holomorphic submanifold containing (0, w’),

e Vw' € D', there exists z depending only on Q and .J such that
|(§/7w/) - Q/(gl’w/” <z P/ : |£l‘7

e V' € D', the derivatives of order m of @' are bounded by z,, - p/, where z,,

depends only on €2 and J.

So all of the disks Q'(D),) are transverse to Q(Dy). As being transverse is an open
condition we have that Q'(D),) are transverse to Q(D,,) for all |w| < e. Thus the
intersection points of Q' (D! ,) and Z are not isolated and so, by Lemma 3.2.1, Q"(D.,,) C
Z. So Q' (D' x D) C Z and since Q' (D’ x D') covers an open neighbourhood of x we
have the desired contradiction.

Now we claim that @) may be chosen so that none of the J-holomorphic disks are
contained in Z. In fact we show that there are only finitely many complex directions of
T, M such that there are J-holomorphic disks tangent to it and contained in Z. With
this the claim follows by rotating the Gaussian coordinate system we chose initially.

Suppose that there are infinitely many such directions. Since the directions in T, M
are parametrised by CP! there is at least one accumulative direction v. Choose the
Gaussian coordinate system so that Q(Dy) is transverse to v, and hence Q(D,,) are
transverse to v for small |w| < e. This is a contradiction with Lemma 3.2.1 and Lemma
3.2.2 since the intersection numbers of Q(D,,) N Z are infinite for |w| < e.

Hence if we fix = then we can choose a complex direction such that there is no
J-holomorphic curve in Z tangent to it. By the perturbative nature of J-fibre diffeo-
morphisms we can choose Gaussian coordinates and a J-fibre diffeomorphism so that
no Q(D,,) is contained in Z for w sufficiently close to 0.

Finally we are able to estimate the Hausdorff measure of the compact set Z N
Q(D x D). First remark that, by shrinking D if necessary, we may assume without
loss of generality that the distortion of () on the domain 2D x 2D is bounded by some
constant C' > 0. Also note that, by our choice of Q, for each w € D the set ZNQ(D,,)
is a finite set of points.

Define,

g:D—=NU{0}, w— #(ZnNQ(Dy)).

Clearly this is an upper semi-continuous function and hence achieves a maximal value,
say N, at some point w € D. Since each intersection point contributes positively by
Lemma 3.2.1, we know Z N Q(D,,) contains at most N points for all w € D. By the
Vitali covering lemma we can take a finite cover of the compact set Z N Q(D x D) by
balls of radius € such that L of these balls are disjoint and the union of L concentric
balls with radius dilated by a factor of 3 cover. By our distortion assumption each ¢

ball intersects Q(2D,,) in an open set of area bounded above by 7C?c2. The coarea
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formula then yields,
1
N7C?%e? - 1C?(2p)? > §L7r254.

Hence there is a constant €’ > 0 such that there can be no more than C’e~2 balls of
radius 3¢ covering Z N Q(D x D). This finishes the proof. O

3.3 Positive cohomology assignment

In this section, we will finish the proof of Theorem 3.1.1.

To establish that the zero set of a closed J-anti-invariant 2-form supports a J-
holomorphic curve we use a criteria due to Taubes [50], this is Proposition 3.3.1 below.
The strategy underpinning the proof Taubes gives dates back to the work of King [30]

at least. The right classical analogy is the following question:

3.3.1. Let C C C? be a codimension 2 submanifold with positive local intersection index

with all complex lines. Then, is C is complex analytic?

The answer is affirmative and follows by representing C' near a point as a graph
over its tangent space. If the tangent space is not complex then one can find a complex
line which has negative intersection index with C' at the point. We wish to apply this
style of argument to sets which are not, a priori, oriented submanifolds and hence we
cannot directly use the local intersection index.

To this end let us recall the notion of positive cohomology assignment, introduced
in [50]. We assume (X, J) is an almost complex manifold, and C C X is a set. Let
D C C be the standard unit disk. A map o : D — X is called admissible if C intersects
the closure of o(D) inside (D). Next we define the notion of a positive cohomology

assignment to C, which is extracted from section 6.1(a) of [50].

Definition 3.3.1. A positive cohomology assignment to the set C is an assignment of

an integer, 1(o), to each admissible map o : D — X meeting the following criteria:
1. Ifo: D — X\ C, then I(o) = 0.

2. If 09,01 : D — X are admissible and homotopic via an admissible homotopy (a
homotopy h : [0,1] x D — X where C intersects the closure of Image(h) inside
Image(h)), then I(og) = I(07).

3. Let o : D — X be admissible and let 0 : D — D be a proper, degree k map. Then
I(co0)=k-I(0).

4. Suppose that o : D — X is admissible and that o=1(C) is contained in a disjoint
union U;D; C D where each D; = 0;(D) with 0; : D — D being an orientation
preserving embedding. Then I(o) =, I(006;).

5. If o : D — X is admissible and a J-holomorphic embedding with o=1(C) # 0,
then I(o) > 0.
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It is constructive to compare this definition with the local intersection index for
oriented submanifolds given in §2.1.2. Indeed, in the situation where the set in question,
C, is the zero set of of a closed J-anti-invariant 2-form our expectation is that it supports
a J-holomorphic curve. If this is the case then an open dense subset of C, say C, is a
real, oriented, 2-dimensional submanifold of X. Now admissible disks are those which
intersect C' transversally and the local intersection index defines a positive cohomology
assignment.

The following is Proposition 6.1 of [50], which will be used to prove Theorem 3.1.1.

Proposition 3.3.1. Let (X,J) be a 4-dimensional almost complex manifold and let
C C X be a closed set with finite 2-dimensional Hausdorff measure and a positive

cohomology assignment. Then C supports a compact J-holomorphic 1-subvariety.

Recall from [46] that a real 2p-current C' in M is an almost complex integral cycle

if it satisfies:

(i) Rectifiability: There exists an at most countable union of of disjoint oriented C!
2p-submanifolds, say C = |J; IV;, and an integer multiplicity 6 € L, (C) such that
for any compactly supported 2p-form ¢ on M one has,

CW)ZZZ,:/M"W

(ii) Closedness: 0C = 0.

(iii) Almost Complex: For H?P-a.e. point x € C, the approximate tangent plane T}, to

the rectifiable set C is invariant under the almost complex structure J.

The proof of Proposition 3.3.1 is divided into two parts. Firstly, Taubes proves that an
open dense subset of the set C' is a Lipschitz submanifold of X. From this it follows,
in particular, that C' is an almost complex integral 2-cycle. The second step is to
prove that any almost complex integral 2-cycle is in fact a J-holomorphic subvariety.
This in fact follows from Almgrens big regularity paper but Taubes [50] provides a
proof without recourse to this result. In fact this second step was generalised to higher
dimensions by Tian-Riviére [46], namely it is proven that any almost complex integral
2-cycle in a 2m-dimensional almost complex manifold satisfying the locally symplectic
property may be viewed as a J-holomorphic subvariety.

Now we shall assign an appropriate positive cohomology assignment to the set
Z = a~1(0) for admissible maps. To do this it is convenient to understand .J-anti-
invariant 2-forms as a smooth sections of the complex line bundle A5 over M. We shall
denote such a section associated to a by I'q : M — A7.

Let 0 : D — M be an admissible map and « a J-anti-invariant 2-form. We assign an
integer I, (o) as follows. Since o is admissible with respect to the zero set Z = a~1(0),

the closure of the image of the composition I',, 0 (D) intersects the compact manifold
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M, viewed as a submanifold of the total space of the bundle A7, inside I'y 0 0(D). In
other words, I'y 00 : D — A7 is admissible with respect to M C A7 . There exists an
arbitrarily small perturbation of Iy, o o which produces a map ¢’, homotopic to I'y o &
through admissible maps, such that o’ is transverse to M. The set T of intersection
points of ¢’(D) with M is a finite set of signed points. We define I, (o) to be the sum
of these signs.

We now check I, is a positive cohomology assignment when « is a closed J-anti-
invariant 2-form. In particular, the independence of the perturbations we have chosen

follows from the assertion (2) of Definition 3.3.1.

Proposition 3.3.2. Suppose a is a non-trivial closed J-anti-invariant 2-form. The
assignment I,(o) to an admissible map o : D — M defines a positive cohomology

assignment to Z = a~1(0).

Proof. We will check the assertions (1)-(5) of Definition 3.3.1 in the following.

If o(D)Na~1(0) = 0, then Ty, 0 (D) N M = (), which implies I,(c) = 0. This is
assertion (1).

Showing assertion (2) is equivalent to showing the following. Let o} : D — A7,
t € [0, 1], be admissible maps with respect to M. Let o{, and o} intersect M transversely.
Then the intersection numbers (i.e. the corresponding sums of the signed intersection
points T') of, - M = o - M.

To show this, we look at the admissible homotopy ¢’ : D xI — A7, where ¢'(x,t) =
o}(x). Its boundary map do’ : S? — A7 is homotopic to zero. Hence do’- M = 0. Since
o, are admissible, M intersects do’ only at o((D) and o} (D). Moreover, do’ induces
the reverse orientation at o (D). Hence, o, M — o} - M = 0o’ - M = 0. This implies
Definition 3.3.1(2), i.e. Io(00) = I4(01) if o and o) are connected via an admissible
homotopy.

To show assertion (3), we first choose an admissible map o’ : D — A (with respect
to M) transverse to M which is perturbed from I'y, o 0. We can also find a small
perturbation 6’ of the degree k map 6 : D — D such that there is no critical value
of  mapping to M by o¢’. Hence the sum of the signs of the intersection points of
o' ol : D — A is k times that of ¢’ : D — A7. Since the number I, is independent
of the choice of perturbations by assertion (2), we thus have I,(c 0 0) =k - I,(0).

For assertion (4), we choose a perturbation ¢’ : D — A7 of I'y o o such that
d'|p—u;p; =Tao0|p_y,p,- Hence In(0) =", In(0 0 6;).

For the last assertion, let ¢ : D — M be an admissible embedded J-holomorphic
disk. For each intersection point p € o~ 1(o(D) N Z), we can choose a small neigh-
bourhood D, C D such that, for a certain trivialisation of the complex line bundle A7
over an open neighbourhood U, C M containing (D)), the composition I'y 0 o is a
holomorphic function over D, by Lemma 3.2.1. Hence, if we perturb this holomorphic
function to a nearby one, we will get a holomorphic function with single zeros. Thus,

without loss, we can assume p is such a single zero. At I', oo (p), the tangent space has
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the following splitting regarding the orientation
TFaoa(p)Aj = A;‘a(p) D Ta(p)(Up) = A;‘a(p) D o (T;DDP) S3) Ta(p)(Up)/J* (TPD;D)'

Here, the fibre of the bundle A7 is oriented by a local basis {¢, J¢} as in Section
3.2. Since D) is a J-holomorphic disk in Uy, the vector space Ty, (Up)/0+(T,Dp) is a
natural complex plane. Hence, the sign associated to the intersection point o(p) is +1.

This confirms assertion (5). O

The assignment [, satisfies the assertions Definition 3.3.1 (1)-(4) for any J-anti-
invariant 2-forms. The assumption that « is a closed J-anti-invariant 2-form is only
used to show assertion (5).

Before we complete the proof of Theorem 3.1.1, we recall that given a J-holomorphic
subvariety © = {(C;,m;)}, there is a natural positive cohomology assignment for its
support |©] = UC;. Let C; = ¢;(3;) where each ¥; is a compact connected complex
curve and ¢; : X; — M is a J-holomorphic map embedding off a finite set. When
o : D — M is admissible, there is an arbitrarily small perturbation, o’, of o which is
homotopic to o through admissible maps and is transverse to ¢;. Each fibre product
T; .= {(z,y) € D x X;|0’(x) = ¢i(y)} is a finite set of signed points of D x 3. We
associate weight m; to each signed point in T;. The weighted sum of these signs in UT;
is a positive cohomology assignment [.Sg.

Conversely, once a positive cohomology assignment [ is given as in Proposition 3.3.1
and C' = UC;. Then we can associate the positive weight m; to C; as I(o) where o is a
J-holomorphic disk intersecting transversally to C; at a smooth point. The cohomology
assignment ISg for the subvariety © = {(C;, m;)} obtained in this way is equal to the
original I.

We will now prove Theorem 3.1.1.

Proof of Theorem 3.1.1. The zero set Z = a~*(0) is a closed set with finite 2-dimensional
Hausdorff measure. By Proposition 3.3.2, Z could be endowed with a positive coho-
mology assignment, I, (o), for each admissible map o : D — M. Hence, by Proposition
3.3.1, the zero set Z = a~1(0) supports a J-holomorphic 1-subvariety. Let ©, be the .J-
holomorphic 1-subvariety determined in the manner described above by the cohomology
assignment /.

The assignment I,(c) for an admissible map o : D — M could be understood in
the following equivalent way. We look at the disk o(D) C M C Aj and the section
I'o(M) inside the total space of the bundle A;. Then we perturb the section Iy to
another one I',, where o is a J-anti-invariant 2-form, such that I',/ is transverse to
o(D). Moreover, we require I'y is homotopic to I', through sections «; such that
a; 1(0)Ndo =0, Vt € [0,1]. The set T” of intersection points of o(D) and T (M) is a
finite set of signed points. Suppose o is of degree k onto its image. Then our I, (o) is

k times the sum of these signs in 7".
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When we choose o’ such that I'o/(M) M M inside the total space of A7, we know
Ty (M) N M is a smooth submanifold of M representing the Euler class of the bundle
A . By Proposition 4.3 of [60], it is the canonical class K of the almost complex
manifold (M, J). The sign of each point in 7" is equal to the one calculated from the
intersection of o (D) with I (M) N M inside M if we orient the fibre of the bundle A,
by a local basis {¢, J¢} as in Section 3.2.

Any homology class £ € Ho(M,7Z) is representable by an embedded submanifold,
the above claim just implies £ - [0,] = t.(§) - [M] as integers. Here 1.(£) denotes the
induced class in the second Borel-Moore homology of the total space of A and the
latter product is understood as the intersection paring in Borel-Moore homology. The
homology class [©,] is determined by the intersection pairing with all the classes in
Hy(M,Z). As explained in the last paragraph, £-[0,] = £ [0y = & Ky, V€ € Ho(M,Z).

Hence 0, is a J-holomorphic 1-subvariety in the canonical class K. O

The J-holomorphic 1-subvariety O, determined by the positive cohomology assign-
ment 1, corresponding to the closed J-anti-invariant form « is called the zero divisor
of a.

Finally, we remark that the zero locus Z = a~1(0) is exactly where « is degenerate.
In particular, it implies « is almost Kéhler on M \ Z if « is a closed J-anti-invariant
2-form. It is direct to see from the local expression that the zero locus is exactly the
points where « is degenerate. Indeed, for any point p € (M, J), the tangent space is
identified with a 4-dimensional real vector space along with a complex structure J,,. Let
x1,%2,Y1,y2 be coordinates centered at p such that Jpdr1 = —dy; and Jpdro = —dyo.

Now (A7), is spanned by two non-degenerate 2-forms
B =dxy Ndxy —dyr ANdya, JpB =dxi Adys + dyr A dxs.

If o, = af + bJ,f is degenerate, then there exists an X € T,M such that f(aX +
bJpX,-) = 0. Since S is non-degenerate, we must have a = b = 0.

Since the first Chern class ¢1(M \ Z,J) = 0, we know M \ Z is an open symplectic
Calabi-Yau 4-manifold when « is a closed J-anti-invariant 2-form. If the almost complex
structure J is compatible with (or tamed by) a symplectic form on M, we would like

to know whether M \ Z is a complex symplectic manifold.

3.4 Higher dimensions

Our argument can be applied to sections of the canonical bundle in higher dimen-
sions. Let (M, J) be a closed connected almost complex 2n-manifold. As in the four
dimensional case there is a natural generalisation of the canonical bundle.

Indeed, first we remark that for an almost complex 4-manifold the canonical bundle
A7 can be viewed as either the bundle of J-anti-invariant 2-forms or as the bundle of
the real parts of (2,0)-forms, i.e. A; = (A0 @& A%2) N A2, Thus one is lead to consider
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the line bundle of real parts of (n,0) forms on an almost complex 2n-manifold to be
the canonical bundle. We will denote this bundle by A%’O. The space of its sections is
n,0
denoted by Qp".
The almost complex structure J on M induces a complex line bundle structure on
A%’O, we still denote the almost complex structure on A]}%’O by J. Indeed, J on A%’O can

be described concretely by its action on a section 3 as follows,
J/B(Xla X27 T aXn) = _B(JX17X27 o 7Xn)

Using the argument given over the previous two sections we are able to prove the

following.

Theorem 3.4.1. Let (M,J) be a closed, connected almost complex 2n-manifold and
a a non-trivial, closed form in Q%’O. Then the zero set Z := a~(0) is a set of finite

(2n — 2)-dimensional Hausdor(f measure admitting a positive cohomology assignment.

This naturally asks for a generalisation of Proposition 3.3.1 which we phrase as the

following question (Question 3.9 in [60]).

Question 3.4.1. Let (M, J) be a closed, connected almost complex 2n-manifold and
C' C M a closed set with finite (2n — 2)-dimensional Hausdorff measure and admitting a
positive cohomology assignment. Does C' support a compact J-holomorphic subvariety

of complex dimension n — 17

If the answer to this question is affirmative then Theorem 3.4.1 would imply that
the zero set of a closed form « in Q%’O supports a J-holomorphic (n — 1)-subvariety
in the canonical class. Recall a J-holomorphic k-subvariety is a finite set of pairs
{(Vi,m;),1 < i < m}, where each V; is an irreducible J-holomorphic k-subvariety and
each m; is a positive integer. Here an irreducible J-holomorphic k-subvariety is the
image of a somewhere immersed pseudoholomorphic map ¢ : X — M from a compact
connected smooth almost complex 2k-manifold X.

The key to the proof of Theorem 3.4.1 is to establish foliations by J-holomorphic
disks in higher dimensions, this is the content of §2.1.3. Indeed, given any point x € M
we can find a local Gaussian coordinate chart and hence Lemma 2.1.5 gives a foliation
by J-holomorphic disks in a neighbourhood of z.

Fix © € M, we can find a neighbourhood U of x and a non-degenerate 2-form {2 on
U such that J is compatible with € in U. This pair (€2, J) induce an almost Hermitian
metric on U. Now we can identify a geodesic ball centred at = with a ball in R?” centred
at the origin. Identifying R?” = C” such that

Oy =wy = dz' ANda?+ - +dz®" 1 Ada™
= (@ Nd 4 e AT
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Here we write complex coordinates (2°,---,2" 1) = (2!, 22, .-, 22771 227)

. We may
as well assume that J is an almost complex structure on C" which agrees with the
standard complex structure Jy at the origin.

Lemma 2.1.5 gives a J-fibre diffeomorphism @ and let (£, (,w) be the associated
coordinates, where ¢,( € D and w = (w',--- ,w" %) € D" 2. Since the disks of
constant ({,w) are J-holomorphic the almost complex structure J must decompose,
with respect to the splitting (D x Dx D""2) = TD@®TD®TD" 2 = R2gR2pR?" 4,

as follows:

a b1 C1
J=1 0 & e
0 b2 C3

Here a,a’,b; € R2¥2, by € REZn=4x2 ¢ ¢y ¢ R2X2n4) apnd ¢5 € RE—9x(2n—4) 4p0
matrix valued functions on D™ such that the condition J2 = —1I is satisfied.

We can further choose coordinates (£1,(1,w1) such that u(D) is the disk {& =
0, w; = 0}, at least locally near x = u(0). To see this first remark that by the final part
of Lemma 2.1.5 the J-fibre diffeomorphism may be chosen so that Q(Dy) intersects
u(D) transversally at «(0). The transversality condition facilitates the application of
implicit function theorem to find, after shrinking D if necessary, smooth functions
70, , Tnz2 : D — R? such that 7;(0) = 0 and u(¢) = (70(¢), ¢, 71(¢), -+, Tn—2(C)). By

making the change of coordinates

(517(171”1) = (5 - ’7'0((),(,’(01 - Tl(C)a e 7wn_2 - Tn72(C))7

we ensure that u(D) is described by {£; = 0,w; = 0} in a neighbourhood of z. Thus
in the (&1,¢1,wr) coordinates we must have by = 0 and by = 0 along the disk u(D).

Finally we can make a further change of coordinates to (&2, (2, w2) so that

0 1 0 1
= d d|up) = .
a (_10>an a](D) <_10>

Applying this process to the complex directions determined by the n—2 components
of wi, that is, choosing J-holomorphic disk foliations along the directions of w; at
x = u(0) and choosing u(D) to be in the center as above, we are able to standardise

the coordinate at u(D) such that J|,(p) is a 2n x 2n block matrix with n 2 x 2 matrices

(50)

Henceforth we let (21, -+, 2") = (z!,22%,- -+, 2%"~1, 2®") denote the coordinates ({2, &2, wa)
so that u(D) is defined by 22 = --- = 2" = 0.

We continue assuming u : D — M is an embedded J-holomorphic disk and U is a
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neighbourhood of «(0) with the coordinates described above. On u(D) N U define
bolupynv =R [dzl A NdZ"] =R [(dml +idz®) Ao A (dz? L 4 id:v2")} .

We can extend ¢q to a form in Aﬁ’O(U). Indeed, by shrinking U if necessary, we
may assume that A%’O is trivialised over U. So we can take an orthogonal local basis
of A%’O, say ¥, Ji. On u(D) there are smooth functions hy, hy such that

$olu(pynr = MYlup)nv + haJY|up)nu-

Now to extend ¢y we choose any non-zero smooth extensions of h; and hs to U.

A straightforward calculation shows that

Joolupyrr = R[idzt A .. A dz"]
= % [(_dl‘2 + Zdl’l) FANPAN (d;z;2n*1 4 ld$2n)] '

We can establish positivity of intersections of the zero set with embedded J-holomorphic
disks. With the coordinates described above one may derive some generalised Cauchy-
Riemann equations for the coefficients of « as in Lemma 3.2.1. Applying Carleman

Similarity Principle we obtain the following lemma.

Lemma 3.4.1. Let (M,J) be an almost complex 2n-manifold and w : D — M a
smooth, embedded J-holomorphic disk. Then for any closed form « in Qﬂg’o there exists
a neighbourhood U C M of u(0) and a nowhere vanishing form ¢ in Qg’O(U) such that
for a expressed in terms of the basis {¢, Jo}

a=fo+gJo, (3.11)

on U, the function (f ou) +i(gou) is holomorphic on u~*(u(D) N U).
Proof. Let a = foo + goJ o in terms of the basis {¢g, Jodo}. Then closedness implies,
0 = da = dfy A ¢ + fodpo + dgo A Jpo + god(J o). (3.12)

Following the similarity principle argument used in Lemma 3.2.1 it is enough to verify
that fo + igo satisfies a Cauchy-Riemann type equation.

First remark that

R [822 Jee a0z 2 (dzl A A dz”)] =-R [2622 Jee a0z 2 (idzl A A dz")}

n(n—1)

" a,
R [8Z2 Jeee 205n 2 (idzl AN dzn)] =R [iazz Jeee30zn 2 (dzl FANIAN dzn)}
n(n—1)

=—(-1)"z da°.
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This allows us to choose a series of contractions that when applied to (3.12) yields the

following pair of equations on D.

dfo Nds + fo3 — dgo A dt + Go7 = u*Tq = 0,
—dfo Ads+ fo8' — dgo A dt + GoF = u Uy =0,

where tilde’s are used to denote a quantity having been pulled back along u, the forms
B, 8" are contractions of d¢y, the forms v,~’ are contractions of d(J¢g) and ¥; are error
terms which contain no dz' A dz? terms and hence pull back to 0.

Arguing identically as in the proof of Lemma 3.2.1 shows the above pair of equations
is a Cauchy-Riemann type system for fy + igo and that the Similarity Principle gives

the desired conclusion. O

This lemma allows us to deduce a unique continuation result for closed sections of

the canonical bundle.

Lemma 3.4.2. Suppose that « is a closed form in Qﬂrgo, then if a = 0 on some open

set in M, it must vanish identically on the whole of M.

Proof. Suppose that « vanishes on an open subset U C M. We may further assume
that U is the largest open subset where o vanishes. By continuity « vanishes on its
closure U. If U # M, choose a point x € OU := U \ U. Take a neighbourhood N
of  such that there is a J-fibre-diffeomorphism Q : D x D"~ — A,. We can take p
small enough such that each disk Q(D,,) intersects U. In particular, for each w € D"~!,
Q(Dyw)NU is an open subset in Q(D,,). However, by Lemma 3.4.1, we know « vanishes
either at isolated points or totally on Q(D,,). This implies a|gp,,) = 0 for all w € D1
and thus a|y, = 0. Hence U UN, D U, which contradicts the choice of U. Thus «

vanishes on whole M. O

Now Theorem 3.4.1 follows the same argument as Theorem 3.1.1. To show that
the (2n — 2)-dimensional Hausdorff measure of Z is finite we follow the argument of
Proposition 3.2.1 replacing the appropriate lemma’s with higher dimensional versions
(c.f. Proposition 4.5.2).

Proof of Theorem 3.4.1. Viewing « as a smooth section of the canonical bundle, con-
tinuity implies that the zero set is compact.

By compactness we can cover Z by finitely many neighbourhoods which admit J-
fibre-diffeomorphisms as in Lemma 2.1.5. So it is enough to show that the intersection
of Z with each of these neighbourhoods is of finite (2n — 2)-dimensional Hausdorff
measure.

Following the arguments of Proposition 3.2.1 we can choose the J-fibre-diffeomorphisms
as follows. Given x € Z there is a J-fibre-diffeomorphism Q : D x D"~ — M such
that (0,0) = x and no J-holomorphic disk Q(D,,) is contained in Z. With such a
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choice Lemma 3.4.1 implies that, for each w € D"~!, the intersection Q(Dy) N Z is a
finite set of points.
Further, by shrinking D if necessary, we may assume without loss of generality that
the distortion of @ on the domain 2D x (2D)"~! is bounded by some constant C' > 0.
Define,
g: D —=NU{0}, &= #(ZNQ(Dy)).

Clearly this is an upper semi-continuous function and hence achieves a maximal value,
say N, at some point ¢ € D. Thus by Lemma 3.4.1, we know Z N Q(D,,) contains at
most N points for all £ € D. By the Vitali covering lemma we can take a finite cover
of the compact set Z N Q(D x D™ ') by balls of radius ¢ such that L of these balls
are disjoint and the union of L concentric balls with radius dilated by a factor of 3
cover. By the distortion assumption each ¢ ball intersects Q(2D,,) in an open set of

area bounded above by mC?c2. The coarea formula then yields,
N7C?%e? - 1C*2(2p)?""2 > Lwy,e™™,

where wa,, is the volume of the unit 2n-ball. Hence there is a constant C’ > 0 such that
C’"e~(27=2) balls of radius 3¢ are enough to cover Z N Q(D x D" !). This finishes the
proof that H?*"2(Z) < oc.

Finally identical to the argument of Proposition 3.3.2, we can verify that the as-
signment I, of Section 3.3 defines a positive cohomology assignment for Z in the sense
of Definition 3.3.1. O

Since the first Chern class of the complex line bundle A%’O is Ky (e.g. by the
same argument as Proposition 4.3 in [60]), if Question 3.4.1 is answered affirmatively,
the Poincaré dual of the homology class of the pseudoholomorphic (n — 1)-subvariety

supported on Z is K.

3.5 A birational invariant of almost complex 4-manifolds

A famous question of Donaldson regarding compact almost complex 4-manifolds asks
whether an almost complex structure tamed by a symplectic form necessarily admits a
compatible symplectic form. Recall that a symplectic form w is said to be tamed by an
almost complex structure J if w(J-, ) is positive definite and that it is compatible with
Jif w(J-,J-) = w(:,-). The study of this question lead Li and Zhang [39] to define the
cohomology groups H f(X ) C H%(X,R). These generalise the real Hodge cohomology
groups,and can be represented by J-invariant and J-anti-invariant 2-forms respectively.
We denote by Q2 the space of 2-forms on M (C*-sections of the bundle A?), Qj the

space of J-invariant 2-forms, etc. Let also Z2 denote the space of closed 2-forms on M
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and let Z} =22n Qf Then we define the cohomology groups,
H7 (M) = {a € H*(M;R)|3 a € 27 such that [a] = a}.

It is proven in [14] that H} (M) @ H; (M) = H?(M;R) when dimg M = 4. The
dimensions of the vector spaces HF (M) are denoted as h(M).
These groups are analogous to the Dolbeault cohomology and relate naturally to

them when J is integrable [14], in particular it holds that
_ 2,0 0,2 )
Hj (X)=(H;"(X) @& Hy" (X)) N H*(X;R). (3.13)

Through a series of papers [14, 15, 16] Draghici, Li and Zhang give partial answers to
Donaldson’s question using these groups, furthermore it is found that as well as the
groups themselves the dimensions hf are of great significance. In this section we prove
that h} is a birational invariant of compact almost complex 4-manifolds.

The results of [60] suggest that the right notion of birational morphism between
almost complex four manifolds are degree 1 pseudoholomorphic maps. Indeed for such
maps Zariski’s main theorem holds and one can obtain a detailed description of the

singular set, this is summarised by the following theorem.

Theorem 3.5.1 (Theorem 1.5 [60]). Let u: (X,J) — (M, Jyr) be a degree one pseudo-
holomorphic map between connected almost complex 4-manifolds such that J is almost
Kahler. Then there exists a subset My C M consisting of finitely many points such
that,

(1) the restriction u|x\,~1(ar,) s a diffeomorphism;
(2) at each point of My the preimage is an exceptional curve of the first kind;

(3) X = M#kCP? diffeomorphically, where k is the number of irreducible compo-
nents of the J-holomorphic subvariety u=1(M).

For our purposes it suffices to say that a pseudoholomorphic curve is an exceptional
curve of the first kind if its configuration is equivalent to the empty set through topo-
logical blowdowns, see Definition 5.11 of [60] and references therein for details. Also
we should remark that Zhang believes that the almost Kéhler assumption on (X, .J) to
be removable.

Thus we say that two closed almost complex four manifolds M; and My are bira-
tional if there exist closed almost complex manfiolds Xy, ..., X1, Y1, ..., ¥, such that
My = X1, Ms = X,,4+1 and there are degree one pseudoholomorphic maps ¢; : ¥; — X;
and ¢; 1 Y; — X;yq foralli=1,... n.

In this section we prove that h7 is a birational invariant of almost complex four

manifolds.
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Theorem 3.5.2. Let ¢ : (My,J1) — (Ma,J2) be a degree 1 pseudoholomorphic map
between closed, connected, almost complex 4-manifolds. Then hy (My) = h7 (Ma).

The basic strategy is similar to the proof of Theorem 5.3 in [11]. However, we need
a version of Hartog’s extension theorem for closed J-anti-invariant forms. This relies
on the trivialisation of A over embedded .J-holomorphic disks provided by Lemma
3.2.1.

Again it is convenient to to view J-anti-invariant 2-forms as a smooth sections of
the complex line bundle A7, over M. We shall denote such a section associated to a
J-anti-invariant 2-form o by I'y, : M — A7. By Lemma 3.2.1 there is a trivialisation
of A5 over a given embedded J-holomorphic disk u : D — M such that I'y, o u may be
viewed as a holomorphic function I'y ou : D — C when « is closed. Notice that once a
trivialisation has been chosen we abuse notation and ignore the holomorphic projection
of A7 = D x C onto its second factor. We identify the basis {¢, J¢} in Lemma 3.2.1
with 1 and ¢ in C under the trivialisation.

Before proceeding it is convenient to make some remarks about Lemma 3.2.1. First
consider U C M an open, connected subset, « a closed J-anti-invariant 2-form defined
on U\{p} for some p € U and u : D — M an embedded J-holomorphic disk with «(0) =
p. It follows from the arguments of Lemma 3.2.1 that, after possibly shrinking u(D),
there is a holomorphic structure on A7 over u(D)\{p} such that I', ou : D\{0} — A
is holomorphic.

Indeed, by Lemma 3.2.1, we can cover D\ {0} by subdisks D; such that A7;|,p,)
is trivialised with I'q o u : D; — A a holomorphic section. Furthermore, we assume
the zero locus a~1(0) N u(0D;) = 0. We look at the transition function 8 + 7 of the
line bundle A7, (p,) for D1 N Dy say. The form a could be represented in terms of two
basis’

a = figr + 1S o1 = fadz + g2J o

By computation, (fi1 +ig1) = (f2 + ig2)(8 + iy). In other words, writing h; = (I'y ©
u)|p, we can write transition functions as Tij = Z—; on D;; = D; N Dj. Since the
h; are holomorphic, and the transition functions are nowhere zero, we know 7;; are
holomorphic.

This transition data thus defines a holomorphic line bundle structure on A7 over
u(D)\{p} such that I'q o : D\{0} — A7 is holomorphic. Furthermore D\{0} is Stein
and hence, by Oka’s principle, the bundle is isomorphic to D\{0} x C. This allows one
to view I'y ou : D\{0} — C as a holomorphic complex valued function. In summary
we have found a trivialisation of A7 over u(D)\{p} such that I', ou : D\{0} = Cis a
holomorphic function.

Secondly, for ¢ € (0,1), let uc : D — M be a smooth family of embedded J-
holomorphic disks. For each ¢ € (0,1) the arguments of §2 provide coordinates
such that J = Jy along u.(D). Moreover the z vary smoothly in e. Defining ¢ .

by (3.5) and following the arguments of Lemma 3.2.1 we obtain a family of functions
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vo,e = fo,e+190 satisfying a Cauchy-Riemann type equation 51}0354—0%110,5—1—02517075 =0,
where vg. and Cf,C5 vary smoothly in €. Hence the resulting family of holomorphic
functions f. + ig. and forms ¢. vary smoothly in €. That is, the trivialisations over

each u.(D) vary smoothly.

Proposition 3.5.1. Let (M, J) be an almost complex 4-manifold, U C M open and
p € U. Suppose that « is a closed J-anti-invariant 2-form defined on U\{p}. Then «
extends smoothly to U.

Proof. First, by shrinking U if necessary, we may assume that there is a J-fibre diffeo-
morphism @ : D x D — U centred at p such that Q({0} x D) and each Q(D,,) is an
embedded J-holomorphic disk.

We trivialise A with respect to a, first along Q({0} x D)\{p} then along each Q(D,)
and Q(Dp)\{p}. By the remarks preceding the proposition I', may be considered a
smooth map I'y, : (D x D)\{(0,0)} — C such that

(i) To(-,w) : D — C is holomorphic for each w # 0,
(ii) T'n(-,0) : D\{0} — C is holomorphic,
(iii) T'4(0,-) : D\{0} — C is holomorphic.

For each j € Z define,

o Fa(§ w)
aj(w) = /§|:p e dg.

Clearly this is a smooth function a; : D — C for all j € Z. Moreover, by (i), we have
ap(w) = T4 (0, w), w # 0, and hence ag : D\{0} — C is holomorphic.

For each w # 0 the Cauchy Integral formula gives the following Laurent series

o0

To(§w) = > aj(w) = a;(w)él,
=0

j=—00

where the second equality follows from (i). In particular a;j(w) = 0 for all j < 0 and
w # 0. By smoothness of a on U \ {p} and the trivialisations along the disks, it follows
that a;(0) = 0 for all j < 0. Applying Cauchy Integral formula again yields,

Ta(€,0) = D a;(0)8 =) a;(0)¢,
j=—00 7=0
proving that I', (&, 0) is holomorphic on D with I',(0,0) = ag(0).
Let us now verify that I',(0,w) can be extended to a holomorphic function on D

with value a;(0) at the origin. To this end notice that, by smoothness,

0

0

27, (¢,
_Fa(O,w):/ aulo&®) b o vwen.
0w el=r
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So I' (0, w) extends as a holomorphic function to D and I',(0,0) = ag(0).

As remarked in Section 3.2 the J-fibre diffeomorphism may be chosen such that
Q({0} x D) is a given J-holomorphic disk and Q(Dy) is tangent at p to a given com-
plex direction x € CP! transverse to Q({0} x D). Varying x we produce a family of
embedded J-holomorphic disks whose complex tangent directions cover a neighbour-
hood of k. Moreover, each of these disks is the Dg fibre of a J-fibre diffeomorphism.
We can choose finitely many such families whose union covers a neighborhood of p,
and their tangent directions cover CPL. Since Q({0} x D) is fixed the argument above
provides a holomorphic extension in each complex direction x with the same extended
value at p. For the disks not transverse to the given J-holomorphic disk, we choose

any other disk in the family to complete the proof. O
With this Hartogs type extension in hand, we are able to prove Theorem 3.5.2.

Proof of Theorem 3.5.2. Since 1 is pseudoholomorphic the pullback of 2-forms along
1 induces a map

We claim that this induced map is an isomorphism. If this is the case then this induces
an isomorphism between H; (M1) and H (Ms) since Z7 is isomorphic to H (see e.g.
[14)).

By Proposition 5.9 of [60] there exits a finite set Y C My such that u[ys\g-1(y) is
a diffeomorphism and ¥~1(y) is a pseudoholomorphic subvariety for all y € Y. Thus,
given o € Z (My), it follows that if 1)*(«) = 0 then afyz,\y = 0 and hence smoothness
implies that o = 0.

It is left to show that ¢* : Z7 (M2) — Z; (M) is surjective. Since [yr\y-1(y) is a
diffeomorphism we can pull back a given & € Z (M) to give a Jr-anti-invariant form
a:= @ H*(a) e 25, (M2\Y). As Y is a finite set Proposition 3.5.1 gives an extension
to a form o € Z (M3) which concludes the proof. O]

3.6 Further discussions

In this section we provide a definition of multiplicity of zeros for a continuous function

u : D? — R? which generalises the multiplicity of zeros of a holomorphic function.

3.6.1 Multiplicity of zeros for a continuous function v : D?> — R?

An amusing application is to define the multiplicity of isolated zeros of a continuous
function u : D?> — R? from the open unit disk D?, as a generalisation of the multiplicity
of zeros of a holomorphic function. This subsection could also be viewed as some explicit
calculations of the intersection number used throughout the chapter.

Consider a trivial bundle @ over D? of real rank two. A continuous function wu :
D? — R?, u(z,y) = (f(z,y),9(x,y)), is called admissible if u=1(0) N dD? = (. By
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taking complex coordinate z = x + iy on D and using the standard identification of
R? = C we can write u(z) = f(2,2) +ig(z, %), where f and g are real valued functions.
It is clear that this definition of admissibility also works for an admissible function
u: B" — R".

Example 3.6.1. The function u(z) = z is not admissible. All non-trivial holomorphic

functions are admissible. The function u(z) = |z|? is admissible.

For an admissible function u : D? — R?, we define the sum of multiplicities of zeros
inside D? by perturbation. We perturb v to a smooth function @ : D? — R? such
that the Jacobian of each zero of @ is non-degenerate. It is equivalent to viewing the
function v as a map to the total space of the trivial bundle O, and requiring that the
perturbed « has transverse intersection with the zero section. Then the multiplicity
I(u) is the sum of the signs of the Jacobian of each zero of 4. The multiplicity I(u) is

independent of the choice of the perturbation .

Example 3.6.2. When v is a holomorphic function, I(u) is just the sum of the mul-
tiplicities of all the zeros of u inside the unit disk. Each zero contributes positively to
the sum.

One may choose a holomorphic perturbation ' such that v’ has more zeros than u
over R? and each zero will contribute positively to the index. A generic holomorphic
perturbation would have I(u) many zeros inside the unit disk.

On the other hand, if » is an anti-holomorphic function, then each zero contributes

negatively.

The following provides an explicit example of the multiplicity being independent of

the perturbation as long as the Jacobian is non-degenerate at any zero point.

Example 3.6.3. Let u(z) = |2|2. Then I(u) = 0. There are many ways of admissible
perturbations. For example, if @i(z) = |z|?>+¢z, then it has two zeros z = 0 and z = —¢.
The Jacobian matrix has determinants | e |? and —|¢|? at 0 and — ¢ respectively. This
implies I(u) = 0.

We can also calculate it using other perturbations. A natural one is %(z) = u(z) +c.
When ¢ > 0, there will be no zeros in D, which again implies I(u) = 0 immediately.
When ¢ < 0, it is not a good perturbation to calculate the multiplicity since the

Jacobian is degenerate at the zero set.
In fact, our multiplicity is uniquely defined in a natural sense.

Proposition 3.6.1. The multiplicity I(u) is the unique functional satisfying the fol-

lowing five properties:
o I(u) =0 ifu(a) # 0,Ya € D;

o If ug,u1 : D — R? are admissible and homotopic via an admissible family uy,
then I(ug) = I(u1);
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e If0:D — D is a proper degree k map, then [(uo @) =Fk-I(u);

e If all the zeros are included in disjoint union U;D; C D where each D; = 0;(D)
with embedding 0; : D — D, then I(u) = > I(uo6;);

o If u is holomorphic, I(u) is the usual multiplicity of zeros for holomorphic func-

tions.

Proof. By Proposition 3.3 in [60] (or Proposition 3.3.2 in this paper), I(u) satisfies the
five properties. To show the uniqueness, we first perturb u to @ such that all the zeros
are non-degenerate. We write the Taylor expansion in terms of z,Z at each zero of .
By virtue of the fourth item we can, on a small disk around each zero, use a local linear
homotopy from # to the linear term of its Taylor expansion. By choosing the disk to
be small, no more zeros would be brought in through this homotopy. The linear term
at each zero (without loss, we assume the zero is the original point) can be written as

a-+d a—d._ c—b.. c+b. .
( 2 )Z+( 2 )Z+( 2 )Ilz—’_( 2 )227

b
where the Jacobian matrix ( “ ) is non-degenerate. If the determinant is positive,
c
a linear homotopy
a+d a—d. c—b. . c+b.
( )z + t( 5 )Z + ( 5 )iz + t( )iz

would lead to a holomorphic function with I = 1. Notice, when ¢ € [0, 1], the Jacobians
are all non-degenerate. Similarly, when the determinant is negative, it is homotopic to
an anti-holomorphic function. By the third item, an anti-holomorphic has the multi-
plicity opposite to its holomorphic conjugation. Hence, our multiplicity I(u) is uniquely
determined by the classical multiplicity of a holomorphic function and the other four

properties. ]



Chapter 4

Eigenvalues of the Laplacian on

almost Kahler manifolds

4.1 Introduction

Bourguignon, Li and Yau [7] proved an upper bound for the first non-zero eigenvalue for
a given Kéahler metric on a projective manifold M which depended only on dimension,
volume and a holomorphic immersion ¢ : M™ — P™. Recently Kokarev [33] has
improved their result giving bounds, for a more general class of Kéhler manifolds, on
the k-th eigenvalue which depend linearly on k. The class in question are those Kéhler
manifolds that admit a non-trivial holomorphic map into a projective space P".

The purpose of this chapter is to show that the same bound in fact holds in the

almost Kéahler setting. More precisely we prove the following theorem.

Theorem 4.1.1. Let (M",J) be a closed 2n-dimensional almost Kdhler manifold and
¢ : M"™ — P™ a non-trivial pseudoholomorphic map, where P™ is taken with its stan-
dard complex structure. Then for any almost Kahler metric g on M™, the eigenvalues

of the Laplace-Beltrami operator Ay satisfy,
M(M™, g) < Cln, m)d([6], gDk, for any k> 1, (4.1)
where C(n,m) > 0 is a constant depending only on n and m and d([¢], [wy]) is defined

by,
B S @ wrs A wg_l

o) g = 2 (42)
g
Alternatively we can write
*[0 - [w n—1
(9], o)) 1= 1S = Leal” 2, (M) (1.3

([wg]™, [M]) ’

where (+,-) denotes the pairing of de-Rham cohomology and singular homology. From

this expression it is clear that d([¢], [w,s]) depends only on the de-Rham class [w,] €

61
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H?(M;R) and the induced map on 2-cohomology ¢* : H?(P™; Q) — H?(M;Q).

Let (M, J) be an almost complex manifold and E — M a complex vector bundle
of complex rank r over M. Suppose further that the total space F is endowed with
an almost complex structure J such that the projection map is pseudoholomorphic
and that F is globally generated by pseudoholomorphic sections. Here we say that a
section s : M — FE is pseudoholomorphic with respect to J if dsoJ = J ods. We
can define the Kodaira map kg : M — Gr(r,C") in the usual way, where Gr(r,C")
denotes the grassmannian and N = dim(H%(E)) is the dimension of the vector space
of global pseudoholomorphic sections of E with respect to J. We provide details of the
construction in §3. Composing with the Pliicker embedding yields a pseudoholomorphic
map ¢ : M — P™ and hence Theorem 4.1.1 may be applied to obtain the following

corollary.

Corollary 4.1.1. Let E — M be a complex vector bundle over a compact almost
complex manifold (M,J). Suppose further that the total space is endowed with an
almost complex structure J and the bundle is globally generated by pseudoholomorphic
sections with respect to J. Then, for any almost Kdhler metric g on M, the eigenvalues

of the Laplace-Beltrami operator satisfy,

E) — [wy" ™", [M])
([wg]™, [M])

where C > 0 is a constant depending only on dim(M), rank(E) and dim(HY(E)).

A(M, g) < oL K, forany k> 1, (1.4)

Notice that for the map ¢ defined as the composition of the Kodaira map and the
Pliicker embedding we have ¢*[wps] = a - ¢1(F) for some constant a > 0, where [wrg]
denotes the de-Rham class. Indeed writing U — Gr(r, CV) for the tautological bundle
we have that ¢i(F) = k}c1(det U). On the other hand one can explicitly calculate that
the pull back of the Fubini-Study metric under the Pliicker embedding is, up to scaling,
the curvature of the Hermitian metric on det U induced by the constant metric on the
fibres of the trivial bundle Gr(r,C") x CV. So, by Chern-Weil theory, one finds that
¢*[wrs] = acy (F) for some constant a > 0.

Section 4 is dedicated to providing examples of strictly almost Kéahler manifolds to
which Theorem 4.1.1 applies. More precisely, we provide examples of strictly almost
Kaéhler manifolds which admit a globally generated pseudoholomorphic vector bundle.
These are built from the examples given by Chen-Zhang [11].

Let us briefly discuss the outline of the proof of Theorem 4.1.1. To establish the
desired bound (4.1) it suffices to produce k + 1 linearly independent test functions for
which the bound (4.1) holds. These test functions are constructed on P™ and hence
are identical to those used in [33]. Intuitively they are components of the moment map
of the action of the group of isometries of P restricted to carefully chosen annuli. The
main technical difficulty arises in trying to control the measure of these annuli with

respect to the push-forward of the volume measure Vol,. Control can be established
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using the work of Grigoryan, Netrusov and Yau [23] if the measure u := ¢,(Voly) is non-
atomic. In the situation of an integrable complex structure the level sets of a non-trivial
holomorphic map are subvarieties of positive codimension which implies that g must
be non-atomic. On the other hand if the almost complex structure is not integrable
determining the structure of level sets is an open question. Whilst we cannot establish
that level sets are pseudoholomorphic subvarieties we can prove an estimate on their
Hausdorff dimension from which it follows that p is non-atomic. From this point it is
routine to verify that the arguments of [33] continue to hold and hence finish the proof
of Theorem 4.1.1.

We can also obtain a version of Theorem 4.25 for pseudoholomorphic subvarieties of
almost Kihler manifolds. Let (M™*¢,.J) be a closed almost Kihler manifold and ¥" an
irreducible pseudoholomorphic subvariety whose regular part X7 has complex dimension
n. Here we say that ¥ C M™*¢ is an irreducible pseudoholomorphic subvariety if it is
the image of a somewhere immersed pseudoholomorphic map ® : X — M where X is a
smooth, closed, connected almost complex manifold. Given an almost Kahler metric g
on M its restriction to the regular part of 3 yields an incomplete almost Kéhler metric,
gs, on X,. We are interested in the eigenvalues of the Laplacian corresponding to gyx.
It is shown that for an appropriate function space A = A, is essentially self-adjoint

and has discrete spectrum.

Theorem 4.1.2. Let (M"*¢,J) be a closed almost Kdhler manifold and ¢ : M"+* —
P @ non-trivial pseudoholomorphic map. Furthermore let ™ C M™ be an irreducible
pseudoholomorphic subvariety such that the restriction of ¢ to X is non-trivial. Then,

for any almost Kdhler metric g on M, the eigenvalues of the Laplacian associated to

gs satisfy,

fz O wps A w;‘_l

Ae(E,g2) < C(n,m) Town
5 Wy

k, forany k>1, (4.5)

where C(n,m) > 0 is a constant depending only on n and m and wy is the Kihler form
of g on M.

The chapter is structured as follows; in sections 2 and 3 we establish the necessary
preliminaries from Riemannian and almost complex geometry followed by some exam-
ples of strictly almost Kéhler manifolds to which Theorem 4.1.1 applies in §4. Next §5 is
dedicated to establishing an estimate on the level sets of pseudoholomorphic maps and
hence that the push-forward measure ¢, (Volg) is non-atomic. Sections 6 and 7 define
the test functions and prove Theorem 4.1.1. Then in §8 we give a brief discussion of
pseudoholomorphic subvarieties of a almost Kéhler manifolds and prove Theorem 4.1.2.
Finally we give some possible further directions of study in §9, in particular we prove
that the regularity of the map ¢ in Theorem 4.1.1 can be reduced and as a consequence

the theorem can be applied when ¢ is only a rational map.
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4.2 Preliminaries

4.2.1 Eigenvalues of the Laplacian on an almost Kahler Manifold

Let (M, g) be a compact Riemannian manifold without boundary. In local coordinates

z* the Laplace-Beltrami operator associated to ¢ has the form,

1 0 o 0
A= —— i vy

with |g| = det g. The eigenvalues of the Laplacian are real numbers 0 < A1(g) < ..., <
Ai:(g) < ... such that
—Au = M\ (g9)u

has a non-trivial solution.

Recall that we can characterise the k-th eigenvalue by

Ak(g) = inf sup Z4(u), (4.6)
V. ouev
with the infimum taken over all (k + 1)-dimensional subspaces of Lip(M) and %Z4(u) is
the Rayleigh quotient defined by,
Rg(u) = fMWu—PdVOlg. (4.7)
[y u?dVoly
Thus to prove a bound on A it suffices to produce k41 linearly independent test whose
Rayleigh quotient satisfies the same bound. By compactness one can take a constant
as one of these test functions reducing the problem to finding k linearly independent
test functions.

In general, on a Hermitian manifold, the Laplacian of the Levi-Civita connection
and the Laplacian of the Chern connection agree only up to a first order term. But as
we saw in §2 if we have an almost K&hler manifold (in fact a quasi Kédhler manifold is
sufficient) then they agree. In light of this, given an almost Kahler manifold, we shall

henceforth only refer to the Laplace-Beltrami operator.

4.2.2 Almost Kihler Geometry and Complex Projective Space

Throughout this chapter P will denote the complex projective space of dimension m

endowed with the Fubini-Study metric, see (2.13), scaled to have diameter 7.

Since the standard action of SU(m + 1) on P™ preserves wrg it has an associated
moment map 7 : P™ — sur ;. By the Killing scalar product (X,Y) = trX*Y =
—trXY we can identify su; ., and sum,41 so that in local homogeneous coordinates

[Z] = [20 : ... : ] we can express the components of 7 by

220

e([2]) =i (4.8)

i
2|
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The moment map also satisfies the identity,
i
WFs = —5 % dTie N dTeg,

see [1] for details.

Lemma 4.2.1. Let (M™,J,g) be an almost Kdhler manifold and ¢ : M — P™ a
pseudoholomorphic map. Then the gradient of the matriz valued map 7o ¢ : M —
C(m+1)? satisfies,

V(7o ¢)|2w3 =no*(wpg) A w’;_l, (4.9)

where T : P™ — sw,,11 is the moment map associated to SU(m + 1) acting on P™

Proof. We claim that for a smooth function ¢ : M — C the following formula holds,
|Vg0|2wg = in(Op A O@ + 0@ A Op) A w;_l. (4.10)

Write TCM = TOM & T9' M for the natural splitting of the complexified tangent
space induced by J and let eq, ..., e, be a local unitary frame for T*9M with respect

to g. Writing 6!, ..., 0" for the dual coframe we have
wg = AN A

Furthermore, for a smooth function ¢ : M — C we can write the decomposition of dp
into (1,0) and (0,1) parts as

dep = 0p + 5g0 = @kek + 50];9%.
In this notation we have,
Voo 2wy = (100 + |0 )wy = i"n! > (or@r + Prer) 0" NG A A" NE"
k
On the other hand,

in (9o A Op + 0@ A Op) A w;‘_l = m(Z (0xe + Fropg) 6F A 9_K> A w;‘_l
kol
=i"n! > (prPr + Prepp) 01 AGT AL AT ADT,
k

which gives the desired claim.

To proceed let ¢;; = 75 0¢ : M — C be the components of the composition
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To¢: M — CCm2? Now,

Opij = dpij —idpijoJ
=drjjodp —idrjodpoJ
= (dTZ’j - idTij o J[p:m) o dgf) = gb*(dTij - idTij o J]pzm) = d)*aTij,

where in the second equality we used chain rule and in the third that ¢ is pseudoholo-

morphic. Similarly we compute that,
5(,01']‘ = qb*énj, 8@] = gf)*aﬂ‘j, 57_'1']' = qb*éﬂ'j.
By (4.10) we have,

Veijl*wy = in(dpij A Oij + 0pij A dpij) Awy ™!

Wy
= Z'nd)*(aﬂj N 5?‘,7 + aﬂ'j A 57’1‘3‘) A wgfl.
Finally we remark that, as 7 is the moment map, we have the expression
) ) = i =
WFg = —5 Zdnj A dei =1 Z(aﬂj A 8n~j + 8Tij A 87’,‘]‘).
27‘7 7”‘7
Thus,
Vo2t = 3 (Vi 2t = n 6™ (wrs) Awl .
2
O
Remark 4.2.1. The calculation of wrg in terms of 7;; only requires the almost complex
structure on P to be compatible (but not necessarily tamed) with wps. So the lemma

would hold for any pseudoholomorphic map ¢ : (M, J) — (P, J ) where J is compatible
with WFEFS.

4.3 Pseudoholomorphic Vector Bundles

Let (M,J) be an almost complex manifold and F — M a complex vector bundle of
complex rank r over M. Suppose further that the total space E is endowed with an

almost complex structure 7 such that,
(1) the projection map is pseudoholomorphic;
(2) the almost complex structure induced on each fibre is multiplication by i;
(3) fibrewise multiplication and addition are pseudoholomorphic.

Such a structure J is called a bundle almost complex structure and was first introduced

by Bartolomeis-Tian [13].
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On the other hand one can endow a complex vector bundle with a Cauchy-Riemann

type operator which we call a pseudoholomorphic structure.

Definition 4.3.1. Let (M, J) be an almost complex manifold and E — M a complex
vector bundle of complex rank r over M. A pseudoholomorphic structure on E is
a differential operator O : T(M,E) — T'(M,(T*M)%' @ E) satisfying the following
Leibniz rule,

Op(fs)=fOps+0;f s,
where f € C®°(M) and s € T'(M, E).

In [13] it is shown that bundle almost complex structures are in one-to-one corre-

spondence with pseudoholomorphic structures.

Proposition 4.3.1 (de Bartolomeis-Tian). There is a bijection between bundle almost

complex structures and the pseudoholomorphic structures on E.

We shall write 97 for the pseudoholomorphic structure on E induced by a bundle
almost complex structure J. Henceforth we shall call a complex vector bundle F
equipped with a bundle almost complex structure J a pseudoholomorphic vector bundle
and write O := 07.

A smooth section s € I'(M, E) of a pseudoholomorphic bundle E is said to be
pseudoholomorphic if g s = 0. Note that by following the proof of the aforemen-
tioned correspondence established by Bartolomeis-Tian this definition is equivalent to
s : M — E being a (J, J)-holomorphic map. We write H}(E) for the space of global
pseudoholomorphic sections of £ with respect to J.

Recall that, if (E, h) is a Hermitian bundle over an almost complex manifold (M, J),
then a connection V : I'(M,E) — I'(M,T*M ® E) is said to be Hermitian if it is
compatible with h, i.e. if

d(h(sl, 82)) = h(Vsl, 82) + h(sl, VSQ), Vs1, 89 € F(M, E) (4.11)

The following is the analogue of Lemma 2.1.2 for general pseudoholomorphic bundles.

Proposition 4.3.2. Let (E,h) be a Hermitian bundle equipped with a pseudoholo-
morphic structure O, then there exists a unique Hermitian connection V such that
VO — 5.

Consider the dual bundle E* — M of a pseudoholomorphic bundle £ — M. One

can define a pseudoholomorphic structure on E* by,

(0g+0)(s) = 0(c(s)) — o(IEs), (4.12)

for any o € I'(M, E*) and s € I'(M, E). This in turn induces a bundle almost com-

plex structure on E* giving a natural sense in which to consider the dual bundle a
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pseudoholomorphic bundle. Henceforth whenever we are dealing with the dual of a
pseudoholomorphic bundle we shall, unless otherwise stated, assume that the dual
bundle is equipped with this bundle almost complex structure.

It is also natural to look at the conjugate bundle E. In the following suppose that
(E,h) is a Hermitian bundle, 0r a pseudoholomorphic structure and V the unique

01) = §g. The conjugate connection VO : E —

Hermitian connection such that V
(T*M)%! @ E defines a pseudoholomorphic structure on E. On the other hand we can
identify E* and F using the Hermitian metric A and thus we have an induced pairing

of E and E. Differentiating this pairing using (4.11) and taking the (0,1) part we have
9(a(s)) = a(VOs) + (VODg))(s).

Comparing with (4.12) we see that Op« = W, i.e. Op+ defines a pseudoholomorphic
structure on E.

We are now in the position to follow the usual route and define a L? formal adjoint
5*}3. For this we equip (M, J) with a J-compatible Riemannian metric and write w, for
the associated Hermitian form. We claim that the operator 5% = — x V(O defines
the formal dual, where x is the following extension of the Hodge star to E valued

differential forms
x :APIQE - A" PPTIQFE, x(a®s):=(xa)®s.
To see this we calculate, using Stokes theorem, that

/h(@E(a@)s),B@a)wg = (a®s)A*(B® o)
M

J, %
— / DP9 (a®s)Adp(x(B® o))
I,

(@@ ) A [+ VOD = (35 0)|,

where a ® s € AP~ @ F and B ® o € AP?® E. Note that the factor (—1)PT¢ appears
since W € A"P"=4® E and hence 0y appearing in the second line is the natural
extension of Oz to (n—p,n — q)-forms with values in E. Furthermore the final equality
follows from the identity ** = (—1)PT4 on AP,

We define a Laplacian operator
AgE = 8_E5E + 5255;

Since local holomorphic coordinates are not available on the base manifold (M, .J) one
has to work a little harder to prove that Ag_ is an elliptic operator in the non-integrable

setting, but nonetheless this is indeed the case [11]. In particular the operator has finite
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dimensional kernel, that is, the space
’Hgg(M, E):={se'(M,A" @ E)|A;_ s =0}

is finite dimensional for all 0 < p,q < n. Since 5% = 0 when acting on sections of FE it
is straightforward to deduce that
HY(E)=H

0,0
O (Mv E)

since Ay, s = 0 if and only if Ops = 0 and 5]’55 = 0. We thus have the following lemma.

Lemma 4.3.1. Let (M, J) be a closed almost complex four manifold and E — M a

pseudoholomorphic vector bundle, then H%(E) s a finite dimensional vector space.

4.3.1 Globally Generated Bundles

Suppose that F is a rank r pseudoholomorphic vector bundle which is globally generated
by pseudoholomorphic sections s, ...,sy € H%(E) For each point p € M let V), be
the subspace of H%(E) spanned by sections vanishing at p. As in the complex setting
we can define the Kodaira map kg by p — Ann(V},), where Ann(V},) is the annihilator
subspace of V),, that is the space of linear functionals vanishing on V,,. We can write

this map as follows,
kg : M — Gr(r, H%(E)*), p—{s¢€ H%(E) | s(p) = 0}.

Identifying Gr(r, H%(E)*) with Gr(r, N) = Gr(r,CY) via the basis sy, ..., sy we claim
that the resulting map kg : M — Gr(r, N) is pseudoholomorphic.

Lemma 4.3.2. Let (M, J) be a closed almost complex four manifold and E — M a
globally generated pseudoholomorphic vector bundle. If N = dim H%(E) and Jsq 1s the
standard complex structure on Gr(r,C), then the Kodaira map kg : M — Gr(r,N)
defined above is (J, Jsiq)-holomorphic.

Let us first verify the claim in the relatively straightforward case of a line bundle,
i.e. 7 = 1. Here the map kg : M — PV is given by p = [s1(p) : ... : sn(p)] and
it suffices to check that the transition maps j—; are pseudoholomorphic sections of the
trivial bundle over M \ {3;1(0)}. It follows from the identity ‘:—j =1, using (4.12), that
5%- is a pseudoholomorphic section of E* over M \ {5]71(0)}. Hence it is straightforward
to observe, again using (4.12), that j—; are pseudoholomorphic sections of the trivial
bundle over M \ {8;1(0)}.

The general case follows similarly but requires a brief digression to recall a holo-
morphic coordinate system on Gr(r, N). Given a point z € Gr(r, N), if aq,...,a, are
vectors spanning the subspace U, associated to the point x, then denote by A(x) the

N x r matrix whose columns are ay,...,a,. We call A(z) a homogeneous coordinate
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of # € Gr(r, N). Notice that A(x) is of maximal rank and that if A(z) is another
homogeneous coordinate of z, i.e. another basis of U, is chosen, then there exists some
g € GL(r,C) such that A(x) = A(z)g. So homogeneous coordinates are only defined
up to right multiplication by some element of GL(r, C).

Now let eq,..,en denote the standard basis of CV and assume that we take ho-
mogeneous coordinates with respect to this basis, that is for z € Gr(r, N) we take a
homogeneous coordinate A(x) whose columns (with respect to the basis e;) form a basis
of U,. Given a multi-index I = (i1, ...,4,) of length r such that 1 <1, < ... <4, <n
we take a coordinate chart Ur on Gr(r, N) to be the set of matrices A such that the
r X r submatrix Ay is invertible. Here A; denotes the submatrix formed by the i1-th
to 1,-th rows of A.

Let z € U and A(x) be a homogeneous coordinate for z, then the matrix A(x) can

be decomposed as

where A; € GL(r,C) and A is some (N — r) x r matrix. Notice that for simplicity of
notation we have assumed that I = (1,2, ...,r) here. Now holomorphic coordinates on
Uy are given by the matrix Al_lAg.

Returning to the set-up of Lemma 4.3.2, recall that the global generating set
$1,...,sn of E identifies Gr(r, HY(E)*) with Gr(r, N) = Gr(r, CM) and hence we have

that kg can be viewed as a mapping
kg : M — Gr(r,N).

Indeed, first notice that we can cover M by open sets Ur such that s;,,...,s;, form a

local frame for F over Uj.

Remark 4.3.1. In general it is not possible to find local pseudoholomorphic frames

but here our bundle is assumed to be globally generated.

Consider now p € Uy and s € H}(E). It suffices to consider the case I = (1,2,...,7).

Notice that if we write a;, for the complex valued smooth functions such that

$i =Y GiaSa, (4.13)
a=1

then

where s' € H(E)* are dual to s; and (-,-) denotes the natural pairing of HY(E) and
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HY%(E)*. From the definition of kg : M — Gr(r, H}(E)*) we see from the above that

ae{l, ,r}}] .

It is straightforward to verify that in fact the right hand side is independent of the local

N
kp(p) = [Span { D ias’

i=1

frame initially chosen. That is, the matrix A = (a;q)iq is a local expression of kg|y, in
homogeneous coordinates.

To see that kg is pseudoholomorphic it suffices to check that the transition maps,
when changing pseudoholomorphic frames, are themselves pseudoholomorphic sections
of the bundle GL(r,C) — M. Indeed suppose that Uy N U; # ¢ and write s,, sg for
the local frames with o« € I and 8 € J. In this case the transition data on Uy N Uy
is described by p — (aas(p))as € GL(r,C). By applying 97 to (4.13) we deduce that

aqp are pseudoholomorphic yielding the desired conclusion.

4.4 Examples

In [11] examples are given of compact, strictly almost complex manifolds which have
globally generated pseudoholomorphic line bundles, i.e. the pseudoholomorphic sec-
tions are base point free. This section is devoted to the discussion of these examples
and showing that they in fact generalise to provide examples of globally generated
pseudoholomorphic vector bundles over compact, strictly almost Kéhler manifolds.

Let us briefly review the almost complex structures and the pseudoholomorphic
sections (or lack thereof) of the corresponding canonical bundles found on the Kodaira-
Thurston surface [11].

Recall from Chapter 2 the Kodaira-Thurston surface is given by X = S* x (Nil*/T")
where Nil® is the Heisenberg group,

Nil* = { A € GL(3,R) |A =

S O =
o = 8

z
Yy ’ ‘T)waGR )
1

and T is the subgroup of Nil® with integral entries, acting by left multiplication. Letting

t denote a coordinate on S' an invariant frame of T'X is given by

o 0 o0, 0 0
o’ ox’ Oy 0z' 0z’

with its coframe being
dt, dx, dy, dz—xdy.

For any a € R\ {0} we can define an almost complex structure .JJ, on X with respect
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to the above frame of T X by,

)

o O O =
@)

O e O O

It is straightforward to compute that the Newlander-Nirenberg tensor is nonzero for all
a # 0 and hence that J, is not integrable.

Furthermore the symplectic form
1
we = dx ANdt + —dy A (dz — zdy)
a

makes (X, Jg,w,) an almost Kahler manifold.

Proposition 4.4.1 (c.f. Proposition 6.1 of [11]). For any a € 4nZ there exists a
non-integrable almost complex structure J, on the Kodaira- Thurston Surface X = S* x
(Nil® /T) such that

dim (H°(X,K,,)) = 1.

In particular, there exists a pseudoholomorphic map ¢q : X — PL.

We now take a brief digression to discuss products of pseudoholomorphic vector
bundles over products of almost complex manifolds. This is necessary to produce
examples in dimensions greater than 4.

Let m; : (E;, J;) — (M;, J;) be pseudoholomorphic vector bundles of rank r; over
closed almost complex manifolds (M;, J;) for i = 1,2. We can equip the product
manifold M7 x My with the product almost complex structure J; x Jo which is defined
to be J1(p) @ Ja(q) on T{;, (M7 X Ma) = T, My © T, M. Writing p; : My x Mgy — M; for
the projection maps we consider the product bundle pj 1 ® p5E2 which we will denote
by E1 ® FE5 for simplicity. Now consider the product almost complex structure J; ® Jo
induced on the product bundle Fy @ Fo — My x Ms. It is straightforward to verify that
this is indeed a bundle almost complex structure with respect to the almost complex
structure J; x Jo on the base. We now prove a Kiinneth formula holds for sections of
By ® Es.

Proposition 4.4.2. Let (E;, J;) — (M;, J;) be pseudoholomorphic vector bundles of
rank r; over closed almost complex manifolds (M;,J;) for i = 1,2. Letting J denote
the bundle almost complex structure induced on the tensor product bundle 1 @ Fo —
My x My, where My x Ms is equipped with the product almost complex structure Ji X Js,
it holds that

HY(E1 ® By) = Hy, (E1) © HY, (E»).

Proof. To proceed we equip FE; with a Hermitian metric h; and F; ® Eo with the
product metric hq ® ho. Now consider the space of sections L2(M1 X My, E1 ® Fs), it is
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straightforward to see the the set of L? sections of the form s; ® sy for s; € L?(M;, E;)
is dense.
Let Agj_ be the Laplacian operator associated to 0. acting on L? sections of Ej.

The Laplacian operator induced on the product bundle is
AEJ = Aéjl ®IE2 +IE1 & Agjz.

This is a semi-positive, self-adjoint operator.

Let {¢;} and {1} be the sets of eigensections of Aj 7 and Ay 7 respectively, with
corresponding eigenvalues {\;} and {y;}. Remark that {¢;} and {¢;} form a Hilbert
basis of L2(M, E1) and L?(M, E5) respectively. By positivity of the Laplacian operator
we have \;, u; > 0 and hence from the above formula for the Laplacian on the product

bundle we have,

Ag, (i @ U5) = (Ai 4 pj)pi @5 = 0 = A = pj = 0.

To conclude we simply remark that by denseness of sections of the form s; ® s5 the
set {¢; ®1;} is a Hilbert basis of L?(M; x Ms, F; ® E5) and hence that ker(Ag,) =
Span(y; ® v;). That is to say, we have

HY%(E1 ® Ey) = HY, (E1) ® HY, (E»),

by the Hodge theory in the paragraph preceding Lemma 4.3.1. O

Proposition 4.4.3. For any positive integers n, k > 2 there are examples of compact
2n-dimensional strictly almost Kahler manifolds admitting globally generated pseudo-

holomorphic vector bundles of rank k.

Proof. Consider a closed Riemann surface S with a rank k£ — 1 holomorphic vector bun-
dle. By taking products of the Kodaira-Thurston surface X (equipped with J, and w,
for a € 4nZ) with S and applying Proposition 4.4.2 we obtain compact, strictly almost
Kéhler manifolds admitting globally generated pseudoholomorphic vector bundles of
rank k. O

Corollary 4.4.1. For any positive integer n > 2 there are examples of compact 2n-
dimensional strictly almost Kdahler manifolds admitting a non-trivial pseudoholomor-

phic map into some projective space PV of dimension N.

For an explicit example one only needs to give an explicit holomorphic vector bundle
on a Riemann surface. Given any closed Riemann surface .S there exists a holomorphic
embedding S — PV for some N > 3 (in fact one can take N = 3 by projecting).
The normal bundle associated to this embedding is a non-trivial, globally generated

holomorphic vector bundle of rank NV — 1 on S.
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4.5 Regularity of the Level Sets

The aim of this section is to prove the following proposition which facilitates the con-

struction of the desired test functions.

Proposition 4.5.1. Let (M",J,g) be an almost Kdhler manifold and ¢ : M — P a
non-trivial pseudoholomorphic map. Then the push forward of volume measure p :=

¢«(Voly) is non-atomic.

Recall that if (X, d,v) is a metric measure space then v is non-atomic if and only
if v({z}) = 0 for any point =z € X.
A key property of pseudoholomorphic maps is that they have a unique continuation

property. This is well known to experts but we include a proof here for completeness.

Lemma 4.5.1. Fori=1,2 let (M;,J;) be almost complex manifolds of dimension 2n
and 2m respectively and ¢ : My — My be a non-trivial pseudoholomorphic map. If
there exists an open set U C My such that ¢(U) =y for some y € Ma, then ¢ = y.

Since the unique continuation property is well known for pseudoholomorphic curves

we provide a proof of the lemma using this fact.

Proof. Suppose that ¢ is constant on some open set U, without loss of generality we
may assume that U # M is a maximal such open set. By continuity ¢ is also constant
on U.

Notice that given a smooth, embedded J;-holomorphic disk u : D — M; we have
that g ou : D — My is a smooth, not necessarily embedded, J2-holomorphic disk.
Unique continuation for pseudoholomorphic curves is well known.

To conclude suppose that € 9U and consider a foliation of Ji-holomorphic disks
transverse to OU. Details about such foliations may be found in Lemma 2.1.5. By
shrinking the disk radius parameter of the foliation we may assume that U intersects
each disk in the fibration in some relatively open set.

Now on the restriction to each disk in the foliation ¢ is a pseudoholomorphic disk
in (M, J2). By assumption ¢ is constant on an open set in each fibre and hence,
by unique continuation, ¢ is constant on each fibre. Thus ¢ is constant on an open

neighbourhood of x € 9U contradicting the maximalilty of U. O

In the remainder of this section we prove an estimate on the Hausdorff dimension of
level sets of pseudoholomorphic maps from which Proposition 4.5.1 follows but which

is also of independent interest.

Proposition 4.5.2. For i = 1,2 let (M;,J;) be almost complex manifolds of dimen-
sion 2n and 2m respectively with My compact. If ¢ : My — My is a non-trivial C!
pseudoholomorphic map, then for any y € My we have that H>" (¢~ (y)) < oco.
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Since local holomorphic coordinates are not available in the almost complex case
we use the local model proposed by Taubes, that is, we foliate neighbourhoods by
embedded J-holomorphic disks. It is well known that the preimage of any point on a
non-trivial J-holomorphic disk consists of a finite number of points. This leads to the

following simple description of the intersection of ¢~!(y) and .J-holomorphic disks.

Lemma 4.5.2. For i = 1,2 let (M;,J;) be almost complex manifolds of dimension
2n and 2m respectively and ¢ : My — My be a pseudoholomorphic map. Further let
u: D — My be a smooth embedded Jy-holomorphic disk. Then for any y € My either
uw(D) C ¢~ (y), or, the set u(D) N ¢~ (y) either consists of a finite number of isolated

points.

Proof. Remark that powu : D — My is a Jy-holomorphic disk and so it suffices to show
that for a J-holomorphic disk the preimage of any point is a finite set. But this is a

well known fact about pseudoholomorphic curves, see Proposition 2.1.4. ]

With these two lemma’s and the foliations of holomorphic disks of §2.1.3 we are

ready to estimate the Hausdorff measure.

Proof of Proposition 4.5.2. As with the proof of Proposition 3.2.1 this proof follows
closely the structure of the proof of Proposition 2.4 in [60].

Fix y € My and write Z = ¢~ 1(y). We show that H?"~2(Z) < oo. First note that
since M is compact the Hausdorff measure will be independent of the metric we use.
Now for any x € Z we can find a J-fibre-diffeomorphism Q% of a neighbourhood of
x in M. By compactness we can choose finitely many of these diffeomorphisms, say
Q", covering Z and such that the disks are all of the same radius. We show that each
Z N Q% (D x B) has finite (2n — 2)-dimensional Hausdorff measure.

Pick = € Z and write @ for Q. For each w we know that Q(D,,) intersects Z in
finitely many points if it is not totally contained in Z by Lemma 4.5.2. We claim that
there are only finitely many w € D such that Q(D,,) C Z.

Suppose that this is not the case. Then we may assume, without loss of generality,
that 0 is an accumulation point of w. We now foliate a neighbourhood of x by J-
holomorphic disks transverse to Q(Dy), whereby producing an open neighbourhood M
which is contained in Z. Since this contradicts Lemma 4.5.1 we will then have the
claim.

As before take Gaussian coordinates centred at x but now so that (0, w’) is identified
with Q(Dg). We choose a J-fibre-diffeomorphism @’ : D’ x B — C", where D’ denotes
the disk in C of radius p’ < p, such that,

e Yw' € D', Q(D),) is a J-holomorphic submanifold containing (0, w');

e Vw' € D', there exists z depending only on Q and J such that

(€ w') = Q'€ W) < 20" [¢]];
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e V' € D', the derivatives of order m of @' are bounded by z,, - p/, where z,,

depends only on €2 and J.

So all the disks Q'(D.,) are transverse to Q(Dy). As being transverse is an open
condition we have that Q'(D),) are transverse to Q(D,,) for all |w| < e. Thus the
intersection points of Q'(D!,,) and Z are not isolated and so, by Lemma 4.5.2, Q"(D.,,) C
Z. So Q'(D' x B) C Z and since Q'(D" x B) covers an open neighbourhood of = we
have the desired contradiction.

Now we claim that @) may be chosen so that none of the J-holomorphic disks are
contained in Z. In fact we show that there are only finitely many complex directions of
T, M such that there are J-holomorphic disks tangent to it and contained in Z. With
this the claim follows by rotating the Gaussian coordinate system we choose initially.

Suppose that there are infinitely many such directions. Since the directions in T, M
are parametrised by P"~! there is at least one accumulative direction v. Choose the
Gaussian coordinate system so that Q(Dy) is transverse to v, and hence Q(D,,) are
transverse to v for small |w| < e. This is a contradiction with Lemma 4.5.2 and Lemma
4.5.1 since the intersection numbers of Q(D,,) N Z are infinite for |w| < e.

Hence if we fix = then we can choose a complex direction such that there is no
J-holomorphic curve in Z tangent to it. By the perturbative nature of J-fibre diffeo-
morphisms we can choose Gaussian coordinates and a J-fibre diffeomorphism so that
no Q(D,,) is contained in Z for w sufficiently close to 0.

Finally we are able to estimate the Hausdorff measure of the compact set ZNQ(D x
B). First remark that, by shrinking D and B if necessary, we may assume without loss
of generality that the distortion of ) on the domain 2D x 2B is bounded by some
constant C' > 0. Also note that, by our choice of Q, for each w € D the set ZNQ(D,,)
is a finite set of points.

Define,

g:D—=NU{0}, w— #(ZNQ(Dy)).

Clearly this is an upper semi-continuous function and hence achieves a maximal value,
say N, at some point w € D. Thus by Lemma 4.5.2, we know Z N Q(D,,) contains
at most N points for all w € D. By the Vitali covering lemma we can take a finite
cover of the compact set Z N Q(D x B) by balls of radius ¢ such that L of these balls
are disjoint and the union of L concentric balls with radius dilated by a factor of 3
cover. By our distortion assumption each ¢ ball intersects Q(2D,,) in an open set of

area bounded above by 7C?c2. The coarea formula then yields,
NrC?e? . 7rC’2(2p)2 > Lwone?™,

where wa,, is the volume of the unit 2n-ball. Hence there is a constant C’ > 0 such
that C’e~(27=2) balls of radius 3¢ are enough to cover Z N Q(D x B). This finishes the
proof. ]
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4.6 Test Functions

The functions defined in this section are identical to those of §3.2 of [33]. We include
an outline of their definitions and properties for completeness.
Given [W] € P™ and a number ¢ > 0 consider the C-linear operator ©; ) : C"*! —
C™*+! defined by,
Z it Z e [W],

Gt,[W}Z -
tZ i (Z,W) =0,

where (-,-) denotes the standard Hermitian inner product on C™*!. This induces a
biholomorphism 6, [y : P™ — P™ via 6, y1[Z] := [O,wZ]. Clearly the point [W]
and the points [Z] associated to 1-dimensional orthogonal subspaces to [W] are fixed

points of 8, [y for any ¢ > 0.

Now recall that ¢y — —mlﬂ is a first eigenfunction of (P, wpg), where ow) P —
R is defined by
(Z,W)[?
wi1(lZ]) == . 4.14

The metric balls in (P™, wrg) can be written,

By (r) = {[Z] € P" | ([Z]) < cos®r},

™

where 7 € (0,5). By stereographic projection it is straightforward to verify that the

Fubini-Study metric satisfies,

. _ [z, W)]
cos(distuyg ([Z], [W])) = Tz
Hence we can write
e ([2]) = cos?(distugs ([Z], [W])). (4.15)

Clearly the function ¢y — % is positive on Byyy|(7) and vanishes on the boundary.
Given R € (0, §) there exits a unique value ¢ > 0, depending only on R, such that
0, w)(Bw)(2R)) = By (7). With this choice of ¢ we define,

e (0w ([2]) — 5, if [Z] € Bw(2R),

(4.16)
0, if [Z] ¢ By (2R).

Vrw([Z]) =

Here we collect some necessary facts concerning W.

Lemma 4.6.1. For any [W] € P™ and any R € (0,7) the function W | defined by
(4.16) has the following properties,

e Urw is a non-negative Lipschitz function,

e Supp Vg ) C Bw(2R),
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o \IJR,[W] < % on ]P)m,
e Vw2 i on Bw }(R)

We shall see that it is necessary for our test functions to be supported on annuli
and so we introduce a second function, distinguished by a bar, which is supported on
the compliment a metric ball. Again, given r € (0, §) there exists a unique value ¢ > 0
depending only on r such that 8, j(Bjw)(5)) = Bw)(7). We then define,

0, if [Z] S B[W](
e (Or((Z2) + )" = 2, i [Z] ¢ Bn(

),

U w(l2]) = )

(4.17)

N3 NI

Lemma 4.6.2. For any [W] € P™ and any r € (0,%) the function U, w) defined by
(4.17) has the following properties,

° \T/R,[W] s a non-negative Lipschitz function,
e Supp ¥p ) C P™\ By (%),

. \TJRJW] < % on P,

o Upy > L on By (7).

Finally consider the nested annuli A C 2A defined by
r
A== By (R) \ Byw(r), and 24 := By(2R) \ By (3),

where 0 < 7 < R < 2 and [W] € P™. Now define a function us on P™ by uy :=
R R7[W]\I/T,7[W]. Finally the following lemma lists the properties of uy that shall be

needed in the next section.

Lemma 4.6.3. For any [W] € P™ and any 0 < r < R < T the function ug :=

\IJR’[W]\TIT,[W] has the following properties,
® ua is a non-negative Lipschitz function,
e Suppuy C 24,
o uy < % on P™,

ouA>—0nA

4.7 Proof of Theorem 4.1.1

By the characterisation (4.6) it is enough to produce k+ 1 Lipschitz functions u; which
satisfy,
Ry(us) < Cln, m)d([6), [wg))F- (4.18)
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In fact is enough to produce k test functions since we can take the (k + 1)-th function
to be constant.

Recall the following definition for (X, d) a separable metric space.

Definition 4.7.1. For an integer N > 1 the metric space (X,d) is said to have the

N-covering property if each metric ball B,(2r) can be covered with N balls of radius r.

The next proposition facilitates the construction of the desired k test functions on
(P™, dyps). The statement we use appears as Proposition 3.1 in [33] and is a refor-
mulation of Corollary 3.2 in the work of Grigoryan, Netrusov, and Yau [23]. In more
detail it provides a collection of k disjoint sets of controlled measure which will form
the supports of the test functions. These sets cannot, in general, be taken to be metric

balls but can be taken as annuli for which we use the following notation,

A={ze X |r<d(z,p) <R}, 24A={zxeX |- <d(zp) <2R}.

r
5 =
Proposition 4.7.1. Let (X,d) be a separable metric space with the property that all
metric balls By(r) are precompact. Suppose further that it satisfies the N -covering
property for some N > 1. Then for any finite, non-atomic measure u on (X,d) and

any positive integer k there exists a collection of k disjoint annuli 2A; such that

cp(X)
]{,' )

w(A;) > for any 1 <i <k, (4.19)

where ¢ = ¢(N) > 0 is some constant depending only on N.

Now consider the metric space (P, dy.¢), by volume comparison one can compute
that it satisfies the N-covering property with N = 9?™. Further we endow (P™, dusps)
with the measure p := ¢, Vol, which is finite and non-atomic by Proposition 4.5.1.
Thus, for a given integer k > 1, there is a collection of k annuli A; C P such that the

annuli 2A4; are disjoint and

(4.20)

with ¢ > 0 depending only on m.

Finally we can define our test functions to be u; = w4, o ¢ where u4, are as in
Lemma 4.6.3 and A; are the annuli of the previous paragraph. Since the annuli are
disjoint these k functions are linearly independent as each u; is supported on ¢~1(24;).

For each u; we have the following estimate,

[ s VOO AD g ) e L[
M M

il = 400 T 400 T 400k T 400n!k 9

where the first inequality follows from Lemma 4.6.3, the second inequality from (4.20)
and the third from the definition of u. We are thus left to estimate the gradient.
The gradient estimate is identical to [33] so we provide only a brief sketch. Using

the definition of the functions u 4, from the previous section the key is to estimate the
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following quantity,

| v ok < [ 9600, g0 0) P,

Here 7 denotes the moment map of the action of the group of isometries on (P™, wgg).
The appearance of 7 follows from the fact that, after a rotation and scaling, the func-
tions ¢y, defined by (4.14) can be viewed as components 74¢ of 7 (see (4.8)). Now

Lemma 4.2.1 implies,

i 1
/ V(700 1w, ° o))? i’ < / P wpg Awn L,
M R n! = (n—1)!Jy 9

Similarly one estimates,

/\V(\sz‘oﬁb)ngS ! /é*wFs/\w”_l.

Overall this yields,

12 w; 4 * n—1
/M Vil — < =) | PTwrs AwgT (4.22)

Combining with estimate (4.21) we have an estimate of the form (4.18).

4.8 Eigenvalues of Pseudoholomorphic Subvarieties

4.8.1 Analysis on Pseudoholomorphic Subvarieties

For the purposes of this section we use the following definition of an irreducible pseu-

doholomorphic subvariety.

Definition 4.8.1. Let (M"*¢,.J) be an almost complex manifold of dimension n+{ then
we say that a closed set X" C Mt is a n-dimensional irreducible pseudoholomorphic
subvariety if it is the image of a somewhere immersed smooth pseudoholomorphic map
d : X" — M where X" is a n-dimensional smooth, closed, connected almost
complex manifold.

We call the image of the set of points p € X where the differential d,® is not of
full rank the singular set of ¥ and denote it by Yging. The regular locus, X, is the
complement ¥\ Xging.

Recall the definition of a real 2n-current C in M being an almost complex integral
cycle given in §3.3. It follows immediately from Definition 4.8.1 that a pseudoholomor-
phic subvariety defines an almost complex integral cycle.

Let (M"™*,.J,g) be an almost Kihler manifold and ¥* ¢ M™** a n-dimensional
irreducible pseudoholomorphic subvariety. Furthermore, write w, for the Kahler form

which is a closed, non-degenerate 2-form. For any x € M and any n-dimensional
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complex subspace W C T, M we can identify W = C" on which wy|, is a non-degenerate

2-form. Hence the Wirtinger inequality, see [12] for example, implies
1

On the other hand, recall that, for 1 < p <n, a p-form « is called a calibration on an
Riemannian manifold if it is closed and at any point  and any p-dimensional oriented

subspace W of the tangent space at z it holds that
lalw| < 1.

Moreover we say that a submanifold of IV is a calibrated submanifold with respect to

« if we have equality above for all points on the submanifold. Hence we see that the

2n-form %wg is a calibration on M and furthermore, since
L "' = Vol (X
m . Wy = VO g( )7

Y is a calibrated %wg—current. Thus by the fundamental work of Harvey-Lawson [26]

¥ is a minimal current in (M, g).

Lemma 4.8.1. Let (M, J,g) be an almost Kdhler manifold and ¥ ¢ M™** a n-
dimensional irreducible pseudoholomorphic subvariety. Then X is a minimal current in
M. Moreover there exists a positive integer N and a map F : ¥ — RY such that F(X)

1s a current of bounded mean curvature.

Since almost complex integral cycles in almost Kéahler manifolds are area minimis-
ers Almgren’s big regularity theorem applies and the singular set has finite (2n — 2)-
Hausdorff dimension. For the case of pseudoholomorphic subvarieties in the sense of
definition 4.8.1 we can have the stronger property that the (2n — 2)-Hausdorff measure
is finite. It is in fact a corollary of the following theorem of Zhang [60].

Theorem 4.8.1 (Theorem 3.8 of [60]). Suppose (M?",J) is an almost complex 2n-
dimensional manifold, and Zy is a codimension 2, compact, connected, almost complex
submanifold. Let (M, J1) be a compact, connected, almost complex manifold of dimen-
sion 2k < 2n and w : My — M a pseudoholomorphic map such that (M) € Zy. Then
u=Y(Zy) C My is a closed set with finite (2k — 2)-dimensional Hausdorff measure and

a positive cohomology assignment.

Indeed we can use the framework of 1-jets of pseudoholomorphic maps [19] to view
the singular set as the preimage of an almost complex submanifold under a pseudo-
holomorphic map. This is the approach taken by Zhang in the proof of Theorem 5.5 of
[60] and of Proposition 6.1 of [11].

Lemma 4.8.2. Let (M™% J) be an almost complex manifold of dimension n + ¢
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and X" C M"™ o n-dimensional irreducible pseudoholomorphic subvariety. Then
7—[2"_2(251-”9) < 00 and in particular Hzn_l(Esmg) =0.

Proof. Since M and X are compact the finiteness of the Hausdorff measure on each
space will be independent of the choice of Riemannian metric. Moreover since the
defining map @ is a smooth map between smooth, compact manifolds it is Lipschitz.
Thus it suffices to prove that H*"=2(®~ (X)) < oco.

Let 21,.., 2p4¢ be complex coordinates on some open set U C M and write V =
®~1(U). We will study the intersection of the singular set with all possible projections
of U onto n of its coordinates.

Consider first the case of projection onto the first n coordinates zi, ..., z,,, writing
Ui = proj,, .. (U). As explained in [60] the manifold of 1-jets of pseudoholomorphic
maps from V to Uy, say J*(V,Up), may be identified with the total space, F1, of the
complex vector bundle over V' x U; whose fibre at each point (x,y) is the complex
vector space of C-linear homomorphisms 7,V — T,U;. As shown in [19] there is a
canonical almost complex structure J such that the lift of each pseudoholomorphic
map ¥ : V — Uy, ie. Y (z) = (2,9Y(x),d¥V|r,n), is a pseudoholomorphic map
V — JY(V,Uy). Taking the fibrewise determinant of F; we get a complex line bundle
L1 = det E4 over V' x U; whose total space inherits a natural almost complex structure
from J'(V,U;). A pseudoholomorphic map ¥ : V' — Uj induces a pseudoholomorphic
map Uy, (z) = (x,V(x),det d¥|r, ps). For @, a defining map associated to X, we write
®(7) = proj,, . .. (®(z)) which is a pseudoholomorphic map V' — U. Hence there is
an induced pseudoholomorphic section of L; which we call ®4 r,.

Repeating the above procedure for all possible projections onto n coordinates one
obtains a finite family of line bundles L; and pseudoholomorphic maps ®; ,. Recalling
that <I>_1(Zsmg) is the set of points z € X such that d,® is not of full rank it follows
that &1 (Seing) NV =, ®; 1 (V x Ui x {0}).

If @;iz(V x U; x {0}) is not the whole of V' then we can apply Theorem 4.8.1 to
deduce that it has finite (2n — 2)-dimensional Hausdorff measure. On the other hand
if every q);iz(V x U; x {0}) were the whole of V' then this would contradict ® being
a somewhere immersed pseudoholomorphic map. In particular there exists an ¢ such
that H2"=2(®;; (V x U; x {0})) < 00 and hence H>" (&7 (Lsing) NV) < oo. O

As an application of this fact we can deduce a Sobolev inequality on ¥ using the
work of Michael and Simon [42].

Lemma 4.8.3. Let (M™ ], g) be a closed almost Kihler manifold and ¥ C M™+*
be an irreducible pseudoholomorphic subvariety. Then the inclusion WH2(X) C L?(X)

18 compact.

Proof. First recall from the definition of pseudoholomorphic subvarieties that ¥ is com-
pact. The argument is standard once we establish an appropriate Sobolev inequality,

for example see §5 of [37]. By Lemma 4.8.1 we can view ¥ as a compact current
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of bounded mean curvature in some Euclidean space RY. Thus the Michael-Simon
Sobolev inequality [42] applies and we can conclude compactness in the usual way, see

for example the arguments in §5 of [37]. O

Let (M™** J, g) be an almost Kihler manifold and ¥* ¢ M"™*+* a n-dimensional
irreducible pseudoholomorphic subvariety. The metric g restricts to a (possibly incom-
plete) Kéhler metric gy, on the regular locus 3,. We consider the exterior derivative as

an operator on the domain
2(d) := {u € CY(Z,)|u, du € L*(X)}.

Further, if  denotes the co-differential with respect to gs, then we consider § as an
operator on
2(6) = {a € CHZ\; T*S))|a, da € LA(X)}.

We denote by Ay, = —dd the Laplace-Beltrami operator of gs; on the following function

space

2(Ax) = {ueC*X)|uec 2(d),duc 2(6)}
= {ueC*2.)|u, Vu, As € L*(2)} C LA(D).

Since the singular set is of real codimension at least 2 we can follow the arguments

of Li and Tian [37] leading us to the following lemma.

Lemma 4.8.4. Let (M™**, ], g) be a closed almost complex manifold of dimension n+{
and X" ¢ M" o n-dimensional irreducible pseudoholomorphic subvariety equipped

with gs. Then the closure of the Laplacian A = Ay, is self-adjoint.

We thus have all of the ingredients to prove that Ay is essentially self-adjoint and

has discrete spectrum. We refer the reader to Proposition 4.1 of [33] for the proof.

Proposition 4.8.1. Let (M™%, ], g) be a closed almost complex manifold of dimen-
sion n+ £ and X" C M" o n-dimensional irreducible pseudoholomorphic subvariety
equipped with gs,. The Laplace-Beltrami operator associated to the induced metric gs,

1s essentially self-adjoint and has discrete spectrum.

Proof of Theorem 4.1.2

From the previous section we can make sense of the eigenvalues of the Laplacian.
Moreover, as remarked in [33], a standard argument shows that the variational principle
continues to hold for these eigenvalues. Thus the proof reduces to finding k linearly
independent functions u; € W12(X) such that

Js ¢*wrs A w?il

X (u;) < C(n,m) fg o

k.
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For the test functions we again use u; = u4, © ¢ where uy, is the function constructed
on P™ in §4. Since Voly(¥*) is finite and w4, is Lipschitz it follows that u; € WH2(3).
It is now straightforward to verify that the argument of the proof of Theorem 4.1.1 can

be followed to the desired conclusion.

4.9 Further Directions

There are several potential extensions of Theorem 4.1.1 one could explore. We have
already remarked that Lemma 4.2.1 holds for ¢ a pseudoholomorphic map with respect
to any almost complex structure on P™ compatible with the Fubini-Study form wps.
With this fact it is easy to deduce that in fact the Theorem 4.1.1 holds for any almost
Kéhler manifold admitting such a map. At present no examples of strictly almost
Kahler manifolds admitting a pseudoholomorphic map to P™ with a non-standard

almost complex structure compatible with the Fubini-Study form are known.

4.9.1 Locally Approximable Pseudoholomorphic Maps

In another direction we could weaken the regularity assumptions of the map ¢ and
consider the class of locally approximable pseudoholomorphic maps.

Let (M?", Jyr,hyy) and (N?™, Jn,hy) be a compact almost Hermitian manifold
and consider an isometric embedding N — RF. We can define a Sobolev space for

maps u : M — N by,
WY2(M,N) := {u € W"(M,R*)|u(z) € N a.e. x € M},
where W1H2(M, RF) is defined as in Chapter 2. Similarly we define,

WA (M, N) := {u € Wo(M,RF) |u(z) € N a.e. z.€ M}.

K
loc oc

Following the lead of Riviére and Tian [46] we say that a map u € Wll’Q(M ,IN) is

oc

locally approximable if for any ball B C M there exists a sequence u; € C°°(M, N)
such that
u; — u  strongly in W?(B, N).

It is proven in [4] that u € W1’2(M , N) is locally approximable if and only if

loc
/ wwAda =0, VaeQ*3(B)and Yw € Z%(N),
M
for any ball B C M. That is, if and only if
d(u*w) =0, VYw e Z%(N),

holds in the sense of currents.
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Thus, given a locally approximable u € VVllof(M ,P™), we see that u*« defines a
closed 2-current on M for any closed 2-form a € Q?(P™). By a theorem of de Rham
any closed 2-current is cohomologous to a smooth, closed 2-form and thus u induces a
well-defined map u* : H*(P™) — H2(M).

We say that a map ¢ € W1’2(M ,P™) is pseudoholomorphic if

loc

Jpm o dp(z) = dp(z)o J, ae. x € M. (4.23)

Lemma 4.9.1. Let (M?",J,h) be a compact almost Hermitian manifold and ¢ €
WL2(M,P™) a pseudoholomorphic map, then

nw" A ¢*wps = |Vo|2w",

holds almost everywhere on M. In particular for any ¢ € W12(M,P™),

/ S*wrpg AWl < 0.

M

Proof. First remark that for any closed 2-form € the following formula holds,
(trg ho)w™ = 2nw" 1 A Q,

where ho(X,Y) =  (Q(X,JY) + Q(Y,JX)). This follows by direct calculation, for
example see [54].
Let z € M be such that d¢(z) # 0 and (4.23) is satisfied at z. Consider now the

above formula at the point z with Q, = ¢*wps|,. To prove the lemma it suffices to
notice that |V¢|?(z) = 3(try ha)(z). O

Remark 4.9.1. If ¢ € WHP(M,N) and o € Z¥(N) then ¢*«a is in L' for all k < p.

In general one expects such maps to have singularities, even in the holomorphic case.
For example, consider the map (21, 22) + [21, 22] from C? into P! which is holomorphic
on C2%\ {0}, cannot be extended over (0,0) € C? and is locally approximable. In the
holomorphic case these singlarities are relatively well studied [27, 30] but rely heavily
on local holomorphic coordinates. The almost complex case was first considered by
Riviére and Tian [46] wherein it was proven that a locally approximable map from
a compact almost complex 4-manifold into a projective variety has at most isolated
point singularities. They further conjecture that maps from higher dimensional almost
complex manifolds into a projective space should have a singular set with zero (2n—4)-
dimensional Hausdorff measure. This was verified and generalised by Wang [56] who
proved that this is the case for any stationary, locally approximable map between
compact almost complex manifolds. Henceforth, we shall restrict our study to locally

approximable pseudoholomorphic maps ¢ € W1H2(M, P™).

Lemma 4.9.2. Let M be a compact almost complex manifold and ¢ € WH2(M,P™)
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a locally approrimable pseudoholomorphic map. Then the pushforward of the volume

measure, [t = ¢4 Volg, is non-atomic.

Proof. Since ¢ is a W2 pseudoholomorphic map between almost Kihler manifolds
Therorem C of [56] applies and hence ¢ is smooth away from a singular set ¥ which
satisfies H?""2(X) = 0. By the argument given in §4.5 Voly(¢~!(x)) = 0 for all
z € B(M)\ 6().

On the other hand suppose that x € ¢(X) and consider the level set ¢~!(z) which
we write as a union of A = ¢ Y (z)NE C T and B=¢ 1(z)\ (¢ 1 (z)NZ) C M\ 2.
Clearly Vol,(A) = 0. Moreover since ¢ is regular on B one can apply the argument of
Proposition 3.2.1 to deduce that Vol,(B) = 0 and hence that Vol,(¢~1(z)) = 0. O

Theorem 4.9.1. Let (M",J) be a closed, n-dimensional, almost Kdihler manifold and
P € I/Vlif(M, P™) a non-trivial, locally approximable pseudoholomorphic map, where

P™ is taken with its standard complex structure. Then, for any almost Kdhler metric

g on M™, the eigenvalues of the Laplace-Beltrami operator Ay satisfy,

k, forany k>1, (4.24)

where C'(n,m) > 0 is a constant depending only on n and m.

Proof. As in the previous cases the proof reduces to finding k£ + 1 linearly independent
functions u; € W12(M) such that

Sy @ wrs Awp ™t

K (u;) < C(n,m) Twn

k.

Firstly remark that since the pushforward measure p = ¢, Vol, is non-atomic we
can define functions u; = ua,0¢ as constructed in the discussion proceeding Proposition
4.7.1in §4.7. Since u4, is a compactly supported Lipschitz function on P™ and ¢ is W2
it follows that the composition u; € W12(M). Remarking the min-max characterisation
of the eigenvalues can be done over W12 we are left to verify the estimates (4.21) and
(4.22) continue to hold. This is straightforward and hence will be omitted. O

In the case of M being a Riemann surface, since W2 holomorphic maps are nec-
essarily smooth, this theorem contains no new information on top of that provided by
Theorem 4.1.1. For n > 2 one can construct examples of maps satisfying the hypothe-
ses of Theorem 4.9.1 which are not smooth and hence to which Theorem 4.1.1 do not
apply. Let us briefly look at a class of examples of particular geometric interest, namely
rational maps. Since this is new even in the case of an integrable complex structure we
focus on this simpler case.

Recall, e.g. [22, p. 490], that a rational map from a compact, complex manifold into

projective space, say ¢ : M --» P™, is given by a holomorphic map ¢ : M \ V — P™
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away from a subvariety, V' C M, of complex codimension at least 2. Considering an
isometric embedding P™ < R* and using that P™ is compact and V C M is of real
codimension 4 a standard cut-off argument (c.f. the argument in the next paragraph)
can be employed to deduce that a rational map ¢ : M --» P™ lies in W1H2(M, P™).

Remark 4.9.2. One could define a rational map in the pseudoholomorphic category as
in the holomorphic setting, i.e. to be a pseudoholomorphic map away from a subvariety
of codimension at least 2. In this case Corollary 4.9.1 could also be stated in the
pseudoholomorphic category. However at present it is not clear if this is the right

notion for dimension n > 3.

Moreover these maps are locally approximable, indeed it is enough to verify that
d(¢*wrg) = 0 holds in the sense of currents. Without loss of generality we may assume
that the indeterminacy locus, V, is connected, otherwise one can apply the following
argument to each connected component. First take a tubular neighbourhood of the
indeterminacy locus, say V. D V, and a smooth cut-off function 7. such that n. =0
on V. and . =1 on M \ V.. Furthermore we may arrange that |Vn.| < % Consider
the smooth 2-form w. = 7. ¢*wrs € Q?(M), we calculate that

dw. = dne N ¢*wrs + ned(P*wrs).

Now remark that

VOI(‘/Q&‘ \ VE) e—0
82

/ |dne A ¢*wps|® W™ < C 0,

M

where C' = supy\y [¢*wrs|* < +o0o and we have used that V is of real codimension
at least 4 in the limit. It is thus straightforward to conclude that d(¢*wps) = 0 holds
in the sense of currents. Thus rational maps ¢ : M --» P™ are examples of locally
approximable W12(M, P™) maps.

Recall, e.g. [22], that rational maps from a compact complex manifold into a
projective space are in one-to-one correspondence with holomorphic line bundles whose
base locus is of codimension at least 2. Suppose that L — M is a holomorphic line
bundle with base locus, V, of codimension at least 2 associated to a given rational
map ¢ : M --» P™. By construction, it holds that ¢*H = L on M \ V, where H
denotes the hyperplane bundle on P™. Since ¢ is holomorphic on M \ V' we have that
c1(Llanv) = c1(¢*H) = ¢*[wrs]. On the other hand recall that ¢*[wrs] defines a class
in H2(M). We claim that ¢, (L) = ¢*[wrs] in H?(M).

Let s : M \'V — L be a holomorphic section, by the Poincaré-Lelong formula
the zero divisor, Z, of s is cohomologous to c1(L|ppy ). Since V' is of codimension at
least 2 we can extend s over V by Hartog’s extension theorem. Writing s : M — L
for the extension and Z = {3 = 0} the Poincaré-Lelong formula again implies that

c1(L) = [Z]. To prove the claim we need only verify that the currents of integration
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satisfy the equality [Z] = [Z]. But V N Z is of codimension at least 1 in Z from which

the equality follows. Thus we obtain the following consequence of Theorem 4.9.1.

Corollary 4.9.1. Let M™ be a closed Kdhler manifold and L — M a holomorphic line
bundle with base locus V.C M. If V is a subvariety of codimension at least 2 then, for

any Kahler metric w on M, the eigenvalues of the Laplace-Beltrami operator satisfy,

(cr(L) — [w]"~1, [M])
Me(M,w) <C 1 Vol(M, [w])

k, forany k>1, (4.25)

where C' > 0 is a constant depending only n and m.

Of course there are many examples of compact complex manifolds which do not
admit rational map into any projective space. For example the generic Hopf surfaces,
which are quotients of C?\ {0} by an infinite cyclic group I' € GL(2,C), do not admit
any global, non-constant meromorphic functions. Nonetheless Corollary 4.9.1 does
provide many new examples of Kahler manifolds on which eigenvalues can be bounded

over a given Kéahler class.

Example 4.9.1. Let M be a rational surface, that is, a surface which is birationally
isomorphic to P2. By the arguments above Theorem 4.9.1 applies and for any Kéhler
metric g with associated Kéhler form w there exists a universal constant C' > 0 such
that

)\k(M,w) < C(¢*[WFS] — [w]’ [M])

- Vol(M, [w]) k,

where ¢ : M --» P? is a birational map. In other words, for any class o € K C H?(M,R)
in the Kéhler cone of M there exists a constant C,, > 0, depending only on « and ¢; (L),
such that,

sup A (M, w) Vol(M, o)) < Cyk,

wea

where L — M is a holomorphic line bundle associated to ¢.

4.9.2 Variations of the Almost Complex Structure

It is also natural to consider the question of whether one can obtain uniform eigenvalue
bounds when the symplectic form is fixed and the almost complex structure is permitted
to vary. This question has been considered by Polterovich in [45] where the following

theorem is proven,

Theorem 4.9.2 (Theorem 1.2.A. [45]). Let (M, Q) be a closed symplectic manifold and
T4 = R*/7Z* the 4-torus endowed with the standard symplectic form o. Then

A(T* x M, @ Q) :=sup \(T" x M, g) = +o0,

where the supremum runs over all compatible metrics, that is, Riemannian metrics of
the form g(X,Y) =0 @ Q(X, JY) for some almost complex structure J.
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Notice that here that the symplectic form is fixed and the almost complex structure
is allowed to vary. This is in contrast to Theorem 4.1.1 where the almost complex
structure is fixed and the symplectic form is allowed to vary within a given cohomology
class.

In the same paper it is also proven that if one shrinks the class of metrics considered
to Riemannian metrics which are compatible with the symplectic form via an integrable
almost complex structure then a uniform bound can be found for the first eigenvalue.
For the purposes of stating the next theorem we shall call such metrics compatible

Kahler metrics.

Theorem 4.9.3 (Theorem 1.2.B. [45]). Let (M,Q) be a symplectic manifold of real
dimension 2n such that [Q] € H?*(M, Q). Then for any compatible Kdhler metric g on
(M, Q) it holds that

A (M, g) < c(n) <n +2— (er(TM) L [, [M]> ,

([, M)
where c(n) is some constant depending only on n.

By applying the bounds of Kokarev [33] in the argument of Polterovich [45], Theo-

rem 4.9.3 can be generalised to the k-th eigenvalue.
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