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Preface

The present book-in-progress began as a set of lecture notes written at a furious
pace to accompany a graduate course on holomorphic curves that I taught at ETH
Ziirich in Spring 2009, and repeated at the Humboldt-Universitat zu Berlin in the
2009-10 Winter semester. In both iterations of the course, it quickly became clear
that my conceived objectives for the notes were not really attainable within the
length of the semester, but the project nonetheless took on a life of its own. I have
written these notes with the following specific goals in mind:

(1) To give a solid but readable presentation of the analytical foundations of
closed holomorphic curves from a modern perspective;

(2) To use the above foundation to explain a few of the classic applications to
symplectic topology, such as Gromov’s nonsqueezing theorem [Gro85| and
MecDuff’s results on rational and ruled symplectic 4-manifolds [McD90];

(3) To use the aforementioned “modern perspective” to generalize everything
as cleanly as possible to the case of punctured holomorphic curves, and
then explain some applications to contact geometry such as the Weinstein

conjecture [Hof93|] and obstructions to symplectic fillings [Wen10b].

The choice of topics covered and their presentation is partly a function of my own
preferences, as well as my perception of which gaps in the existing literature seemed
most in need of filling. In particular, I have devoted special attention to a few
topics that seem fundamental but are not covered in the standard book on this
subject by McDuff and Salamon [MS04], e.g. the structure of Teichmiiller space
and of the moduli space of unparametrized holomorphic curves of arbitrary genus,
existence results for local J-holomorphic curves, and regularity for moduli spaces
with constrained derivatives. My choice of applications is biased toward those which
I personally find the most beautiful and which admit proofs with a very geometric
flavor. For most such results, there are important abstract invariants lurking in the
background, but one need not develop them fully in order to understand the proofs,
and for that reason I have left out topics such as gluing analysis and Gromov-Witten
theory, on which I would in any case have nothing to add to the superb coverage
in [MS04]. In order to save space and energy, I have also included nothing about
holomorphic curves with boundary, but aimed to make up for this by devoting the
last third of the book to punctured holomorphic curves, a topic on which there are
still very few available expositions aimed at graduate students.

My personal attitude toward technical details is essentially that of a non-analyst
who finds analysis important: what this means is that I've tried very hard to create
an accessible presentation that is as complete as possible without boring readers
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who don’t enjoy analysis for its own sake. In contrast to [MS04], T have not put
the discussion of elliptic regularity in an appendix but rather integrated it into the
main exposition, where it is (I hope) less likely to be ignored. On the other hand, I
have presented such details in less generality than would be theoretically possible,
in most places only as much as seems essential for the geometric applications. One
example of this is the discussion in Chapter [2] of a local representation formula that
is both weaker and easier to prove than the famous result of Micallef and White
[MW95], but still suffices for crucial applications such as positivity of intersections.
If some hardcore analysts find this approach lazy, my hope is that at least as many
hardcore topologists may benefit from it.

About the current version. This book has been growing gradually for several
years, and the current version contains a little over half of what I hope to include in
the finished product: there is not yet any serious material on contact geometry (only
a few main ideas sketched in the introduction), but the development of the technical
apparatus for closed holomorphic curves is mostly complete. The main thing still
missing from this technical development is Gromov’s compactness theorem, though a
simple case of it is covered in Chapter Blin order to prove the nonsqueezing theorem.
I hope to add the chapter on Gromov compactness in the next major revision, along
with further chapters covering the special analytical properties of closed holomorphic
curves in dimension four, and applications to symplectic 4-manifolds.

It should be mentioned that in the time since this project was begun, a substan-
tial portion of the material that I eventually plan to include in later chapters has
appeared in other (shorter) sets of lecture notes that were written for various mini-
courses. In particular, a comprehensive exposition of my perspective on McDuff’s
characterization of symplectic rational and ruled surfaces now appears in [Wenal,
and some of the extensions of these ideas to punctured holomorphic curves and
contact 3-manifolds are covered in [Wenb|]. Both are written with similar target
audiences in mind and should be readable by anyone who has made it through the
existing chapters of this book—in fact they assume less technical background, but
provide brief reviews of analytical material that is treated here in much more detail.
It remains a long-term goal that the main topics covered in [Wenal[Wenb] should
eventually be integrated into the present manuscript in some form.

Acknowledgments. I'd like to thank a number of people who have contributed
useful comments, ideas, explanations and encouragement on this project, including
Peter Albers, Jonny Evans, Joel Fish, Paolo Ghiggini, Janko Latschev, Sam Lisi,
Klaus Mohnke, and Dietmar Salamon. I would also like to thank Urs Fuchs for
pointing out errors in the original version, and particular gratitude goes to Patrick
Massot, who has recently been testing these notes on Master’s students at the Ecole
Polytechnique and has suggested many valuable improvements as a result.

A very large portion of what I know about this subject was originally imparted
to me by Helmut Hofer, whose unpublished manuscript with Casim Abbas [AH] has
also been an invaluable resource for me. Other invaluable resources worth mention-

ing include of course [MS04], as well as the expository article [Sik94] by Sikorav.



Most of the revision work for Version 3.3 was undertaken during a two-month
research visit to the Ecole Polytechnique, and I would like to thank them for their
hospitality.

Request. As should by now be obvious, these notes are work in progress, and
as such I welcome comments, questions, suggestions and corrections from anyone
making the effort to read them. These may be sent to c.wendl@ucl.ac.uk.






Version history

Versions 1 and 2 of these notes were the versions written to accompany the lec-
ture courses I gave at ETH and the HU Berlin in 2009 and 2010 respectively; both
included preliminary versions of what are now Chapters 1 through 4, though those
chapters have undergone considerable expansion since then. The first revision to
appear on the arXiv at http://arxiv.org/abs/1011.1690 was Version 3.1 (No-
vember 2010), which included the additional fifth chapter on Gromov’s nonsqueezing
theorem. Here is an overview of what has been added since then.

Version 3.2 (arXiv v2), May 2014. This revision includes a few substan-
tial new sections on topics that were either not covered or only briefly mentioned
in the previous version, including the contractibility of the space of tame almost
complex structures (§2.2]), positivity of intersections (complete proofs of the local
results underlying the adjunction formula now appear in §210)), transversality of the
evaluation map (§4.0]), and a proof that “generic holomorphic curves are immersed”

($.1).

Version 3.3, April 2015. The main innovation in this revision (which is not
on the arXiv) is that there is now a complete proof of the LP estimates for the
Cauchy-Riemann operator. This necessitated the addition of a few new sections in
Chapter ] including a general review of distributions and Sobolev spaces (§2.7),
and two appendices: §2.A] explaining the proof of a general result on singular inte-
gral operators that implies the L? estimates for 9, and §2.1] (just for fun) on the
general definition of ellipticity for linear differential operators on vector bundles. In
Chapter @l T have also added §4.35] for a more comprehensive discussion of genericity
results for parametrized families of almost complex structures; the only treatment
of this topic in the previous version was the statement of Theorem [L.1.12] whose
proof was left as an exercise.
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A Note on Terminology

Unless otherwise specified, whenever we deal with objects such as manifolds and
vector or fiber bundles that differential geometers normally assume to be smooth
and /or finite dimensional, the reader may assume that they are both. When infinite-
dimensional objects arise, we will either state explicitly that they are infinite dimen-
sional, or use standard functional analytic terms such as Banach manifold and Ba-
nach space bundle. Similarly, maps on manifolds and sections of bundles (including
e.g. complex and symplectic structures) should normally be assumed smooth unless
otherwise specified, with the notation I'(F) used to denote the space of sections of

a bundle F.
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CHAPTER 1

Introduction

Contents

[1.1. Warm up: Holomorphic curves in C" 1
[1.2. Hamiltonian svstems and symplectic manifoldd 3
[1.3. Some favorite exampled 5

|] 1 Darboux’s theorem and the Moser deformation tr]’gkl 7

[1.5.  From svmplectic geometry to symplectic topolo oy 10
[1.6. Contact geometry and the Weinstein conjecture 13
7. S ] i filli £ ifoldd 19

1.1. Warm up: Holomorphic curves in C"

The main subject of these notes is a certain interplay between symplectic struc-
tures and complex (or rather almost complez) structures on smooth manifolds. To
illustrate the connection, we consider first the special case of holomorphic curves
in C™.

If Y € C™ is an open subset and u : U4 — C" is a smooth map, we say that u is

holomorphic if its partial derivatives % all exist for ¢ = j,...,m, i.e. the limits
J
Ou — lim w(zi, .., 2-1, 25 F Ry g1, o 2m) — w21, Zm)
JDzj  h—0 h

exist, where h is complex. This is the obvious generalization of the notion of an
analytic function of one complex variable, and leads to an obvious generalization of
the usual Cauchy-Riemann equations.

We will find the following equivalent formulation quite useful. Let us identify
C" = R?" by regarding (z1,. .., 2,) € C" as the real vector

(p1’q1a cee 7pn7qn) S RQn)

where z; = p; +ig; for j = 1,...,n. Then at every point z € &Y C C™, our smooth
map u : U — C" has a differential du(z) : C™ — C", which is in general a real-
linear map R?™ — R?". Observe also that for any number A € C, the complex scalar
multiplication

C"—=C": 2+ Az
defines a real-linear map from R?" to itself. It turns out that u is holomorphic

if and only if its differential at every point is also complex-linear: in particular it
must satisfy du(z)AV = X\ - du(z2)V for every V € C™ and A € C. Since du(z) is

1



2 CHRr1S WENDL

already real-linear, it suffices to check that du(z) behaves appropriately with respect
to multiplication by 1, i.e.

(1.1.1) du(z)oi =1iodu(z),
where we regard multiplication by ¢ as a linear map on R?*™ or R?".

EXERCISE 1.1.1. Show that (LIT]) is equivalent to the usual Cauchy-Riemann
equations for smooth maps u : U — C".

If m =1, so U is an open subset of C, we refer to holomorphic maps u : Y — C"
as holomorphic curves in C". The choice of wording is slightly unfortunate if you
like to think in terms of real geometry—after all, the image of u looks more like a
surface than a curve. But we call v a “curve” because, in complex terms, it is a
one-dimensional object.

That said, let us think of holomorphic curves for the moment as real 2-dimensional
objects and ask a distinctly real 2-dimensional question: what is the area traced out
by u : Y — C"? Denote points in U by s + it and think of u as a function of the
two real variables (s, ), with values in R?". In these coordinates, the action of i on
vectors in C = R? can be expressed succinctly by the relation

2.85 = at.
We first have to compute the area of the parallelogram in R?" spanned by dsu(s, t)
and Jyu(s,t). The Cauchy-Riemann equation (I.II)) makes this easy, because
Owu(s,t) = du(s,t)0p = du(s,t)i0s = i du(s,t)0s = i Osu(s,t),

which implies that dsu(s,t) and dyu(s,t) are orthogonal vectors of the same length.
Thus the area of u is

Area(u) = / |0sul||Oyu| ds dt = %/ (|05ul? + |Opul?) ds dt,
u u

where we've used the fact that |Osu| = |0;u| to write things slightly more symmet-
rically. Notice that the right hand side is really an analytical quantity: up to a
constant it is the square of the L? norm of the first derivative of w.

Let us now write this area in a slightly different, more topological way. If { ;| )
denotes the standard Hermitian inner product on C”, notice that one can define a
differential 2-form on R?" by the expression

wetd (X, Y) = Re(i X, Y).

Writing points in C" via the coordinates (p; + iq1, ..., pn + ¢, ), one can show that
Wytq 10 these coordinates takes the form

(1.1.2) Wstd = dej A dg;.

j=1
EXERCISE 1.1.2. Prove (ILI.2)), and then show that wgq has the following three
properties:
(1) Tt is nondegenerate: wgq(V,-) = 0 for some vector V if and only if V' = 0.
Equivalently, for each z € R?", the map T.R** — T*R?" : V 5 wgq(V, ) is
an isomorphism.
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(2) It is closed: dwgq = 0.
(3) The n-fold product wl; = wsa A ... A wsta i a constant multiple of the
natural volume form on R?".

EXERCISE 1.1.3. Show that a 2-form w on R*" (and hence on any 2n-dimensional
manifold) is nondegenerate if and only if w™ is a volume form.

Using wgiq, we see that the area of the parallelogram above is also
|0sul - |0u| = |Opul* = Re{Ouu, Oyu) = Re(idsu, Opu) = wea (s, D),
thus

(1.1.3) Area(u) = ||dul|?. = / U Wstd -
u

This is the first appearance of symplectic geometry in our study of holomorphic
curves; we call wgq the standard symplectic form on R?". The point is that the
expression on the right hand side of (LI3J) is essentially topological: it depends
only on the evaluation of a certain closed 2-form on the 2-chain defined by w(U).
The present example is trivial because we're only working in R??, but as we’ll see
later in more interesting examples, one can often find an easy topological bound on
this integral, which by (LI3) implies a bound on the analytical quantity |dul3..
One can use this to derive compactness results for spaces of holomorphic curves,
which then encode symplectic topological information about the space in which
these curves live. We’ll come back to this theme again and again.

1.2. Hamiltonian systems and symplectic manifolds

To motivate the study of symplectic manifolds in general, let us see how sym-
plectic structures arise naturally in classical mechanics. We shall only sketch the
main ideas here; a good comprehensive introduction may be found in [Arn89].

Consider a mechanical system with “n degrees of freedom” moving under the
influence of a Newtonian potential V. This means there are n “position” variables
q= (q1,--.,q,) € R" which are functions of time ¢ that satisfy the second order
differential equation

oV

dq;’
where m; > 0 are constants representing the masses of the various particles, and
V : R™ — R is a smooth function, the “potential”. The space R", through which the
vector ¢(t) moves, is called the configuration space of the system. The basic idea
of Hamiltonian mechanics is to turn this 2nd order system into a 1st order system
by introducing an extra set of “momentum” variables p = (py,...,p,) € R", where
p;i = m;G;. The space R*" with coordinates (p,q) is then called phase space, and
we define a real-valued function on phase space called the Hamiltonian, by

7

1 & p2
H:R”™ 5 R: — = 24 Vig).
(p:q) = 3 ;1 Vi)
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Physicists will recognize this as the “total energy” of the system, but its main
significance in the present context is that the combination of the second order system
(C21) with our definition of p is now equivalent to the 2n first order equations,

0OH 0OH
1.2.2 i = , % = — )
(1.2.2) “= 3 p o0
These are Hamilton’s equations for motion in phase space.

The motion of z(t) := (p(t),q(t)) in R*" can be described in more geometric
terms: it is an orbit of the vector field

" (O0H 0 OH 0
1.2.3 X ,q) = — .
( ) H(p q) Z <8pi dq; 0g; api)

i=1
As we’ll see in a moment, vector fields of this form have some important properties
that have nothing to do with our particular choice of the function H, thus it is
sensible to call any vector field defined by this formula (for an arbitrary smooth
function H : R*" — R) a Hamiltonian vector field. This is where the symplectic
structure enters the story.

EXERCISE 1.2.1. Show that the vector field Xy of (L23) can be characterized
as the unique vector field on R?" that satisfies wgq(Xp, ) = —dH.

The above exercise shows that the symplectic structure makes it possible to
write down a much simplified definition of the Hamiltonian vector field. Now we
can already prove something slightly impressive.

PROPOSITION 1.2.2. The flow ©%; of Xg satisfies (oY) wsa = wsta for all t.

Proor. Using Cartan’s formula for the Lie derivative of a form, together with
the characterization of Xy in Exercise [L21] and the fact that wgq is closed, we
compute Ly, Wsq = dix,Wstd + tx,dwsa = —d*H = 0. [

By Exercise [L1.2, one can compute volumes on R?** by integrating the n-fold
product wgg . . .Awsta, thus an immediate consequence of Prop. [L2.2is the following:

COROLLARY 1.2.3 (Liouville’s theorem). The flow of Xy is volume preserving.

Notice that in most of this discussion we’ve not used our precise knowledge of the
2-form wgq or function H. Rather, we've used the fact that wgq is nondegenerate
(to characterize Xy via wgq in Exercise [[2.1]), and the fact that it’s closed (in the
proof of Prop. [[22). It is therefore natural to generalize as follows.

DEFINITIONS 1.2.4. A symplectic form on a 2n-dimensional manifold M is a
smooth differential 2-form w that is both closed and nondegenerate. The pair (M, w)
is then called a symplectic manifold. Given a smooth function H : M — R, the
corresponding Hamiltonian vector field is defined to be the unique vector field
Xy € Vec(M) such thatl]

(1.2.4) w(Xy, ) = —dH.

ISome sources in the literature define Xz by w(Xg, ) = dH, in which case one must choose
different sign conventions for the orientation of phase space and definition of wgtq. One must always
be careful not to mix sign conventions from different sources—that way you could prove anything!
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For two symplectic manifolds (M;,w;) and (Ms,ws), a smooth map ¢ : My — My is
called symplectic if p*wy; = w;. If ¢ is a symplectic embedding, then we say that
p(M,) is a symplectic submanifold of (Ms,w,). If ¢ is symplectic and is also a
diffeomorphism, it is called a symplectomorphism, and we then say that (M, w;)
and (Ms,ws) are symplectomorphic.

Repeating verbatim the argument of Prop. [L2.2] we see now that any Hamilton-
ian vector field on a symplectic manifold (M, w) defines a smooth 1-parameter family
of symplectomorphisms. If we define volumes on M by integrating the 2n-form w”
(see Exercise [LT1.3)), then all symplectomorphisms are volume preserving—in partic-
ular this applies to the flow of Xg.

REMARK 1.2.5. An odd-dimensional manifold can never admit a nondegenerate
2-form. (Why not?)

1.3. Some favorite examples

2

We now give a few examples of symplectic manifolds (other than (R*",wsq))

which will be useful to have in mind.

EXAMPLE 1.3.1. Suppose N is any smooth n-manifold and (qi,...,q,) are a
choice of coordinates on an open subset 4 C N. These naturally define coordinates
(P1y- - yPn,q1,---,qn) on the cotangent bundle T*U C T*N, where an arbitrary
cotangent vector at ¢ € U is expressed as

p1dgr + ...+ p,dg,.

Interpreted differently, this expression also defines a smooth 1-form on T*U; we
abbreviate it by pdq.

EXERCISE 1.3.2. Show that the 1-form p dq doesn’t actually depend on the choice
of coordinates (q1,...,¢qn)-

What the above exercise reveals is that 7% N globally admits a canonical 1-form
A, whose expression in the local coordinates (p, ¢) always looks like p dg. Moreover,
d\ is clearly a symplectic form, as it looks exactly like (LT2) in coordinates. We
call this the canonical symplectic form on 7% N. Using this symplectic structure, the
cotangent bundle can be thought of as the “phase space” of a smooth manifold, and
is a natural setting for studying Hamiltonian systems when the configuration space
is something other than a Euclidean vector space (e.g. a “constrained” mechanical
system).

ExaAMPLE 1.3.3. On any oriented surface X, a 2-form w is symplectic if and only
if it is an area form, and the symplectomorphisms are precisely the area-preserving
diffeomorphisms. Observe that one can always find area-preserving diffeomorphisms
between small open subsets of (R? wgq) and (3, w), thus every point in ¥ has a
neighborhood admitting local coordinates (p, ¢) in which w = dp A dgq.

ExaMPLE 1.3.4. A more interesting example of a closed symplectic manifold is
the n-dimensional complex projective space CP". This is both a real 2n-dimensional
symplectic manifold and a complex n-dimensional manifold, as we will now show.
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By definition, CP" is the space of complex lines in C**!, which we can express in
two equivalent ways as follows:

CP" = (C™*1\ {0})/C* = §2+1/81,

In the first case, we divide out the natural free action (by scalar multiplication) of
the multiplicative group C* := C\ {0} on C""'\ {0}, and the second case is the
same thing but restricting to the unit sphere S?"*! ¢ C"*! = R?"*2 and unit circle
Sl c C = R% To define a symplectic form, consider first the 1-form A on S?**!
defined for z € S?"*! c C"*! and X € T.5*"*! c C"*! by

A (X) = (iz, X),

where ( , ) is the standard Hermitian inner product on C"*!'. (Take a moment to
convince yourself that this expression is always real.) Since A is clearly invariant
under the S'-action on S?"*1 the same is true for the closed 2-form d), which
therefore descends to a closed 2-form wgq on CP™.

EXERCISE 1.3.5. Show that wgq as defined above is symplectic.

The complex manifold structure of CP™ can be seen explicitly by thinking of
points in CP™ as equivalence classes of vectors (z,...,z,) € C*™\ {0}, with two
vectors equivalent if they are complex multiples of each other. We will always write
the equivalence class represented by (zg,...,2,) € C"\ {0} as

[20:...:2,) €CP".
Then for each k = 0,...,n, there is an embedding
(1.3.1) b :C" > CP": (21, yzn) = (21 zpmr s Loz oo 2y
whose image is the complement of the subset
CP" ' 2 {[zy:...:2,1:0:25:...:2,) €ECP" | (21,...,2,) € C"}.

EXERCISE 1.3.6. Show that if the maps L;l are thought of as complex coordinate
charts on open subsets of CP", then the transition maps L;l o¢; are all holomorphic.

By the exercise, CP™ naturally carries the structure of a complex manifold such
that the embeddings ¢, : C* — CP" are holomorphic. Each of these embeddings
also defines a decomposition of CP™ into C* U CP"!, where CP"! is a complex
submanifold of (complex) codimension one. The case n = 1 is particularly enlight-
ening, as here the decomposition becomes CP! = C U {point} = S?; this is simply
the Riemann sphere with its natural complex structure, where the “point at infinity”
is CP. In the case n = 2, we have CP? =~ C2UCP?, and we’ll occasionally refer to
the complex submanifold CP* € CP? as the “sphere at infinity”.

We continue for a moment with the example of CP™ in order to observe that it
contains an abundance of holomorphic spheres. Take for instance the case n = 2:
then for any ¢ € C, we claim that the holomorphic embedding

uc: C— C*: 2 (2,()

extends naturally to a holomorphic embedding of CP! in CP?. Indeed, using to
to include C? in CP?, us(z) becomes the point [z : ¢ : 1] = [1 : (/2 : 1/z], and
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cp!

CP?

FIGURE 1. CP?\ {x0} is foliated by holomorphic spheres that all
intersect at xg.

as z — 00, this converges to the point zo := [1 : 0 : 0] in the sphere at infinity.
One can check using alternate charts that this extension is indeed a holomorphic
map. The collection of all these embeddings u, : CP! — CP? thus gives a very nice
decomposition of CP?: together with the sphere at infinity, they foliate the region
CP?\ {0}, but all intersect precisely at zy (see Figure[l). This decomposition will
turn out to be crucial in the proof of Theorem [[L5.3] stated below.

1.4. Darboux’s theorem and the Moser deformation trick

In Riemannian geometry, two Riemannian manifolds of the same dimension with
different metrics can have quite different local structures: there can be no isometries
between them, not even locally, unless they have the same curvature. The follow-
ing basic result of symplectic geometry shows that in the symplectic world, things
are quite different. We will give a proof using the beautiful Moser deformation
trick, which has several important applications throughout symplectic and contact
geometry, as we’ll soon see

THEOREM 1.4.1 (Darboux’s theorem). Near every point in a symplectic manifold
(M,w), there are local coordinates (pi,...,Pn, 1, .-, qn) in which w =", dp; A dg;.

PROOF. Denote by (p1,...,Pn,q1,---,qn) the standard coordinates on R?" and
define the standard symplectic form wgq by (LI2); this is the exterior derivative of

the 1-form
Astd = ij dg;.
J

Since the statement in the theorem is purely local, we can assume (by choosing local
coordinates) that M is an open neighborhood of the origin in R*", on which w is any

2An alternative approach to Darboux’s theorem may be found in [Arn89).
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closed, nondegenerate 2-form. Then it will suffice to find two open neighborhoods
U,Uy C R?" of 0, and a diffeomorphism

p:Uy —U

preserving 0 such that ¢*w = wyq. Using Exercise 42 below (the “linear Darboux’s
theorem”), we can also assume after a linear change of coordinates that ¢*w and
wstq match at the origin.

The idea behind the Moser trick is now the following bit of optimism: we assume
that the desired diffeomorphism ¢ is the time 1 flow of a time-dependent vector field
defined near 0, and derive conditions that this vector field must satisfy. In fact, we
will be a bit more ambitious: consider the smooth 1-parameter family of 2-forms

wr = tw + (1 — t)weta, te0,1]

which interpolate between wgy and w. These are all obviously closed, and if we
restrict to a sufficiently small neighborhood of the origin then they are near wgq
and thus nondegenerate. Our goal is to find a time-dependent vector field Y; on
some neighborhood of 0, for ¢ € [0, 1], whose flow ; is well defined on some smaller
neighborhood of 0 and satisfies
Wt = Wstd

for all ¢ € [0,1]. Differentiating this expression with respect to t and writing @, :=
%wt, we find

oi Ly,wi + prwp = 0,
which by Cartan’s formula and the fact that w; is closed and ¢y is a diffeomorphism,
implies
(1.4.1) dvy,w +w = 0.

At this point it’s useful to observe that if we restrict to a contractible neighborhood
of the origin, w (and hence also w;) is exact: let us write

w = d\.

Moreover, by adding a constant 1-form, we can choose A so that it matches A\yq at
the origin. Now if \; := tA+ (1 — t) A\gq, We have d\; = wy, and A= %)\t = A= Atd
vanishes at the origin. Plugging this into (L41]), we see now that it suffices to find
a vector field Y; satisfying

(1.4.2) wi(Yy, ) = =\

Since w; is nondegenerate, this equation can be solved and determines a unique
vector field Y;, which vanishes at the origin since )\t does. The flow ¢, therefore
exists for all ¢ € [0,1] on a sufficiently small neighborhood of the origin, and ¢ is
the desired diffeomorphism. O

EXERCISE 1.4.2. The following linear version of Darboux’s theorem is an easy
exercise in linear algebra and was the first step in the proof above: show that if €2
is any nondegenerate, antisymmetric bilinear form on R?", then there exists a basis
(X1,..., X, Y1, ..., Y,) such that
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and €2 vanishes on all other pairs of basis vectors. This is equivalent to the statement
that R?" admits a linear change of coordinates in which  looks like the standard
symplectic form wgq.

It’s worth pointing out the crucial role played in the above proof by the relation
(CZ2), which is almost the same as the relation used to define Hamiltonian vector
fields (L24). The latter, together with the argument of Prop. [L2Z2 tells us that
the group of symplectomorphisms on a symplectic manifold is fantastically large, as
it contains all the flows of Hamiltonian vector fields, which are determined by arbi-
trary smooth real-valued functions. For much the same reason, one can also always
find an abundance of symplectic local coordinate charts (usually called Darboux co-
ordinates). Contrast this with the situation on a Riemannian manifold, where the
group of isometries is generally finite dimensional, and different metrics are usually
not locally equivalent, but are distinguished by their curvature.

In light of Darboux’s theorem, we can now give the following equivalent definition
of a symplectic manifold:

DEFINITION 1.4.3. A symplectic manifold is a 2n-dimensional manifold M
together with an atlas of coordinate charts whose transition maps are symplectic
(with respect to the standard symplectic structure of R*").

In physicists’ language, a symplectic manifold is thus a manifold that can be
identified locally with Hamiltonian phase space, in the sense that all coordinate
changes leave the form of Hamilton’s equations unaltered.

Let us state one more important application of the Moser trick, this time of a
more global nature. Recall that two symplectic manifolds (M,w) and (M’ w’) are
called symplectomorphic if there exists a symplectomorphism between them, i.e. a
diffeomorphism ¢ : M — M’ such that ¢*w’ = w. Working on a single manifold
M, we say similarly that two symplectic structures w and w’ are symplectomor-
phid] if (M,w) and (M, w’) are symplectomorphic. This is the most obvious notion
of equivalence for symplectic structures, but there are others that are also worth
considering.

DEFINITION 1.4.4. Two symplectic structures w and w’ on M are called isotopic
if there is a symplectomorphism (M, w) — (M, w’) that is isotopic to the identity.

DEFINITION 1.4.5. Two symplectic structures w and w’ on M are called de-
formation equivalent if M admits a symplectic deformation between them,
i.e. a smooth family of symplectic forms {w;}sc[o,1) such that wy = w and w; = W'.
Similarly, two symplectic manifolds (M, w) and (M’,w’) are deformation equivalent
if there exists a diffeomorphism ¢ : M — M’ such that w and ¢*w’ are deformation
equivalent.

It is clear that if two symplectic forms are isotopic then they are also both sym-
plectomorphic and deformation equivalent. It is not true, however, that a symplectic
deformation always gives rise to an isotopy: one should not expect this, as isotopic
symplectic forms on M must always represent the same cohomology class in H3 (M),

3The words “isomorphic” and “diffeomorphic” can also be used here as synonyms.
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whereas the cohomology class can obviously vary under general deformations. The
remarkable fact is that this necessary condition is also sufficient!

THEOREM 1.4.6 (Moser’s stability theorem). Suppose M is a closed manifold
with a smooth 1-parameter family of symplectic forms {w;}cpo,1) which all represent
the same cohomology class in H3z(M). Then there exists a smooth isotopy {p; :
M — M}icpo,1), with po = 1d and pjw, = wy.

EXERCISE 1.4.7. Use the Moser isotopy trick to prove the theorem. Hint: In the
proof of Darboux’s theorem, we had to use the fact that symplectic forms are locally
exact in order to get from (LA to (L42). Here you will find the cohomological
hypothesis helpful for the same reason. If you get stuck, see [MS98§].

EXERCISE 1.4.8. Show that if w and w’ are two deformation equivalent symplectic
forms on CP™, then w is isotopic to cw’ for some constant ¢ > 0.

1.5. From symplectic geometry to symplectic topology

As a consequence of Darboux’s theorem, symplectic manifolds have no local
invariants—there is no “local symplectic geometry”. Globally things are different,
and here there are a number of interesting questions one can ask, all of which fall
under the heading of symplectic topology. (The word “topology” is used to indicate
the importance of global rather than local phenomena.)

The most basic such question concerns the classification of symplectic structures.
One can ask, for example, whether there exists a symplectic manifold (M,w) that
is diffeomorphic to R* but not symplectomorphic to (R*, wgq), i.e. an “exotic” sym-
plectic R*. The answer turns out to be yes—exotic R*"’s exist in fact for all n, see
[ALP94]—but it changes if we prescribe the behavior of w at infinity. The following
result says that (R*" wyq) is actually the only aspherical symplectic manifold that
is “standard at infinity”.

THEOREM 1.5.1 (Gromov [Gro85]). Suppose (M,w) is a symplectic 4-manifold
with mo(M) = 0, and there are compact subsets K C M and Q2 C R* such that (M \
K,w) and (R*\ Q, wyq) are symplectomorphic. Then (M,w) is symplectomorphic to
(R47 wstd)-

In a later chapter we will be able to prove a stronger version of this statement, as
a corollary of some classification results for symplectic fillings of contact manifolds
(cf. Theorem [L7.12).

Another interesting question is the following: suppose (M7, w;) and (M, wy) are
symplectic manifolds of the same dimension 2n, possibly with boundary, such that
there exists a smooth embedding M; — Ms. Can one also find a symplectic embed-
ding (M;,wy) < (Ms,ws)? What phenomena related to the symplectic structures
can prevent this? There’s one obstruction that jumps out immediately: there can

be no such embedding unless
[ [ u
M, M,
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i.e. M; has no more volume than M,. In dimension two there’s nothing more to say,
because symplectic and area-preserving maps are the same thing. But in dimen-
sion 2n for n > 2, it was not known for a long time whether there are obstructions
to symplectic embeddings other than the volume. A good thought experiment along
these lines is the “squeezing” question: denote by B2" the ball of radius  about the
origin in R?". Then it’s fairly obvious that for any r, R > 0 one can always find a
volume-preserving embedding

B < Bj x R*"2,

even if r > R, for then one can “squeeze” the first two dimensions of B?" into B% but
make up for it by spreading out further in R?"~2. But can one do this symplectically?
The answer was provided by the following groundbreaking result:

THEOREM 1.5.2 (Gromov’s “nonsqueezing” theorem [Gro85|). There exists a
symplectic embedding of (B*",wgq) into (B% x R*™2 wyq) if and only if r < R.

This theorem was one of the first important applications of pseudoholomorphic
curves. We will prove it in Chapter B and will spend a great deal of time in the
next few chapters learning the technical machinery that is needed to understand the
proof.

We will close this brief introduction to symplectic topology by sketching the
proof of a result that was introduced in [Gro85] and later generalized by McDuff,
and provides us with a good excuse to introduce J-holomorphic curves. Recall from
L3 that CP? admits a singular foliation by embedded spheres that all intersect each
other at one point, and all can be parametrized by holomorphic maps CP! — CP?.
One can check that these spheres are also symplectic submanifolds with respect to
the standard symplectic structure wgq introduced in Example [[3.4} moreover, they
intersect each other positively, so their self-intersection numbers are always 1. The
following result essentially says that the existence of such a symplectically embedded
sphere is a rare phenomenon: it can only occur in a very specific set of symplectic
4-manifolds, of which (CP? wgq) is the simplest. It also illustrates an important
feature of symplectic topology specifically in four dimensions: once you find a single
holomorphic curve with sufficiently nice local properties, it can sometimes fully
determine the manifold in which it lives.

THEOREM 1.5.3 (M. Gromov [Gro85] and D. McDuff [McD90]). Suppose (M, w)
1s a closed and connected symplectic 4-manifold containing a symplectically embedded
2-sphere C' C M with self-intersection C - C' =1, but no symplectically embedded 2-
sphere with self-intersection —1. Then (M, w) is symplectomorphic to (CP?, cwgq),
where ¢ > 0 is a constant and wgq is the standard symplectic form on CP?.

The idea of the proof is to choose appropriate data so that the symplectic sub-
manifold C' C M can be regarded in some sense as a holomorphic curve, and then
analyze the global structure of the space of holomorphic curves to which it belongs.
It turns out that for a combination of analytical and topological reasons, this space
will contain a smooth family of embedded holomorphic spheres that fill all of M
and all intersect each other at one point, thus reproducing the singular foliation of
Figure [l This type of decomposition is a well-known object in algebraic geometry
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and has more recently become quite popular in symplectic topology as well: it’s
called a Lefschetz pencil. As we’ll see when we generalize Theorem in a later
chapter, there is an intimate connection between isotopy classes of Lefschetz pencils
and deformation classes of symplectic structures: in the present case, the existence
of this Lefschetz pencil implies that (M, w) is symplectically deformation equivalent
to (CP? wgq), and thus also symplectomorphic due to the Moser stability theorem
(see Exercise [LAF]).

The truly nontrivial part of the proof is the analysis of the moduli space of holo-
morphic curves, and this is what we’ll concentrate on for the next several chapters.
As a point of departure, consider the formulation (LIJ]) of the Cauchy-Riemann
equations at the beginning of this chapter. Here u was a map from an open subset
of C™ into C™, but one can also make sense of (LLI) when u is a map between
two complex manifolds. In such a situation, u is called holomorphic if and only if
it looks holomorphic in any choice of holomorphic local coordinates. To put this in
coordinate-free language, the tangent spaces of any complex manifold X are natu-
rally complex vector spaces, on which multiplication by ¢ makes sense, thus defining
a natural bundle endomorphism

1:TX —-TX

that satisfies 2 = —1. Then (LII]) makes sense globally and is the equation defining
holomorphic maps between any two complex manifolds.

In the present situation, we're interested in smooth maps u : CP* — M. The
domain is thus a complex manifold, but the target might not be, which means we
lack an ingredient needed to write down the right hand side of (LITI). It turns out
that in any symplectic manifold, one can always find an object to fill this role, i.e. a
fiberwise linear map J : T'"M — T'M with the following properties:

o J2 =1,
e w(-,J-) defines a Riemannian metric on M.

The first condition allows us to interpret J as “multiplication by ¢”, thus turning the
tangent spaces of M into complex vector spaces. The second reproduces the relation
between i and wgq that exists in R?", thus generalizing the important interaction
between symplectic and complex that we illustrated in §L.IF complex subspaces of
TM are also symplectic, and their areas can be computed in terms of w. These
conditions make J into a compatible almost complex structure on (M,w); we will
prove the fundamental existence result for these by fairly elementary methods in
§2.20 Now, the fact that C' is embedded in M symplectically also allows us to
arrange the following additional condition:

e the tangent spaces T'C' C T'M are invariant under .J.

We are thus ready to introduce the following generalization of the Cauchy-
Riemann equation: consider smooth maps u : CP' — M whose differential is a
complex-linear map at every point, i.e.

(1.5.1) Tuoi=JoTu.
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Solutions to (LEJ]) are called pseudoholomorphic, or more specifically, J-holomorphic
spheres in M. Now pick a point zy € C' and consider the following space of J-
holomorphic spheres,

M :={uec C®(CP' M) | Tuoi=JoTu,
u[Ch] = [C] € Hy(M),
u(0) = zo}/ ~,

where u ~ o if there is a holomorphic diffeomorphism ¢ : CP! — CP! such that
u' = uoy and p(0) = 0. We assign to M the natural topology defined by C'*-
convergence of smooth maps CP* — M.

LEMMA 1.5.4. M is not empty: in particular it contains an embedded J-holo-
morphic sphere whose image is C.

PROOF. Since C has J-invariant tangent spaces, any diffeomorphism ug : CP* —
C with u((0) = z allows us to pull back J to an almost complex structure j := ugJ
on CP'. As we'll review in Chapter @ the uniqueness of complex structures on S?
then allows us to find a diffeomorphism ¢ : CP' — CP! such that ¢(0) = 0 and
¢*j =1, thus the desired curve is u := ug o . UJ

The rest of the work is done by the following rather powerful lemma, which
describes the global structure of M. Its proof requires a substantial volume of
analytical machinery which we will develop in the coming chapters; note that since
M is not a complex manifold, the methods of complex analysis play only a minor role
in this machinery, and are subsumed in particular by the theory of nonlinear elliptic
PDEs. This is the point where we need the technical assumptions that C'- C' =1
and M contains no symplectic spheres of self-intersection —IE as such topological
conditions figure into the index computations that determine the local structure

of M.

LEMMA 1.5.5. M is compact and admits the structure of a smooth 2-dimensional
manifold. Moreover, the curves in M are all embeddings that do not intersect each
other except at the point xq; in particular, they foliate M \ {zo}.

By this result, the curves in M form the fibers of a symplectic Lefschetz pencil
on (M,w), so that the latter’s diffeomorphism and symplectomorphism type are
completely determined by the moduli space of holomorphic curves.

1.6. Contact geometry and the Weinstein conjecture

Contact geometry is often called the “odd-dimensional cousin” of symplectic
geometry, and one context in which it arises naturally is in the study of Hamil-
tonian dynamics. Again we shall only sketch the main ideas; the book [HZ94] is
recommended for a more detailed account.

4As we'll see, the assumption of no symplectic spheres with self-intersection —1 is a surprisingly
weak one: it can always be attained by modifying (M,w) in a standard way known as “blowing
down”.
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Consider a 2n-dimensional symplectic manifold (M, w) with a Hamiltonian H :
M — R. By the definition of the Hamiltonian vector field, dH (X y) = —w(Xy, Xy) =
0, thus the flow of Xy preserves the level sets

S.:=H '(c)

for c € R. If ¢ is a regular value of H then S. is a smooth manifold of dimension
2n—1, called a regular energy surface, and Xy restricts to a nowhere zero vector

field on S..

EXERCISE 1.6.1. If S. C M is a regular energy surface, show that the direction
of Xy is uniquely determined by the condition w(Xg, -)|7g, = 0.

The directions in Exercise [LL6.1] define the so-called characteristic line field
on S.: its existence implies that the paths traced out on S, by orbits of Xy depend
only on S. and on the symplectic structure, not on H itself. In particular, a closed
orbit of Xz on S, is merely a closed integral curve of the characteristic line field. It
is thus meaningful to ask the following question:

QUESTION. Given a symplectic manifold (M,w) and a smooth hypersurface S C
M, does the characteristic line field on S have any closed integral curves?

We shall often refer to closed integral curves of the characteristic line field on
S C M simply as closed orbits on S. There are examples of Hamiltonian systems
that have no closed orbits at all, cf. §4.5]. However, the following result
(and the related result of A. Weinstein [Wei78]| for convex energy surfaces) singles
out a special class of hypersurfaces for which the answer is always yes:

THEOREM 1.6.2 (P. Rabinowitz [Rab78]). Every star-shaped hypersurface in the
standard symplectic R*" admits a closed orbit.

Recall that a hypersurface S C R?" is called star-shaped if it doesn’t intersect
the origin and the projection R?"\ {0} — S?"~1: 2 s 2/|2] restricts to a diffeomor-
phism S — 52" (see Figure @). In particular, S is then transverse to the radial
vector field

IR 9] 9
1.6.1 == =),
(1.6.1) Vita 221<pzapi+qzaqi)

EXERCISE 1.6.3. Show that the vector field Vg of (LG satisfies Ly, wsta =
Wstd -

DEFINITION 1.6.4. A vector field V' on a symplectic manifold (M, w) is called a
Liouville vector field if it satisfies Lyw = w.

By Exercise [[6.3] star-shaped hypersurfaces in R?" are always transverse to a
Liouville vector field, and this turns out to be a very special property.

DEFINITION 1.6.5. A hypersurface S in a symplectic manifold (M, w) is said to
be of contact type if some neighborhood of S admits a Liouville vector field that
is transverse to S.
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FIGURE 2. A star-shaped hypersurface in R2.

Given a closed contact type hypersurface S C (M,w), one can use the flow of
the Liouville vector field V' to produce a very nice local picture of (M,w) near S.
Define a 1-form on S by

a = ywlg,
and choose € > 0 sufficiently small so that
D:(—e,6) xS — M:(t,z)— o (z)
is an embedding, where ¢!, denotes the flow of V.

EXERCISE 1.6.6.

(a) Show that the flow of V' “dilates” the symplectic form, i.e. (¢ )*w = e'w.

(b) Show that ®*w = d(e'a), where we define a as a 1-form on (—¢,€) x S by
pulling it back through the natural projection to S. Hint: Show first that
if X := tyw, then ®*\ = e'«, and notice that d\ = w by the definition of a
Liouville vector field.

(c¢) Show that da restricts to a nondegenerate skew-symmetric 2-form on the
hyperplane field £ := ker o over S. As a consequence, £ is transverse to a
smooth line field ¢ on S characterized by the property that X € ¢ if and
only if da(X,-) = 0.

(d) Show that on each of the hypersurfaces {c} x S for ¢ € (—¢, €), the line field
¢ defined above is the characteristic line field with respect to the symplectic
form d(e'a).
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Several interesting consequences follow from Exercise In particular, the
use of a Liouville vector field to identify a neighborhood of S with (—e¢,€) x S gives
us a smooth family of hypersurfaces S, := {c} x S whose characteristic line fields
all have exactly the same dynamics. This provides some intuitive motivation to
believe Theorem [LL6.2} it’s sufficient to find one hypersurface in the family S, that
admits a periodic orbit, for then they all do. As it turns out, one can prove a
variety of “almost existence” results in 1-parameter families of hypersurfaces, e.g. in
(R?", wyq), a result of Hofer-Zehnder [HZ90] and Struwe [Str90] implies that for any
smooth 1-parameter family of hypersurfaces, almost every (in a measure theoretic
sense) hypersurface in the family admits a closed orbit. This gives a proof of the
following generalization of Theorem [L.6.2}

THEOREM 1.6.7 (C. Viterbo [Vit87]). Every contact type hypersurface in (R*", wgq)
admits a closed orbit.

Having generalized this far, it’s natural to wonder whether the crucial proper-
ties of a contact hypersurface can be considered independently of its embedding
into a symplectic manifold. The answer comes from the 1-form a and hyperplane
distribution ¢ = ker a« C T'S in Exercise

DEFINITION 1.6.8. A contact form on a (2n — 1)-dimensional manifold is a
smooth 1-form « such that da is always nondegenerate on £ := ker a. The hyper-
plane distribution ¢ is then called a contact structure.

EXERCISE 1.6.9. Show that the condition of da being nondegenerate on £ = ker «
is equivalent to a A (da)"! being a volume form on S, and that ¢ is nowhere
integrable if this is satisfied.

Given an orientation of S, we call the contact structure ¢ = ker a positive if
the orientation induced by a A (da)"! agrees with the given orientation. One can
show that if S C (M, w) is a contact type hypersurface with the natural orientation
induced from M and a transverse Liouville vector field, then the induced contact
structure is always positive.

Note that Liouville vector fields are far from unique, in fact:

EXERCISE 1.6.10. Show that if V' is a Liouville vector field on (M,w) and Xg
is any Hamiltonian vector field, then V + X is also a Liouville vector field.

Thus the contact form o = tyw|g induced on a contact type hypersurface should
not be considered an intrinsic property of the hypersurface. As the next result
indicates, the contact structure is the more meaningful object.

PropPOSITION 1.6.11. Up to isotopy, the contact structure & = ker o induced on

a contact type hypersurface S C (M,w) by a = wyw|g is independent of the choice
of V.

The proof of this is a fairly easy exercise using a standard fundamental result of
contact geometry:

THEOREM 1.6.12 (Gray’s stability theorem). If S is a closed (2n—1)-dimensional
manifold and {& }icpo,1) is a smooth 1-parameter family of contact structures on S,



LECTURES ON HOLOMORPHIC CURVES (VERSION 3.3) 17

then there exists a smooth 1-parameter family of diffeomorphisms {¢;}ico,1) such
that po = Id and (¢vr)+&o = &

This is yet another application of the Moser deformation trick; we’ll explain the
proof at the end of this section. Note that the theorem provides an isotopy between
any two deformation equivalent contact structures, but there is no such result for
contact forms—that’s one of the reaons why contact structures are considered to be
more geometrically natural objects.

By now we hopefully have sufficient motivation to study odd-dimensional man-
ifolds with contact structures. The pair (5,¢) is called a contact manifold, and
for two contact manifolds (S57,&;) and (S3,&;) of the same dimension, a smooth
embedding ¢ : S7 < S5 is called a contact embedding

(S1,&1) = (S2,6)

if p.&1 = &. If p is also a diffeomorphism, then we call it a contactomorphism.
One of the main questions in contact topology is how to distinguish closed contact
manifolds that aren’t contactomorphic. We’ll touch upon this subject in the next
section.

But first there is more to say about Hamiltonian dynamics. We saw in Exer-
cise [L6.6] that the characteristic line field on a contact type hypersurface S C (M, w)
can be described in terms of a contact form «: it is the unique line field containing
all vectors X such that da(X,-) = 0, and is necessarily transverse to the contact
structure. The latter implies that « is nonzero in this direction, so we can use it to
choose a normalization, leading to the following definition.

DEFINITION 1.6.13. Given a contact form « on a (2n — 1)-dimensional manifold
S, the Reeb vector field is the unique vector field R, satisfying

da(R,,-) =0, and a(R,) = 1.

Thus closed integral curves on contact hypersurfaces can be identified with closed
orbits of their Reeb vector fieldsfl The “intrinsic” version of Theorems [6.2and [6.7]
is then the following famous conjecture.

CONJECTURE 1.6.14 (Weinstein conjecture). For every closed odd-dimensional
manifold M with a contact form o, R, has a closed orbit.

The Weinstein conjecture is still open in general, though a proof in dimension
three was produced recently by C. Taubes [Tau07], using Seiberg-Witten theory.
Before this, there was a long history of partial results using the theory of pseudoholo-
morphic curves, such as the following (see Definition [L7.7] below for the definition
of “overtwisted”):

THEOREM 1.6.15 (Hofer [Hof93]). Every Reeb vector field on a closed 3-dimensional

overtwisted contact manifold admits a contractible periodic orbit.

®Note that since Liouville vector fields are not unique, the Reeb vector field on a contact
hypersurface is not uniquely determined, but its direction is.
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FIGURE 3. A three-punctured pseudoholomorphic torus in the sym-
plectization of a contact manifold.

The key idea introduced in [Hof93] was to look at J-holomorphic curves for a
suitable class of almost complex structures J in the so-called symplectization (R x
M,d(e'«)) of a manifold M with contact form «. Since the symplectic form is
now exact, it’s no longer useful to consider closed holomorphic curves, e.g. a minor
generalization of (LI3)) shows that all J-holomorphic spheres u : CP' — R x M
are constant:

Area(u) = ||dul|7: = / u*d(e'a) = / u*(ela) = 0.
cP1 acpt
Instead, one considers .J-holomorphic maps
w:Y > Rx M ,

where ¥ denotes a closed Riemann surface with finitely many punctures. It turns
out that under suitable conditions, the image of u near each puncture approaches
{£o00} x M and becomes asymptotically close to a cylinder of the form R x v, where
v is a closed orbit of R, (see Figure [3). Thus an existence result for punctured
holomorphic curves in R x M implies the Weinstein conjecture on M.

To tie up a loose end, here’s the proof of Gray’s stability theorem, followed by
another important contact application of the Moser trick.

PROOF OF THEOREM [1.6.12] Assume S is a closed manifold with a smooth
family of contact forms {at}te[O,l} defining contact structures & = ker ;. We want
to find a time-dependent vector field Y; whose flow ¢, satisfies

(1.6.2) oray = fiog
for some (arbitrary) smooth 1-parameter family of functions f; : S — R. Differen-
tiating this expression and writing f; := % frand &y = %at, we have

i

oy (6 + Ly,a) = frag = 7 ©y
t
and thus
(1.6.3) Gy + diy, o + ty,doy = gpa,
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where we define a new family of functions ¢; : S — R via the relation
fo 0

1.6.4 = =
( ) gt © Pt 7, ot

Now to make life a bit simpler, we assume (optimistically!) that Y; is always tangent
to &, hence a4(Y;) = 0 and the second term in (LG3]) vanishes. We therefore need
to find a vector field Y; and function ¢; such that

(165) dat(}/t, ) = _dt + giQig.
Plugging in the Reeb vector field R,, on both sides, we find
O - _dt (Rat) + gt7

which determines the function g;. Now restricting both sides of (LG to &, there
is a unique solution for Y; since doy|e, is nondegenerate. We can then integrate this
vector field to obtain a family of diffeomorphisms ¢;, and integrate (L6.4)) to obtain
fi so that (LG.2) is satisfied. O

log f.

EXERCISE 1.6.16. Try to adapt the above argument to construct an isotopy such
that pjay = g for any two deformation equivalent contact forms. But don’t try
very hard.

Finally, just as there is no local symplectic geometry, there is no local contact
geometry either:

THEOREM 1.6.17 (Darboux’s theorem for contact manifolds). Near every point
in a (2n-+1)-dimensional manifold S with contact form «, there are local coordinates

(P1,- s Dns @1y - - - Qn, 2) i which a = dz+ ), p; dg;.

EXERCISE 1.6.18. Prove the theorem using a Moser argument. If you get stuck,

see |Geil8§].

1.7. Symplectic fillings of contact manifolds

In the previous section, contact manifolds were introduced as objects that occur
naturally as hypersurfaces in symplectic manifolds. In particular, every contact
manifold (M, ) with contact form « is obviously a contact type hypersurface in its
own symplectization (R x M, d(e'«)), though this example is in some sense trivial.
By contrast, it is far from obvious whether any given contact manifold can occur
as a contact hypersurface in a closed symplectic manifold, or relatedly, if it is a
“contact type boundary” of some compact symplectic manifold.

DEFINITION 1.7.1. A compact symplectic manifold (W, w) with boundary is said
to have convex boundary if there exists a Liouville vector field in a neighborhood
of OW that points transversely out of OW.

DEFINITION 1.7.2. A strong symplectic filling (also called a convex filling)
of a closed contact manifold (M, ¢) is a compact symplectic manifold (W, w) with
convex boundary, such that 0W with the contact structure induced by a Liouville
vector field is contactomorphic to (M, £).
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Since we're now considering symplectic manifolds that are not closed, it’s also
possible for w to be exact. Observe that a primitive A of w always gives rise to
a Liouville vector field, since the unique vector field V' defined by tyw = A then
satisfies

Lyw=diyw = d\ = w.

DEFINITION 1.7.3. A strong filling (W, w) of (M, &) is called an exact filling if
w = d\ for some 1-form A such that the vector field V' defined by tyw = A points
transversely out of OW.

EXERCISE 1.7.4. Show that if (W,w) is a compact symplectic manifold with
boundary, V is a Liouville vector field defined near W and A\ = tyw, then V is
positively transverse to W if and only if A|sy is a positive contact form.

The exercise makes possible the following alternative formulations of the above
definitions:

(1) A compact symplectic manifold (W,w) with boundary is a strong filling if
OW admits a contact form that extends to a primitive of w on a neighbor-
hood of OW.

(2) A strong filling is exact if the primitive mentioned above can be extended
globally over W.

(3) A strong filling is exact if it has a transverse outward pointing Liouville
vector field near W that can be extended globally over W.

By now you're surely wondering what a “weak” filling is. Observe that for any
strong filling (W, w) with Liouville vector field V' and induced contact structure £ =
ker 1w on the boundary, w has a nondegenerate restriction to & (see Exercise [LG.0)).
The latter condition can be expressed without mentioning a Liouville vector field,
hence:

DEFINITION 1.7.5. A weak symplectic filling of a closed contact manifold
(M, &) is a compact symplectic manifold (W,w) with boundary, such that there
exists a diffeomorphism ¢ : W — M and w has a nondegenerate restriction to ¢*¢.

REMARK 1.7.6. One important definition that we are leaving out of the present
discussion is that of a Stein filling: this is a certain type of complex manifold with
contact boundary, which is also an exact symplectic filling. The results we’ll prove
in these notes for strong and exact fillings apply to Stein fillings as well, but we
will usually not make specific mention of this since the Stein condition itself has no
impact on our general setup. Much more on Stein manifolds can be found in the

monographs and [CE12].

A contact manifold is called exactly /strongly/weakly fillable if it admits an ex-
act/strong/weak filling. Recall that in the smooth category, every 3-manifold is the
boundary of some 4-manifold; by contrast, we will see that many contact 3-manifolds
are not symplectically fillable.

The unit ball in (R*, wgq) obviously has convex boundary: the contact structure
induced on S? is called the standard contact structure &yq. But there are other
contact structures on S* not contactomorphic to &4, and one way to see this is to
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0

FIGURE 4. An overtwisted contact structure.

show that they are not fillable. Indeed, it is easy (via “Lutz twists”, see [Gei08] or
[Gei06]) to produce a contact structure on S? that is overtwisted. Note that the

following is not the standard definitiond of this term, but is equivalent due to a deep
result of Eliashberg [EIi89).

DEFINITION 1.7.7. A contact 3-manifold (M, ¢) is overtwisted if it admits a
contact embedding of (S! x D, £or), where D C R? is the closed unit disk and &or
is a contact structure of the form

Sor = ker [f(p) dO + g(p) d¢]

with 6 € S*; (p,¢) denoting polar coordinates on D, and (f,g) : [0,1] — R?*\ {0}
a smooth path that begins at (1,0) and winds counterclockwise around the origin,
making at least one half turn.

For visualization, a portion of the domain (S* x D, &or) is shown in Figure [
One of the earliest applications of holomorphic curves in contact topology was the
following nonfillability result.

THEOREM 1.7.8 (M. Gromov [Gro85] and Ya. Eliashberg [ELi90]). If (M,¢) is
closed and overtwisted, then it is not weakly fillable.

The Gromov-Eliashberg proof worked by assuming a weak filling (W, w) of (M, &)
exists, then constructing a family of J-holomorphic disks in W with boundaries on a
totally real submanifold in M and showing that this family leads to a contradiction
if (M, ¢) contains an overtwisted disk. We will later present a proof that is similar
in spirit but uses slightly different techniques: instead of dealing with boundary

bt is standard to call a contact 3-manifold (M,€) overtwisted if it contains an embedded
overtwisted disk, which is a disk D C M such that T(9D) C £ but TD|sp # £|op-
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conditions for holomorphic disks, we will adopt Hofer’s methods and consider punc-
tured holomorphic curves in a noncompact symplectic manifold obtained by gluing
a cylindrical end to OW. The advantage of this approach is that it generalizes nicely
to prove the following related result on Giroux torsion, which is much more recent.
Previous proofs due to D. Gay and Ghiggini and Honda required the large machin-
ery of gauge theory and Heegaard Floer homology respectively, but we will only use
punctured holomorphic curves.

THEOREM 1.7.9 (D. Gay [Gay06], P. Ghiggini and K. Honda [GH]). Suppose
(M,&) is a closed contact 3-manifold that admits a contact embedding of (T? X

0,1],&7), where & is the contact structure defined in coordinates (0, ¢,r) € St x
St x [0,1] by

&r = ker [cos(2mr) df + sin(27r) do] .
Then (M, €) is not strongly fillable. Moreover if the embedded torus T? x {0} sepa-
rates M, then (M,§) is also not weakly fillable.

A contact 3-manifold that admits a contact embedding of (7% x [0,1],¢r) as
defined above is said to have Giroux torsion.

EXAMPLE 1.7.10. Using coordinates (6, ¢,n) € S' x S x S* = T3, one can define
for each N € N a contact structure £y = ker ayy, where

ay = cos(2nrNn) df + sin(2rNn) do.

Choosing the natural flat metric on 7% = S*x S| it’s easy to show that the unit circle
bundle in 777 is a contact type hypersurface contactomorphic to (T3, &), thus this
is strongly (and even exactly) fillable. Giroux [Gir94] and Eliashberg [EILi96] have
shown that (73, &y) is in fact weakly fillable for all N, but Theorem implies
that it is not strongly fillable for N > 2 (a result originally proved by Eliashberg
[E1i96]). Unlike the case of S?, none of these contact structures are overtwisted—one
can see this easily from Theorem and the exercise below.

EXERCISE 1.7.11. Derive expressions for the Reeb vector fields R,, on 7% and

show that none of them admit any contractible periodic orbits.

aN

Finally, we mention one case of a fillable contact manifold in which all the sym-
plectic fillings can be described quite explicitly. Earlier we defined the standard
contact structure &gq on S® to be the one that is induced on the convex bound-
ary of a round ball in (R* wyq). By looking at isotopies of convex boundaries and
using Gray’s stability theorem, you should easily be able to convince yourself that
every star-shaped hypersurface in (R?* wsq) has an induced contact structure iso-
topic to &4q. Thus the regions bounded by these hypersurfaces, the “star-shaped
domains” in (R?, wgq), can all be regarded as convex fillings of (5%, &yq). Are there
any others? Well. ..

THEOREM 1.7.12 (Eliashberg [ELi90Q]). Every ezxact filling of (S3,&xq) is sym-
plectomorphic to a star-shaped domain in (R, wgq).

In fact we will just as easily be able to classify all the weak fillings of (53, &q) up
to symplectic deformation equivalence. Again, our proof will differ from Eliashberg’s
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in using punctured holomorphic curves asymptotic to Reeb orbits instead of compact
curves with totally real boundary conditions. But in either case, the proof has much
philosophically in common with the proof of Theorem [[L5.3]that we already sketched:
one first finds a single holomorphic curve, in this case near the boundary of the filling,
and then lets the moduli space of such curves “spread out” until it yields a geometric
decomposition of the filling.
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2.1. Almost complex manifolds and J-holomorphic curves

We now begin the study of J-holomorphic curves in earnest by defining the
nonlinear Cauchy-Riemann equation in its most natural setting, and then examining
the analytical properties of its solutions. This will be the focus for the next few
chapters.

Given a 2n-dimensional real vector space, we define a complex structure on V'
to be any linear map J : V' — V such that J? = —1. It’s easy to see that a complex
structure always exists when dim V' is even, as one can choose a basis to identify
V with R?" and identify this in turn with C", so that the natural “multiplication
by 77 on C" becomes a linear map on V. In the chosen basis, this linear map is

25
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represented by the matrix

We call this the standard complex structure on R?", and will alternately denote
it by Jsq or ¢, depending on the context. A complex structure J on V allows us
to view V' as a complex n-dimensional vector space, in that we identify the scalar
multiplication by any complex number a+ib € C with the linear map al+b.J. A real-
linear map on V' is then also complex linear in this sense if and only if it commutes
with J. Similarly, we call a real-linear map A : V' — V complex antilinear if it
anticommutes with J, i.e. AJ = —JA. This is equivalent to the requirement that A
preserve vector addition but satisfy A(Av) = AAv for all v € V and complex scalars

A e C.

EXERCISE 2.1.1.

(a) Show that for every even-dimensional vector space V' with complex struc-
ture J, there exists a basis in which J takes the form of the standard
complex structure Jgiq.

(b) Show that if V' is an odd-dimensional vector space, then there is no linear
map J : V — V satisfying J? = —1.

(c) Show that all real-linear maps on R?" that commute with Jsq have positive
determinant.

Note that due to the above exercise, a complex structure J on a 2n-dimensional
vector space V' induces a natural orientation on V, namely by defining any ba-
sis of the form (vy, Juq,...,v,, Ju,) to be positively oriented. This is equivalent
to the statement that every finite-dimensional complex vector space has a natural
orientation as a real vector space.

The above notions can easily be generalized from spaces to bundles: if M is a
topological space and F — M is a real vector bundle of even rank, then a complex
structure on £ — M is a continuous family of complex structures on the fibers
of E, i.e. a section J € I'(End(E)) of the bundle End(FE) of fiber-preserving linear
maps F — F, such that J2 = —1. If £ — M is a smooth vector bundle, then
we will always assume that J is smooth unless some other differentiability class is
specifically indicated. A complex structure gives E — M the structure of a complex
vector bundle, due to the following variation on Exercise 2. 1.1l above.

EXERCISE 2.1.2.

(a) Show that whenever E — M is a real vector bundle of even rank with a
complex structure .J, every point p € M lies in a neighborhood on which F
admits a trivialization such that J takes the form of the standard complex
structure Jgq.
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(b) Show that for any two trivializations having the above property, the transi-
tion map relating them is fiberwise complex linear (using the natural iden-
tification R?" = C").

For this reason, it is often convenient to denote complex vector bundles of rank n
as pairs (F, J), where E is a real bundle of rank 2n and J is a complex structure on E.
Note that not every real vector bundle of even rank admits a complex structure:
the above discussion shows that such bundles must always be orientable, and this
condition is not even generally sufficient except for the case of rank two.

For a smooth 2n-dimensional manifold M, we refer to any complex structure .J
on the tangent bundle T'M as an almost complex structure on M, and the pair
(M, J) is then an almost complex manifold. The reason for the word “almost”
will be explained in a moment.

ExaMPLE 2.1.3. Suppose M is a complex manifold of complex dimension n,
i.e. there exist local charts covering M that identify subsets of M with subsets of
C™ such that all transition maps are holomorphic. Any choice of holomorphic local
coordinates on a subset &/ C M then identifies the tangent spaces T,U/ with C". If
we use this identification to assign the standard complex structure i to each tangent
space T,U, then the fact that transition maps are holomorphic implies that this
assignment doesn’t depend on the choice of coordinates (prove this!). Thus M has a
natural almost complex structure J that looks like the standard complex structure
in any holomorphic coordinate chart.

An almost complex structure is called integrable if it arises in the above manner
from a system of holomorphic coordinate charts; in this case we drop the word
“almost” and simply call J a complex structure on M. By definition, then, a real
manifold M admits a complex structure (i.e. an integrable almost complex structure)
if and only if it also admits coordinate charts that make it into a complex manifold.
In contrast to Exercise 2.1.2] which applies to trivializations on vector bundles, one
cannot always find a coordinate chart that makes a given almost complex structure
look standard on a neighborhood. The following standard (but hard) result of
complex analysis characterizes integrable complex structures; we include it here for
informational purposes, but will not make essential use of it in the following.

THEOREM 2.1.4. The almost complex structure J on M 1is integrable if and only
if the tensor N vanishes identically, where Ny is defined on two vector fields X and
Y by
(2.1.1) N;(X,Y)=[JX,JY] - JJX, Y] - JX,JY] - [X,Y].

The tensor ([ZI1.7)) is called the Nijenhuis tensor.

EXERCISE 2.1.5.
(a) Verify that (ZI1.1]) defines a tensor.
(b) Show that N; always vanishes if dim M = 2.
(c) Prove one direction of Theorem [ZT.4 if J is integrable, then N, vanishes.

The converse direction is much harder to prove, see for instance [DK90, Chap-
ter 2]. But if you believe this, then Exercise 2.0 has the following nice consequence:
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THEOREM 2.1.6. Every almost complex structure on a surface is integrable.

In other words, complex 1-dimensional manifolds are the same thing as almost
complex manifolds of real dimension two. This theorem follows from an existence
result for local pseudoholomorphic curves which we’ll prove in §2.13] Actually, that
existence result can be thought of as the first step in the proof of Theorem Z.1.4
Complex manifolds in the lowest dimension have a special status, and deserve a
special name:

DEFINITION 2.1.7. A Riemann surface is a complex manifold of complex di-
mension one.

By Theorem .1.6, a Riemann surface can equivalently be regarded as a surface
>) with an almost complex structure 7, and we will thus typically denote Riemann
surfaces as pairs (X, 7).

Surfaces are the easy special case; in dimensions four and higher, (2I1]) does
not usually vanish, in fact it is generically nonzero, which shows that, in some sense,
“generic” almost complex structures are not integrable. Thus in higher dimensions,
integrable complex structures are very rigid objects—too rigid for our purposes, as
it will turn out. For instance, there are real manifolds that do not admit complex
structures but do admit almost complex structures. It will be most important for
our purposes to observe that symplectic manifolds always admit almost complex
structures that are “compatible” with the symplectic form in a certain geometric
sense. We’ll come back to this in §2.2] and make considerable use of it in later
applications, but for most of the present chapter, we will focus only on the local
properties of J-holomorphic curves and thus be content to work in the more general
context of almost complex manifolds.

DEFINITION 2.1.8. Suppose (X, ) is a Riemann surface and (M, J) is an al-
most complex manifold. A smooth map u : ¥ — M is called J-holomorphic (or
pseudoholomorphic) if its differential at every point is complex-linear, i.e.

(2.1.2) Tuoj=JoTu.

Note that in general, the equation (ZI.2) makes sense if u is only of class C!
(or more generally, of Sobolev class W'?) rather than smooth, but it will turn out
to follow from elliptic regularity (see §2.6l and §2.13)) that J-holomorphic curves are
always smooth if J is smooth—we will therefore assume smoothness whenever con-
venient. Equation (2.1.2]) is a nonlinear first-order PDE, often called the nonlinear
Cauchy-Riemann equation. If you are not accustomed to PDEs expressed in
geometric notation, you may prefer to view it as follows: choose holomorphic local

coordinates s + it on a subset of ¥, so jO;, = 0; and jO, = —0, (note that we're
assuming the integrability of j). Then ([2I2)) is locally equivalent to the equation
(2.1.3) Osu + J(u) Qpu = 0.

NoOTATION. We will sometimes write u : (X, j) — (M, J) to mean that u : ¥ —
M is a map satisfying (Z2I.2)). When the domain is the open unit ball B C C (or any
other open subset of C) and we say u : B — M is J-holomorphic without specifying
the complex structure of the domain, then the standard complex structure is implied,
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i.e. u is a pseudoholomorphic map (B,i) — (M, J) and thus satisfies (Z1.3]). The
symbol B, for r > 0 will be used to denote the open ball of radius r in (C, ).

Note that the standard Cauchy-Riemann equation for maps u : C — C" can be
written as Osu + @ dyu = 0, thus (ZI3]) can be viewed as a perturbation of this. In
fact, due to Exercise Z.1.1] one can always choose coordinates near a point p € M
so that J(p) is identified with the standard complex structure; then in a sufficiently
small neighborhood of p, [21.3)) really is a small perturbation of the usual Cauchy-
Riemann equation. We’ll make considerable use of this perspective in the following.
Here is a summary of the most important results we aim to prove in this chapter.

THEOREM. Assume (M, J) is a smooth almost complex manifold. Then:

e (REGULARITY) Every map u : ¥ — M of class C' solving the nonlinear
Cauchy-Riemann equation (ZI1.2) is smooth (cf. Theorem [2111).

e (LOCAL EXISTENCE) For any p € M and X € T,M, there exists a neigh-
borhood U C C of the origin and a J-holomorphic map uw : U — M such
that w(0) = p and Osu(0) = X in standard coodinates s + it € U (cf. Theo-
rem [2.13.2).

e (CRITICAL POINTS) Ifu : ¥ — M is a nonconstant J-holomorphic curve
with a critical point z € X, then there is a neighborhood U C % of z such
that ulyn(zy is a k-to-1 immersion for some k € N (cf. Corollary[2.4.9 and
Theorem [2.14.7).

e (INTERSECTIONS) Suppose uy : X1 — M and uy : ¥y — M are two non-
constant J-holomorphic curves with an intersection ui(z1) = us(22). Then
there exist neighborhoods zy € Uy C Yy and zo € Uy C Yo such that the im-
ages uy(Uy \ {z1}) and us(Us \ {22}) are either identical or disjoint (cf. The-
orem [2.17.0). In the latter case, if dim M = 4, then the intersection has
positive local intersection index, which equals 1 if and only if the intersection
is transverse (cf. Theorem [Z16.1).

This theorem amounts to the statement that locally, J-holomorphic curves be-
have much the same way as holomorphic curves, i.e. the same as in the integrable
case. But since J is usually not integrable, the methods of complex analysis cannot
be applied here, and we will instead need to employ techniques from the theory of
elliptic PDEs. As preparation, we’ll derive the natural linearization of (2.1.2]) and
introduce the theory of linear Cauchy-Riemann operators, as well as some funda-
mental ideas of global analysis, all of which will be useful in the chapters to come.

2.2. Compatible and tame almost complex structures

For any given even-dimensional manifold M, it is not always immediately clear
whether an almost complex structure exists. If dim M = 2 for instance, then this is
true if and only if M is orientable, and in higher dimensions the question is more
delicate. We will not address this question in full generality, but merely show in the
present section that for the cases we are most interested in, namely for symplectic
manifolds, the answer is exactly as we might hope. The results of this section are
mostly independent of the rest of the chapter, but they will become crucial once we
discuss compactness results and applications, from Chapter Bl onwards.
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Given a manifold M and a smooth vector bundle £ — M of even rank, denote
by J(F) the space of all (smooth) complex structures on £. We shall regard this as
a topological space with the C’ﬁoc—topologyﬂ i.e. a sequence Jy € J(FE) converges if
and only if it is C*°-convergent on all compact subsets. As explained in §2.1] above,

any choice of J € J(F) makes (E,J) into a complex vector bundle.

NOTATION. We shall denote by Endg(C"™) the space of real-linear endomor-
phisms of C", ie. Endg(C") = End(R?*') under the usual identification of C"
with R?". The spaces of complex-linear and complex-antilinear endomorphisms of
C™ will be denoted by Endc(C") and Endc(C?) respectively, or Ende(C”, J) and
End¢(C", J) whenever an alternative complex structure J on C" is specified. For a
complex vector bundle (F, J), we will analogously denote the various vector bundles
of fiber-preserving linear maps on E by Endg(E), End¢(E, J) and End¢(E, J). The
open subsets

Autg(F) := {A € Endg(F) | A is invertible}
Aute(E, J) :={A € Endc(F, J) | A is invertible}

are then smooth fiber bundles. Let J(C") C Endg(C") denote the space of all
complex structures on the vector space R?" = C".

EXERCISE 2.2.1. Consider the smooth map
® : GL(2n,R) — GL(2n,R) : A+ AiA™

where 7 is identified with the standard complex structure on R** = C". Show that if
GL(n, C) is regarded as the subgroup of all matrices in GL(2n, R) that commute with
i, then ® descends to an embedding of the homogeneous space GL(2n,R)/ GL(n, C)
into GL(2n,R), whose image is precisely J(C"). Deduce that J(C") is a noncom-
pact 2n?-dimensional smooth submanifold of Endg(C"), and show that its tangent
space at any J € J(C") is

T;7(C") = Ende(C", J) C Endg(C™).

EXERCISE 2.2.2. Use Exercise .21l to show that for any smooth complex vector
bundle (E, Jy) — M, the space J(E) of complex structures on E can be identified
with the space of smooth sections of the fiber bundle Autg(E)/ Autc(E, Jy) — M.

The map ¢ : GL(2n,R) — J(C") of Exercise 2211 also yields a natural way
to construct smooth local charts on J(C"). For instance, the standard structure
i€ J(C")is (1), and on Ty GL(2n,R) = Endg(C™) we have a natural splitting

Endg(C") = End¢(C") @ Ende(C") = Ty GL(n,C) @ T,J (C"),

so that matrices of the form 1 +Y for Y € Endc(C") near 0 form a local slice
parametrizing a neighborhood of [1] in GL(2n,R)/ GL(n,C). Consequently, J(C")
is parametrized near ¢ by matrices of the form ®(1 +Y) = (1 +Y)i(1 +Y) ! for

TAlso known as the weak or compact-open C™-topology, see e.g. [Hir94, Chapter 2].
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Y € Endc(C™). It will be convenient to modify this parametrization by a linear
transformation on End¢(C™): consider the map

1 1L\
(2.2.1) Y o Jy = (]1 + §¢Y) i (1 + §¢Y) .
This identifies a neighborhood of 0 in 7;7(C") = End¢(C") with a neighborhood
of 7 in J(C™), and the following exercise shows that it can be thought of informally
as a kind of “exponential map” on J(C").

EXERCISE 2.2.3. Show that the derivative of the map ([Z22.1]) at 0 is the identity
transformation on End¢(C").

REMARK 2.2.4. Since all complex structures on C" are equivalent up to a change
of basis, the above discussion also shows that a neighborhood of any J, € J(C")
can be identified with a neighborhood of 0 in End¢(C", Jy) via the map Y — J :=

(1+10Y) Jo (1 + L1Y) 7

Suppose next that (F,w) is a symplectic vector bundle, i.e. a vector bundle
whose fibers are equipped with a nondegenerate skew-symmetric bilinear 2-form w
that varies smoothly. It is straightforward to show that such a bundle admits local
trivializations that identify every fiber symplectically with (R?", wgq); see [MS98].
On (F,w), we will consider two special subspaces of J(E):

J(E,w):={JeJ(E)|w(,Jv) >0 for all v #£ 0},

J(E,w):={JeJ(E)| gs(v,w) :=w(, Jw) is a Euclidean bundle metric}.
We say that J is tamed by w if J € J7(F,w), and it is compatible with (some
authors also say callibrated by) w if J € J(E,w). Clearly J(E,w) C J™(E,w).
The taming condition is weaker than compatibility because we do not require the

bilinear form (v, w) — w(v, Jw) to be symmetric, but one can still symmetrize it to
define a bundle metric,

1
(2.2.2) gs(v,w) := 3 (w(v, Jw) + w(w, Jv)],
which is identical to the above definition in the case J € J(E,w).

EXERCISE 2.2.5. Show that a tamed complex structure J € J7(F,w) is also w-
compatible if and only if w is J-invariant, i.e. w(Jv, Jw) = w(v, w) for all v,w € E.

EXERCISE 2.2.6. Suppose (F,w) is a symplectic vector bundle and F' C E' is a
symplectic subbundle, i.e. a smooth subbundle such that w|g is also nondegenerate.
Denote its symplectic complement by

Ff ={ve E|w(v,-)|p =0},

and recall that w|piw is necessarily also nondegenerate, and £ = F @ F1“ (see
e.g. [MS98]). Show that if j and j' are tame/compatible complex structures on
(F,w) and (F* w) respectively, then j @ j' defines a tame/compatible complex
structure on (E,w).
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EXERCISE 2.2.7. Show that for any symplectic vector bundle (F,w), a complex
structure J € J(FE) is compatible with w if and only if there exists a system of local
trivializations that simultaneously identify w and J with the standard symplectic
and complex structures wgq and i respectively on R?*" = C". Hint: If J is w-
compatible, then the pairing (v, w) := w(v, Jw) + iw(v,w) € C defines a Hermitian
bundle metric on (E, J).

The main result of this section is the following.

THEOREM 2.2.8. For any finite rank symplectic vector bundle (E,w) — M, the
spaces J(F,w) and J™(E,w) are both nonempty and contractible.

EXERCISE 2.2.9. The following is a converse of sorts to Theorem 2.2.8 but is
much easier. Given a smooth vector bundle £ — M define the space of symplectic
vector bundle structures Q(F) as the space of smoothly varying nondegenerate
skew-symmetric bilinear 2-forms w on the fibers of E, and assign to this space the
natural Cp2-topology. Show that on any complex vector bundle (£, J), the spaces

O (B, J) = {weQEB)|JeJ(Ew?},
WUE,J) = {weQE)| Je J(E w)

are each nonempty convex subsets of vector spaces and are thus contractible. Hint:
To show nonemptiness, choose a Hermitian metric and consider its imaginary part.

Before proving the theorem, let us give some initial indications of the role that
tameness plays in the theory of J-holomorphic curves. We will usually assume
(E,w) := (T'M,w) for some symplectic manifold (M,w), and in this case use the
notation

J(M) = J(TM), T (M,w) =T (TM,w), J(Mw):=J(TM,uw).

Most simple examples of almost complex structures one can write down on symplec-
tic manifolds are compatible: e.g. this is true for the standard (integrable) complex
structures on (C" = R?", wyq) and (CP™, wyyq), and for any complex structure com-
patible with the canonical orientation on a 2-dimensional symplectic manifold. Since
every almost complex structure looks like the standard one at a point in appropriate
coordinates, it is easy to see that every J is locally tamed by some symplectic struc-
ture: namely, if J is any almost complex structure on a neighborhood of the origin
in R?" with J(0) = 4, then J is tamed by wyq on a possibly smaller neighborhood
of 0, since tameness is an open condition.

The key property of a tame almost complex structure on a symplectic manifold
is that every complex line in a tangent space is also a symplectic subspace, hence
every embedded J-holomorphic curve parametrizes a symplectic submanifold. At
the beginning of Chapter [I, we showed that holomorphic curves in the standard
C™ have the important property that the area they trace out can be computed by
integrating the standard symplectic structure. It is precisely this relation between
symplectic structures and tame almost complex structures that makes the compact-
ness theory of J-holomorphic curves possible. The original computation generalizes
as follows: assume (M,w) is a symplectic manifold, J € J7(M,w), and let g; be
the Riemannian metric defined in (Z2.2). If u: (2, j) — (M, J) is a J-holomorphic
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curve and we choose holomorphic local coordinates (s,t) on a subset of ¥, then
Oyu = JO,u implies that with respect to the metric g, d,u and J;u are orthogonal
vectors of the same length. Thus the geometric area of the parallelogram spanned
by these two vectors is simply

|Osulg, - |Bpuly, = [Osul;, = w(Dsu, JOu) = w(dsu, du),

hence

(2.2.3) Areay, (u) :/u*w.
>
DEFINITION 2.2.10. For any symplectic manifold (M, w) and tame almost com-
plex structure J € J7(M,w), we define the energy of a J-holomorphic curve

w:(3,7) — (M, J) by
E(u):/zu*w.

The following is an immediate consequence of (Z23]).

PropoOsITION 2.2.11. If J € J™(M,w) then for every J-holomorphic curve u :
(3,7) = (M, J), E(u) > 0, with equality if and only if u is locally constantl]

The energy as defined above is especially important in the case where the
domain ¥ is a closed surface. Then u : ¥ — M represents a homology class
[u] = u[X] € Ho(M), and the quantity F(u) is not only nonnegative but also
topological: it can be computed via the pairing ([w], [u]), and thus depends only
on [u] € Hy(M) and [w] € H3z(M). This implies an a priori energy bound for
J-holomorphic curves in a fixed homology class, which we’ll make considerable use
of in applications.

For the next result, we can drop the assumption that M is a symplectic manifold,
though the proof does make use of a (locally defined) symplectic structure. The
result can be summarized by saying that for any reasonable moduli space of J-
holomorphic curves, the constant curves form an open subset.

PROPOSITION 2.2.12. Suppose 3 is a closed surface, J, € J(M) is a sequence
of almost complez structures that converge in C* to J € J(M), and uy : (3, jx) —
(M, Jy) is a sequence of non-constant pseudoholomorphic curves converging in C*>
to a pseudoholomorphic curve u : (X, 5) — (M, J). Then u is also not constant.

PROOF. Assume wu is constant and its image is p € M. Choosing coordinates
near p, we can assume without loss of generality that p is the origin in C" and
ur maps into a neighborhood of the origin, with almost complex structures J, on
C™ converging to J such that J(0) = ¢. Then for sufficiently large k, the standard
symplectic form wgq tames each Jj in a sufficiently small neighborhood of the origin,
and [ug] = [u] = 0 € Hy(M), implying E(ui) = ([wsta), [ux]) = 0, thus uy is also
constant. 0

2The term locally constant means that the restriction of u to each connected component of
its domain 3 is constant.
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The remainder of this section is devoted to proving Theorem .28 We will
explain two quite different proofs. In the first, which is due to Gromov [Gro85|,
the spaces J(E,w) and J7(F,w) must be handled by separate arguments, and the
former is easier—it is also the space that is most commonly needed in applications,
so we shall explain this part first.

PROOF OF THEOREM [2.2.8 FOR J(E,w). Let M(E) denote the space of smooth
bundle metrics on £ — M, also with the C}%-topology. There is then a natural con-
tinuous map

J(E,w) = M(E) : J — gy,
where g; := w(-, J-). We shall construct a continuous left inverse to this map, i.e. a
continuous map
O:ME) - J(E,w)
such that ®(g;) = J for every J € J(F,w). Then since M(FE) is a nonempty convex
subset of a vector space and hence contractible, the identity map J — ®(g;) can be
contracted to a point by contracting O(FE).

To construct the map ®, observe that if g € 9M(F) happens to be of the form
gy for some J € J(F,w), then it is related to J by w = ¢(J-,-). For more general
metrics g, this relation still determines J as a linear bundle map on F, and the
latter will not necessarily be a complex structure, but we will see that it is not hard
to derive one from it. Thus as a first step, define a continuous map

M(E) = I(End(E)) :g— A
via the relation
W = g(A7 )
As is easy to check, the skew-symmetry of w now implies that the fiberwise adjoint
of A with respect to the bundle metric g is

A= —A,

so in particular A is a fiberwise normal operator, i.e. it commutes with its ad-
joint. Since A*A is a positive definite symmetric form (again with respect to g), it
has a well-defined square root, and there is thus a continuous map I'(End(E)) —
['(End(E)) that sends A to

Jy = AVAA

Now since A is normal, it also commutes with / A*Ail, and then A*A = —A?
implies Jg = —1. It is similarly straightforward to check that .J, is compatible
with w, and J, = J whenever g = g, hence the desired map is ®(g) = J,. O

The above implies that J7(E,w) is also nonempty, since it contains J(F,w).
Gromov’s proof concludes by using certain abstract topological principles to show
that once J (F,w) is known to be contractible, this forces J7(F,w) to be contractible
as well. The abstract principles in question come from homotopy theory—in partic-
ular, one needs to be familiar with the notion of a Serre fibration and the homotopy
ezact sequence (see e.g. [Hat02, Theorem 4.41]), which has the following useful
corollary:
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LEMMA 2.2.13. Suppose m : X — B is a Serre fibration with path-connected base.
Then the fibers () are weakly contractible if and only if 7 is a weak homotopy
equivalence. O

Recall that a map f : X — Y is said to be a weak homotopy equivalence
whenever the induced maps f, : m,(X) — 7, (Y) are isomorphisms for all k, and X
is weakly contractible if ;(X) = 0 for all k&. Whitehead’s theorem [Hat02, The-
orem 4.5] implies that whenever X is a connected smooth manifold, contractibility
and weak contractibility are equivalent.

We will find it convenient at this point to dispense with the vector bundle £ — M
and restrict attention to a single fiber. Recall that by Exercise 222, J(F) can be
regarded as the space of smooth sections of a locally trivial fiber bundle over M. We
claim that the same is true of J7(FE, w)E indeed, pick a compatible structure J, €
J(E,w), whose existence is guaranteed by the above proof. Then by Exercise 227
E — M admits local trivializations that identify w and J simultaneously with
the standard structures wgq and ¢, and in such a trivialization, any J € J7(E,w)
is identified locally with a smooth map into a fixed open subset of the manifold
GL(2n,R)/ GL(n, C); see Exercise 22211 The following standard topological lemma
will thus allow us to restrict attention to the various spaces of complex structures
on the vector space C".

LEMMA 2.2.14. Suppose 7 : E — M is a smooth locally trivial fiber bundle over a
manifold M, and the fibers are contractible. Then the space I'(E) of smooth sections

is nonempty and contractible (in the CL2-topology).

PROOF. It suffices to construct a smooth section sy € I'(E) and a smooth map
r:[0,1] x E — E such that r(r,-) : E — E is fiber preserving for all 7 € [0, 1],
r(1,-) is the identity and r(0,-) = so o . Note that any such map can also be
viewed as a section of a fiber bundle, namely of (7 o pry)*E — [0,1] x E, where
pry, : [0,1] x E — FE denotes the natural projection, and r is required to match
a fixed section over the closed subset {0,1} x E. Then since continuous sections
can always be approximated by smooth ones [Ste51], §6.7], it suffices to construct a
continuous map r with the above properties.

Let us therefore work in the topological category: assume 7 : £ — M is a
topological fiber bundle with contractible fiber F', and M is a finite-dimensional
CW—compleXH There is a standard procedure for constructing sections by induction
over the skeleta of M, see [Ste51]. Since E is necessarily trivial over each cell,
it suffices to consider the closed k-disk D* C R* for each & € N and the trivial
bundle D¥ x F — D*: the key inductive step is then to show that any continuous
maps so : ODF — F and r : [0,1] x dD* x ' — F satisfying 7(0,b,p) = so(b)
and r(1,b,p) = p for all (b,p) € ID* x F can be extended with these properties
continuously over D* and [0, 1] x D* x F respectively. Let us first extend so: this

3The same is also true of J(E,w) and can be deduced from Proposition 22211 or Corol-
lary 2.2.27] below, but this is not needed for the present discussion.

4The assumption that the CW-complex is finite dimensional is inessential, but lifting it involves
some logical subtleties, and we are anyway most interested in the case where M is a smooth finite-
dimensional manifold.
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is clearly possible since m,_1(F') = 0. We then require any extension of r to satisfy
r(0,b,p) = so(b) and r(1,b,p) = p for all (b,p) € D* x F, thus the problem is to
extend a map defined on

({0,1} x D* x F) U ([0,1] x OD* x F) =9 ([0,1] x D*) x F

over the interior of [0, 1] x D¥ x FF =2 D**! x F'. This can be done using a contraction
of F. O

With Lemma 2.2.T4] in hand, the proof of Theorem Z.2.§ will be complete if we
can show that the space J7(C",wgq) of linear complex structures on C" tamed by
the standard symplectic form is contractible.

PROOF THAT J7(C", wstq) IS CONTRACTIBLE (GROMOV). Let (C") denote the
space of nondegenerate skew-symmetric bilinear forms on C”, i.e. linear symplectic
structures. We then define the topological spaces

X(C") = {(w,J) € QC™) x J(C) | J € T(C",w)},
XT(C") = {(w, J) € QC) x T(C) | J € T™(C",w)}.

Observe that for any fixed J € J(C"), the set of all w € Q(C") that tame J is
convex, and thus contractible; the same is true for the set of all w € Q(C") for
which J is w-compatible. Thus the projection maps pr, : X(C") — J(C") and
pry, : X7(C") — J(C™) both have contractible fibers; one can show moreover that
both are Serre fibrations, and both are therefore weak homotopy equivalences by
Lemma This implies that the inclusion X (C") — X7(C") is also a weak
homotopy equivalence. Since the fibers J(C", w) of the projection pr; : X(C") —
Q(C™) are also contractible, the latter is also a weak homotopy equivalence, and
by commuting diagrams, we see that pr; : X7(C") — Q(C") is therefore a weak
homotopy equivalence, whose fibers J7(C", w) must then be contractible. U

EXERCISE 2.2.15. Show that for any vector bundle F of even rank, there is a
natural weak homotopy equivalence between the space of complex structures J(FE)
and the space of symplectic vector bundle structures Q(E) (cf. Exercise 2.2.9).

REMARK 2.2.16. Exercise does not immediately imply any correspondence
between the space of symplectic forms on a manifold M and the space of almost
complex structures J (M), as a symplectic vector bundle structure on TM — M
is in general a nondegenerate 2-form which need not be closed. Such a correspon-
dence does exist however if M is open, by a deep “flexibility” result of Gromov, see

e.g. [EMO02] or [Gei03].

We next give a more direct proof of Theorem using a variation on an
argument due to Sévennec (cf. [Aud94, Corollary 1.1.7]), which can be applied
somewhat more generally. The starting point is the observation that for any choice
of “reference” complex structure Jy € J(C"), the map

1 1 -
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identifies a neighborhood of 0 in End¢(C", Jy) smoothly with a neighborhood of .J,
in J(C"), and can thus be regarded as the inverse of a local chart on the smooth
submanifold J(C") C Endg(C"); cf. Remark 2.2.41 and the discussion that precedes
it. In fact, (22.4) is well defined for all Y in the open subset of End¢(C") for which
1+ %JOY € GL(2n,R), which turns out to be a large enough domain to cover the
entirety of J7(C", wp)! In the following statement, we say that a subset 4 C E in a
vector bundle F is fiberwise convex if its intersection with every fiber is convex,
and we denote by I'(U) the space of (smooth) sections of F that are everywhere
contained in U.

PROPOSITION 2.2.17. Suppose (E,w) — M is a symplectic vector bundle and
Jo € J(E,w). Then there exists an open and fiberwise convexr subset U0 C
Endc(E, Jo) such that

T (E,w)={Jy |Y €T U>")},
where Jy is defined via ZZ4). Moreover, if Jo € J(E,w), let Ends(E,w, Jy) C

Endgr(FE) denote the subbundle of linear maps that are symmetric with respect to the
bundle metric w(-, Jo-). Then

J(B,w)={Jy | Y € I (U*" NEndi(E,w,J))}.
The next exercise is a lemma needed for the proof of Proposition 2.2.17

EXERCISE 2.2.18. Show that for any Jy € J(C"), the map (Z2Z7) defines a
bijection

— 1
{Y € Endc(C", Jo) ’ 1+ éJOY € GL(2n, R)} —{JeJC") | Jo+J e GL(2n,R)},
with inverse J +— 2Jo(J + Jo)~H(J — Jo). Hint: The identities (J £ Jy)Jo = J(Jo+J)

and Jo(J + Jy) = (Jo £ J)J hold for any Jy,J € J(C"). For some additional
perspective on this exercise, see Exercise [2.2.23 and Remark 2228

PROOF OF PROPOSITION 2. 2,17 Suppose Jy and J are two w-tame complex
structures on some fiber £, C E for x € M. Then Jy + J is invertible: indeed, for
any nontrivial v € E, we have

w(v, (Jo+ J)v) = w(v, Jov) + w(v, Jv) > 0,

thus Jy + J has trivial kernel. It follows by Exercise 22218 that J = Jy for a unique
Y € Endc(E,, Jy). Denote by U</ the set of complex-antilinear maps Y : E, — E,
that arise in this way:.

To show that U7 is convex, observe that the condition Y € U*/° means

1 1 -
w (v, (1 + §JOY) Jo (]l + §J0Y) v) >0 forallve FE,\ {0},
which is equivalent to

1 1
w ((]l + §J0Y) v, (1 + éJoY) JOU) >0 forallve E,\ {0}
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Given Yy, Y; € U et Y, = Y] + (1 — 1)Y, for ¢t € [0, 1], fix a nontrivial vector
v € E, and consider the function

1 1
Pv(t) =Ww ((]1 -+ ijo}/;) v, (]1 + 51]0}/;5) Jo’U) € R.

This function is of the form P,(t) = at* + bt + ¢, and using the fact that J, anticom-
mutes with both Yy and Y7, we find that its quadratic coefficient is

1 1
a4 =w <§JO(Y1 - Yb)va §J0(Y1 - YE))JOU)

1 1
= —w (ac]o(yl — Yo)v, Jo EJO(Yl — Yb)”}) <0

since Jy is tamed by w. This implies that P, is a concave function, and since P,(0)
and P,(1) are both positive, we conclude P,(t) > 0 and hence Y; € U0 for all
t € [0,1].

Finally, if .Jy is w-compatible, we will show that .Jy is also compatible if and only
if Y satisfies (v, Yw) = (Yv,w) for all v,w € E,, where (v,w) := w(v, Jow). Recall
that by Exercise 2225 an w-tame complex structure J is w-compatible if and only
if w is J-invariant, i.e. w(v,w) = w(Jv, Jw) for all v,w. Plugging in J = Jy and
replacing v and w by (]1 + %JOY) v and (]1 + %JOY) w respectively, this condition is
equivalent to

1 1 1 1
w ((]l -+ §JOY) v, (]l -+ §JOY) U}) = w ((1 -+ §JOY) JQU, (]l -+ §JOY) Jo’w)

for all v, w € E,. Expanding both sides, using the fact that w is also Jy-invariant and
then cancelling everything that can be cancelled, one derives from this the condition

—w(Yv, Jow) + w(v, pYw) =0 for all v,w € E,,
which means —(Yv, w) + (v, Yw) = 0. O
As an easy corollary, we have:

ALTERNATIVE PROOF OF THEOREM (AFTER SEVENNEC).
Using Proposition 22217 each of the spaces J7(E,w) and J(E,w) is contractible
if it is nonempty, as it can then be identified via ([224]) with a convex subset of a
vector space. Nonemptiness follows from this almost immediately: indeed, Propo-
sition 22217 also implies that both J7(F,w) and J(F,w) can be regarded as the
spaces of sections of certain smooth fiber bundles with contractible fibers; the fibers

are each obviously nonempty since i € J(C", wgq). Existence of sections then fol-
lows from Lemma 2.2.141 O

EXERCISE 2.2.19. Prove the following generalization of Theorem for exten-
sions: given a symplectic vector bundle (E,w) — M, a closed subset A C M and
a compatible/tame complex structure J defined on E over a neighborhood of A,
the space of compatible/tame complex structures on (E,w) that match J near A is
nonempty and contractible.
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EXERCISE 2.2.20. In the setting of the previous exercise, suppose additionally
that we are given a submanifold ¥ C M and a symplectic subbundle F' C Els. Show
that if J is a compatible/tame complex structure that is defined on a neighborhood
of A and preserves F' over a neighborhood of ¥N A in ¥, and j is a compatible/tame
complex structure on F' that matches J|r near ¥ N A, then the space of all compat-
ible/tame complex structures on E that match J near A and restrict to j on F' is
also nonempty and contractible. Hint: It may help to recall Exercise [2.2.0.

Proposition [Z217 also implies the following useful description of J(C", wgq),
which we will need in Chapter @t

COROLLARY 2.2.21. The space J(C", wga) is a smooth submanifold of Endg(C"),
with tangent space at i € J(C" wgq) given by

T,T(C", wyq) = {Y € Endc(C") | Y is symmetric}.

Moreover, the map Y — Jy of [221)) identifies a neighborhood of 0 in T; T (C", wgq)
smoothly with a neighborhood of i in J(C", wsq).

REMARK 2.2.22. The above argument can also be used to show that for any
collection §2 of symplectic structures on a given bundle £ — M, the spaces of
complex structures that are simultaneously either tamed by or compatible with every
w € Q are contractible whenever they are nonempty, see [MNW13, Appendix A.1].
Of course, such spaces may indeed be empty if 2 has more than one element.

As an aside, it is worth mentioning an alternative way to understand Proposi-
tion 2.2, 17 in terms of the classical Cayley transform; this was the original viewpoint
of Sévennec as presented in [Aud94]. The Cayley transform on C is the linear frac-
tional transformation

Z—1
p(z) = Pt
which maps C\ {—i} conformally and bijectively to C \ {1}, sending {Im z > 0} to
{|z] <1} and i to 0. Its inverse is ¢~ ' (w) = —i%H.

Notice that if we identify C with the subspace of Endg(C") consisting of complex
multiples of the identity, then ¢ is the restriction of the map

(2.2.5) O(J) == (J+i)'(J —1),

defined for all J € Endg(C") such that J +i € GL(2n,R), with ¢ now denoting the
standard complex structure on C"

EXERCISE 2.2.23. Show that (Z.2.5]) defines a diffeomorphism
{J € Endg(C") | J+i € GL(2n,R)} = {Y € Endr(C") | Y — 1 € GL(2n,R)},
with inverse @~1(Y) = —i(Y + 1)(Y — 1)1
SSince Endg(C") is not commutative, there are actually two obvious extensions of ¢ to

Endg(C™), the other being ®(J) := (J —i)(J + i)~*. One could carry out this entire discus-
sion with the alternative choice and prove equivalent results.
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EXERCISE 2.2.24. Denote the natural inclusion of C < Endg(C") as described
above by z + J,. If wgq is the standard symplectic form on C* = R?", show that
weta (v, J,v) > 0 holds for all nontrivial v € C™ if and only if z lies in the open upper
half-plane.

With the previous exercise in mind, the fact that ¢ maps the upper half-plane
to the unit disk in C now generalizes as follows. Let || - || denote the operator norm
on Endg(C") defined via the standard Euclidean metric (-, -) = wgq(+, ).

LEMMA 2.2.25. Every J € Endg(C") that satisfies wsa(v, Jv) > 0 for all non-
trivial v € C™ is in the domain of ®, and every Y € Endg(C") with ||Y] < 1 is
in the domain of ®~1. Moreover, a given J in the domain of ® satisfies the above
condtion with respect to wgq if and only if ||®(J)|| < 1.

EXERCISE 2.2.26. Show that if J € Endg(C") satisfies wgq (v, Jv) > 0 for all v #
0, then J 41 is invertible, thus J is in the domain of ®. It follows via Exercise
that for Y := ®(J), Y — 1 is invertible and J = —i(Y + 1)(Y — 1)~!. Now given
v € C", write w = (Y — 1) 'v and show that wgq(v, Jv) = |w|? — |[Yw|?. Use this
to prove Lemma
_ Exgrcise 2.227. If Y = ®(J), show that J € J(C") if and only if ¥ €
Endc(C™). Hint: Notice that when ®(J) =Y € End¢(C"), we have
(2.2.6) J=d'V)=—i(Y + )Y =1) = (Y - 1)i(Y —1)".
As in Exercise 2218, the identities (J £1i)J = —1+4iJ = i(i £ J) and (J £i)i =
JiF1 =J(i +.J) hold if J € J(C").

REMARK 2.2.28. In light of (Z22.0) above, one can now express the map Y — Jy
from (221)) as the composition of ®~! with the linear isomorphism

- S 1
End¢(C") — End¢(C") 1 Y +— —aiY.

Together with our characterization of the compatible case in the proof of Proposi-
tion 2.2.17, the results of Lemma [2.2.28] and Exercise [2.2.27] can now be summarized
as follows.

THEOREM 2.2.29 (Sévennec). The Cayley transform J — (J+14)~*(J —1i) defines
diffeomorphisms
T (C", wea) — {Y € Endc(C™) | ||V < 1},
J(C" weq) = {Y € Endc(C™) | ||Y]| < 1 and Y is symmetric }.
0

REMARK 2.2.30. Theorem could be stated a bit more generally by replac-
ing wgiq and ¢ with different symplectic and complex structures w and Jy respectively,
but in this form, it does require the assumption that Jy be compatible with w, not
just tame. Our alternative proof of Theorem 2.2.8 had the slight advantage of not re-
quiring this extra condition, and this relaxation is important in certain applications,

cf. [MNW13, Appendix A.1].
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2.3. Linear Cauchy-Riemann type operators

Many important results about solutions to the nonlinear Cauchy-Riemann equa-
tion can be reduced to statements about solutions of corresponding linearized equa-
tions, thus it is important to understand the linearized equations first. Consider a
Riemann surface (¥, ) and a complex vector bundle (E,J) — (3, j) of (complex)
rank n: this means that £ — X is a real vector bundle of rank 2n and J is a
complex structure on the bundle. We say that the bundle admits a holomorphic
structure if ¥ has an open covering {U, } with complex-linear local trivializations
E|y, — U, xC" whose transition maps are holomorphic functions from open subsets
of ¥ to GL(n, C).

On the space C*(X, C) of smooth complex-valued functions, there are natural
first-order differential operators

(2.3.1) 9: frrdf +idfoj
and
(2.3.2) O: f—df —idfoj.

We can regard 0 as a linear map C>(X) — I'(Home (7%, C)), where the latter de-
notes the space of smooth sections of the bundle Hom¢ (T'Y, C) of complex-antilinear
maps 1% — C; similarly, 0 maps C*(X) to F(HomC(TE,(C))E Observe that the
holomorphic functions f : ¥ — C are precisely those which satisfy df = 0; the
solutions of f = 0 are called antiholomorphic.

If (E,J) — (X, 7) has a holomorphic structure, one can likewise define a natural
operator on the space of sections I'(F),

0:T(E) — I'(Home(TY, E)),
which is defined the same as (Z3.I) on any section written in a local holomorphic
trivialization. We then call a section v € T'(F) holomorphic if dv = 0, which

is equivalent to the condition that it look holomorphic in all holomorphic local
trivializations.

EXERCISE 2.3.1. Check that the above definition of 3 : T'(E) — I'(Home(T'S, E))
doesn’t depend on the trivialization if all transition maps are holomorphic. You may
find Exercise helpful. (Note that the operator df := df — i df o j is not simi-
larly well defined on a holomorphic bundle—it does depend on the trivialization in
general.)

EXERCISE 2.3.2. Show that the d-operator on a holomorphic vector bundle
satisfies the following Leibniz identity: for any v € I'(F) and f € C*(%,C),

0(fv) = (0f)v + f(0v).

DEFINITION 2.3.3. A complex-linear Cauchy-Riemann type operator on
a complex vector bundle (E, J) — (3, 7) is a complex-linear map

D :T(E) — I'(Mome (TS, E))

SMany authors prefer to write the spaces of sections of Home (TS, C) and Home (TS, C) as
QL0(32) and Q%1(X) respectively, calling these sections “(1,0)-forms” and “(0, 1)-forms.”
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that satisfies the Leibniz rule
(2.3.3) D(fv) = (0f)v + f(Dv)
for all f € C*°(%,C) and v € T'(F).

One can think of this definition as analogous to the simplest modern defini-
tion of a connection on a vector bundle; in fact it turns out that every complex
Cauchy-Riemann type operator is the complex-linear part of some connection (see

Proposition [23.0 below). The following is then the Cauchy-Riemann version of the
existence of the Christoffel symbols.

EXERCISE 2.3.4. Fix a complex vector bundle (E,J) — (%, ).

(a) Show that if D and D’ are two complex-linear Cauchy-Riemann type op-
erators on (F,.J), then there exists a smooth complex-linear bundle map
A: E — Hom¢(TXE, E) such that D'v = Dv + Av for all v € ['(E).

(b) Show that in any local trivialization on a subset U C 3, every complex-
linear Cauchy-Riemann type operator D can be written in the form

Dv = 0v + Av,

for some smooth map A : U — End¢(C").

EXERCISE 2.3.5. Show that if V is any complex connection on Eﬂ then V+ Jo
V o j is a complex-linear Cauchy-Riemann type operator.

PROPOSITION 2.3.6. For any Hermitian vector bundle (E,J) — (X,j) with a
complez-linear Cauchy-Riemann type operator D : I'(E) — I'(Homc(T'E, E)), there
exists a unique Hermitian connection V such that D =V + J oV o j.

PROOF. Denote the Hermitian bundle metric by ( , ), and for any choice of
connection V, denote

V.=V —-JoVoj and V™ :=V+.JoVoj.
Any Hermitian connection satisfies

(2.3.4) d(&,m) = (V& m) + (&, Vn),

for £, € I'(&), where both sides are to be interpreted as complex-valued 1-forms.
Then applying 0 =d —iodojand 0 =d+iodoj to the function in (23.4) leads
to the two relations

0(&,m) = (V&) + (&, Vo),
0(€,m) = (V1€ n) + (&, V).
Now if we require V%! = D, the rest of V is uniquely determined by the relation
<v170£7 77> = 5(&7 77) - <§7 DT})
Indeed, taking this as a definition of V'V and writing V := %(Vl’o + D), it is

straightforward to verify that V is now a Hermitian connection. O

7By “complex connection” we mean that the parallel transport isomorphisms are complex-
linear. This is equivalent to the requirement that V : I'(E) — I'(Homg (7%, E)) be a complex-linear
map.
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Since connections exist in abundance on any vector bundle, there is always a
Cauchy-Riemann type operator, even if (F,J) doesn’t come equipped with a holo-
morphic structure. We now have the following analogue of Theorem [2.1.6 for bun-
dles:

THEOREM 2.3.7. For any complez-linear Cauchy-Riemann type operator D on
a complex vector bundle (E,J) over a Riemann surface (¥,j), there is a unique
holomorphic structure on (E,J) such that the naturally induced 0-operator is D.

The proof can easily be reduced to the following local existence lemma, which is
a special case of an analytical result that we’ll prove in §2.7] (see Theorem Z7.1):

LEMMA 2.3.8. Suppose D is a complex-linear Cauchy-Riemann type operator on
(E,J) — (2,7). Then for any z € ¥ and vy € E,, there is a neighborhood U C X
of z and a smooth section v € I'(E|y) such that Dv =0 and v(z) = vy.

EXERCISE 2.3.9. Prove Theorem 2.3.7] assuming Lemma [2.3.8.

As we’ll see in the next section, it’s also quite useful to consider Cauchy-Riemann
type operators that are only real-linear, rather than complex.

DEFINITION 2.3.10. A real-linear Cauchy-Riemann type operator on a
complex vector bundle (E, J) — (X, j) is areal-linear map D : I'(EF) — I'(Hom¢ (T3, E))
such that (2.33) is satisfied for all f € C>(X,R) and v € I'(E).

REMARK 2.3.11. To understand Definition 2.3.10] it is important to note that
when f is a real-valued function on ¥, the 1-form Of is still complez-valued, so
multiplication of 0 f by sections of E involves the complex structure.

The following is now an addendum to Exercise 2.3.4]

EXERCISE 2.3.12. Show that in any local trivialization on a subset U C ¥, every
real-linear Cauchy-Riemann type operator D can be written in the form

Dv = 0v + Av,

for some smooth map A : Y — Endg(C"), where Endg(C") denotes the space of
real-linear maps on C" = R?",

2.4. The linearization of 0; and critical points

We shall now see how linear Cauchy-Riemann type operators arise naturally
from the nonlinear Cauchy-Riemann equation. Theorem 237 will then allow us
already to prove something quite nontrivial: nonconstant J-holomorphic curves have
only isolated critical points! It turns out that one can reduce this result to the
corresponding statement about zeroes of holomorphic functions, a well-known fact
from complex analysis.

For the next few paragraphs, we will be doing a very informal version of “infinite-
dimensional differential geometry,” in which we assume that various spaces of smooth
maps can sensibly be regarded as infinite-dimensional smooth manifolds and vector
bundles. For now this is purely for motivational purposes, thus we can avoid worry-
ing about the technical details; when it comes time later to prove something using
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these ideas, we’ll have to replace the spaces of smooth maps with Banach spaces,
which will have to contain nonsmooth maps in order to attain completeness.

So, morally speaking, if (¥, j) is a Riemann surface and (M, .J) is an almost
complex manifold, then the space of smooth maps B := C'*(X, M) is an infinite-
dimensional smooth manifold, and there is a vector bundle & — B whose fiber &,
at u € B is the space of smooth sections,

Ew = T(Home(TE, w*TM)),

where we pull back J to define a complex bundle structure on «w*I'M — . The
tangent vectors at a point u € B are simply vector fields along u, thus

T.B=TwuTM).
Now we define a section 9; : B — & by
Oju=Tu+ JoTuoj.

This section is called the nonlinear Cauchy-Riemann operator, and its zeroes are pre-
cisely the J-holomorphic maps from ¥ to M. Recall now that zero sets of smooth
sections on bundles generically have a very nice structure—this follows from the im-
plicit function theorem, of which we’ll later use an infinite-dimensional version. For
motivational purposes only, we state here a finite-dimensional version with geomet-
ric character. Recall that any section of a bundle can be regarded as an embedding
of the base into the total space, thus we can always ask whether two sections are
“transverse” when they intersect.

THEOREM 2.4.1 (Finite dimensional implicit function theorem). Suppose E —
B is a smooth vector bundle of real rank k over an n-dimensional manifold and
s : B — FE is a smooth section that is everywhere transverse to the zero section.
Then s71(0) C B is a smooth submanifold of dimension n — k.

The transversality assumption can easily be restated in terms of the linearization
of the section s at a zero. The easiest way to define this is by choosing a connection
V on I — B, as one can easily show that the linear map Vs : T,B — E, is
independent of this choice at any point p where s(p) = 0; this follows from the fact
that T'F along the zero section has a canonical splitting into horizontal and vertical
subspaces. Let us therefore denote the linearization at p € s7(0) by

Ds(p) : T,B — E,.

Then the intersections of s with the zero section are precisely the set s~*(0), and
these intersections are transverse if and only if Ds(p) is a surjective map for all
p € s 10).

In later chapters we will devote considerable effort to finding ways of showing that
the linearization of 0; at any u € 5;1(0) is a surjective operator in the appropriate
Banach space setting. With this as motivation, let us now deduce a formula for the
linearization itself. It will be slightly easier to do this if we regard 0; as a section
of the larger vector bundle & with fibers

&, = D(Homg (TS, u*TM)).
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To choose a “connection” on &. , choose first a connection V on M and assume
that for any smoothly parametrized path 7 — u, € B and a section ¢, € guT =
I'(Homg(TS, u*TM)) along the path, the covariant derivative V. ¢, € &, should
take the form
for z € ¥, X € T.X. Then V¢, doesn’t depend on the choice of V at any value of
7 for which ¢, = 0.

Now given u € 5}1(0), consider a smooth family of maps {u,}-¢(—1,1) with up =
u, and write 0, u,|,—o =: n € I'(«*T'M). By definition, the linearization

DOy (u) : T(w*TM) — T'(Homg (T, u*TM))
will be the unique linear map such that
DOy(u)n = V. (Oyu,) ‘T =V, [Tu; + J(u:) o Tur o jl|_, -

To simplify this expression, choose holomorphic local coordinates s + it near the
point z € ¥ and consider the action of the above expression on the vector 0s: this
gives

=0

V. [0sur + J(ur)Opurl|, _q -
The expression simplifies further if we assume V is a symmetric connection on M;
this is allowed since the end result will not depend on the choice of connection. In
this case V,0su,|;—0 = V0, u,|,—0 = V4 and similarly for the derivative by ¢, thus
the above becomes

Vsn+ J(w)Vin + (V,J)0wu.

Taking the coordinates back out, we're led to the following expression for the lin-
earization of J;:

(2.4.1) DOy(u)n=Vn+J(u)oVnoj+ (V,J)oTuoj.

Though it may seem non-obvious from looking at the formula, it turns out that the
right hand side of (Z4.1]) belongs not only to &, but also to &,, i.e. it is a complex
antilinear bundle map 7% — w*T'M.

EXERCISE 2.4.2. Verify that if u € 9;'(0), then for any n € T'(u*TM), the
bundle map 7Y — u*T'M defined by the right hand side of (241 is complex-

antilinear. Hint: Show first that VxJ always anticommutes with J for any vector

X.

To move back into the realm of solid mathematics, let us now regard (2.4.1)) as
a definition, i.e. to any smooth J-holomorphic map u : ¥ — M we associate the
operator
D, := DI, (u),

which is a real-linear map taking sections of «*T'M to sections of Home¢ (7Y, w*T'M).
The following exercise is straightforward but important.

EXERCISE 2.4.3. Show that D, is a real-linear Cauchy-Riemann type operator
on u*T'M.
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With this and Theorem P.3.7 to work with, it is already quite easy to prove that
J-holomorphic curves have isolated critical points. The key idea, due to Ivashkovich
and Shevchishin [IS99], is to use the linearized operator D,, to define a holomorphic
structure on Home (73, w*T'M) so that du becomes a holomorphic section. Observe
first that since (X, 7) is a complex manifold, the bundle 7Y — 3 has a natural
holomorphic structure, so one can speak of holomorphic vector fields on . In
general such vector fields will be defined only locally, but this is sufficient for our
purposes.

EXERCISE 2.4.4. A map ¢ : (X,5) — (3,7) is holomorphic if and only if it
satisfies the low-dimensional case of the nonlinear Cauchy-Riemann equation, gjgo =
0. The simplest example of such a map is the identity Id : ¥ — >, and the
linearization Dyq gives an operator ['(T'Y) — I'(Home (7%, TY)). Show that Dy is
complex-linear, and in fact it is the natural Cauchy-Riemann operator determined
by the holomorphic structure of TX. Hint: In holomorphic local coordinates this is
almost obvious.

LEMMA 2.4.5. Suppose X is a holomorphic vector field on some open subset
U C X, U C U is another open subset and ¢ > 0 a number such that the flow
Ol U — X is well defined for all t € (—e,€). Then the maps @Y are holomorphic.

Proor. Working in local holomorphic coordinates, this reduces to the following
claim: if 4 C C is an open subset containing a smaller open set U’ C U, X : U — C
is a holomorphic function and ¢” : U" — C satisfies

0-¢7(2) = X(¢"(2)),

2.4.2
242 0'(2) =2
for 7 € (—¢,¢€), then ¢7 is holomorphic for every 7. To see this, apply the operator
0 := 0s + 10 to both sides of ([Z42) and exchange the order of partial derivatives:
this gives

8 QAT I, T 3, AT

5,097 (2) = X'(¢7(2)) - 097 (2).

-
For any fixed z € U’, this is a linear differential equation for the complex-valued
path 7 +— J¢7(z). Since it begins at zero, uniqueness of solutions implies that it is
identically zero. O

LEMMA 2.4.6. For any holomorphic vector field X defined on an open subset
UCE, D, [Tu(X)]=0onlU.

PROOF. By shrinking U if necessary, we can assume that the flow ¢% : U — ¥
is well defined for sufficiently small [¢|, and by Lemma [Z.4.5]it is holomorphic, hence
the maps u o ' are also J-holomorphic. Then 9, (u o ¢%) = 0 and

D, [Tu(X)] = V,; [9,(uo ¢Y)] 0.

‘t:O -
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The Cauchy-Riemann type operator D, is real-linear, but one can easily define
a complex-linear operator by projecting out the antilinear part:

1
D§:§(Du—JoDqu).

This defines a complex-linear map I'(v*T'M) — I'(Home (7%, u*T'M)).

EXERCISE 2.4.7. Show that DY is a complex-linear Cauchy-Riemann type oper-
ator.

In light of Exercise 2.4.7 and Theorem 2.3.7] the induced bundle ©v*T'M — ¥ for
any smooth J-holomorphic curve u : ¥ — M admits a holomorphic structure for
which holomorphic sections satisfy DSn = 0. Moreover, Lemma implies that
for any local holomorphic vector field X on X,

DS [Tu(X)] = 3Du [Tu(X)] ~ LID.[J o Tu(X)] = 2/D, [Tu(jX)] =
where we’ve used the nonlinear Cauchy-Riemann equation for u and the fact that
jX is also holomorphic. Thus Tu(X) is a holomorphic section on u*7T'M whenever
X is holomorphic on T3. Put another way, the holomorphic bundle structures on
T3 and w*T'M naturally induce a holomorphic structure on Home (7%, w*T'M), and
the section du € I'(Hom¢(T'Y, w*T'M)) is then holomorphic. We’ve proved:

THEOREM 2.4.8. For any smooth J-holomorphic map u : > — M, the complex-
linear part of the linearization D, induces on Home (TS, w*T'M) a holomorphic
structure such that du is a holomorphic section.

COROLLARY 2.4.9. If u : X — M 1is smooth, J-holomorphic and not constant,
then the set Crit(u) := {z € ¥ | du(z) = 0} is discrete.

Actually we’ve proved more: using a holomorphic trivialization of the bundle
Homc (7Y, w*T'M) near any z, € Crit(u), one can choose holomorphic coordinates
identifying zyp with 0 € C and write du(z) in the trivialization as

du(z) = 2" F(z),

where & € N and F' is a nonzero C"-valued holomorphic function. This means that
each critical point of u has a well-defined and positive order (the number k), as
well as a tangent plane (the complex 1-dimensional subspace spanned by F'(0) in
the trivialization). We will see this again when we investigate intersections in §2.14]
and it will also prove useful later when we discuss “automatic” transversality.

REMARK 2.4.10. The above results for the critical set of a J-holomorphic curve
u remain valid if we don’t require smoothness but only assume J € C!' and u € C?:
then w*T'M and Home(TY, u*T' M) are complex vector bundles of class C'* and du is a
CO'-section, but turns out to be holomorphic with respect to a system of non-smooth
trivializations which have holomorphic (and therefore smooth!) transition functions.
One can prove this using the weak regularity assumptions in Theorem R.7.1] below;
in practice of course, the regularity results of §2.13 will usually allow us to avoid
such questions altogether.
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2.5. Review of distributions and Sobolev spaces

In order to delve more deeply into the analytical properties of J-holomorphic
curves, we will often need to frame the discussion in the language of distributions,
weak derivatives and Sobolev spaces. In this section we recall the basic notions.
More detailed discussions of most of these topics may be found e.g. in
ILLO1l[Eva98] or in the appendices of [MS04].

Fix n € N and an open subset & C R". We denote by

2(U) = C=(U, C)

the space of smooth complex-valued functions with compact support in U, with a
topology such that ¢ — ¢ € Z(U) if and only if all functions in this sequence have
support contained in some fixed compact subset of & and their derivatives of all
orders converge uniformly. We will refer to 2(U) henceforward as the space of test
functions on Y. The space of (complex-valued) distributions on U, also known
as generalized functions and denoted by

9,(2/1)7

is the space of continuous complex-linear functionals Z(U) — C. We shall denote
the action of a distribution 7" € 2’(U) on a test function ¢ € Z(U) by

(T, ) =T(p) € C,

where as an important special case, any locally integrable function f € Ll (U)
defines a distribution via the pairing

(o) = [ fo

To avoid possible confusion, note that ( , ) is not a Hermitian inner product—it
does not involve any complex conjugation. The topology of Z'(U) is defined such
that T, — T € 2'(U) if and only if (Ty, p) — (T, ¢) for all ¢ € 2(U).

The most popular example of a distribution that is not an actual function is the
“Dirac )-function,” defined by

(6, ) :== ¢(0).

The space of distributions is a vector space, thus one can speak of finite sums of
distributions and products of distributions with scalars. Though not all distributions
are functions, all of them are differentiable as distributions: that is, one uses a formal
analogue of integration by parts to define for j =1,...,n,

(2.5.1) (0;T, ) == —(T',05),

which extends uniquely to define higher-order derivatives of 7' € 2'(U) as well.
These operations define continuous linear maps on 2'(U) as a consequence of the fact
that the classical differentiation operators act linearly and continuously on 2(U). If
[ € Ll .(U) has distributional derivatives that also happen to be locally integrable
functions, we call these weak derivatives of f; they may be well defined even if f

is not differentiable (see Exercise 2.5.4] below).
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We should mention two more operations on distributions that are often useful.
First, the operation of multiplication by a smooth function

IU) = IU) = fo,  felCTU)
has a continuous extension to

TU) = D' U):T— [T, feC>U),
where by definition
(2.5.2) (fT,¢) = (T fo).

EXERCISE 2.5.1. Verify that the usual Leibniz rule for differentiation of products
of smooth functions extends to the case where one of them is a distribution, i.e. for

any f € C®U)and T € Z'(U),
(2.5.3) O;(fT) = (0,/)T + f(O;T).
If U4 = R™, then there is also the convolution operation
IR") > IR") o fro,  feCFRY),
where

Fro)@)i= [ o)) duty)

here du(y) denotes the Lebesgue measure for integrating functions of the variable
y € R™. The convolution extends to a continuous linear map

'R") - D'R"): T fxT, f e CE(RM),
where the distribution f % 7" is defined on test functions ¢ € Z(R™) by
(2.5.4) (f+T,0) = (T, *¢),

with f~(z) := f(—=z). If you've never seen this formula before, you should take a
moment to convince yourself that it gives the right answer when T is also a smooth
function with compact support. Since f * g = g % f for functions f and g, we can
also define

Txf:=f«xTeP'R") forTeP'R"), feCyPR").
The rule for differentiating convolutions is
(2.5.5) 0i(f xg9) = (9;f) x g = [ * (9;9)
whenever f and g are both smooth with compact support.

EXERCISE 2.5.2. Verify that (2.5.1) also holds whenever f € C§°(R") and g €
7' (R™).

Though it is not at all obvious from the definition above, the convolution of a
distribution with a test function is actually a smooth function. To see this, we define
for each z € R™ a continuous linear operator

7. 2(R") - 2(R")
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by T.p(x) := ¢(z—=z). Then if f and g are functions on R™, the classical convolution
can be written as

(fxg)(x) = / . f(Y)g() du(y) = (g, 7o f).

This formula extends in the obvious way to the case where ¢ is a distribution:
notice that for f € Z(R"), the map R" — Z(R") : © + 7, f is continuous, thus
the complex-valued function = — (7, 7,f) is continuous for any f € Z(R") and
T € 2'(R™). A proof of the following may be found e.g. in [LLO1], §6.13].

PROPOSITION 2.5.3. For any f € Z(R") and T € 2'(R"), the distribution f T
can be represented by the continuous function

(f * T)(x) = (T, 7 f)-
In fact, this function is smooth, as its partial derivatives 0;(f xT) = 0;f =T are

also convolutions of test functions 0;f € Z(R™) with T', and by induction, so are all
its higher derivatives. 0

Working with distributions is easy once one gets used to them, but our ability to
do this depends on a certain set of slightly nontrivial theorems, stating for instance
that a distribution T € 2'(U) can be represented by a function of class C' if and
only if it has weak derivatives that are continuous functions, in which case its weak
and classical derivatives match. A proof of the latter statement may be found in

[LLOTL, §6.10].

EXERCISE 2.5.4. Let f : R — R : z — |z|. Show that f has weak derivative

1 if z >0,
-1 ifz <0,

f'(x) = sgn(z) = {

and its second derivative in the sense of distributions is f” = 24.

EXERCISE 2.5.5. Show that the function f(z) = In |z| is locally integrable on R,
and its derivative in Z'(R) is given by
(f',cp):p.v./@d:p = lim de.
R T e—0t |z|>e xr
Here the notation p.v. stands for “Cauchy principal value” and is defined as the
limit on the right. Check that this expression gives a well-defined distribution even
though 1/x is not a locally integrable function on R.

EXERCISE 2.5.6. Show that for any f € Ci°(R"), 0 % f = f.

The basic Sobolev spaces are now defined as follows. If k € N, p € [1, 00| and
U C R™ is an open subset, then W?(if) := LP(U) is the space of (complex-valued)
functions of class LP on U, i.e. measurable functions defined almost everywhere on
U for which the LP norm

1/p
s = (/ |u|p) for L<p<oo, |ullieqs = csssupylf
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is finite. Inductively, we then define W*P(U/) as the space of functions in LP(U) that
have weak derivatives in W*=1?(1{), and define ||u|yy+» to be the sum of the LP norms
of all partial derivatives of u up to order k. These are all Banach spaces, and for p = 2
they also admit Hilbert space structures, with inner products defined by summing
the L? products for all the derivatives up to order k. We say that a function on ¢/ is of
class I/Vllch if it is in WkP(U') for every open subset U’ with compact closure Ucu.
In the following, we will sometimes consider Sobolev spaces of maps valued in vector
spaces such as R™ or C"; the target space will be specified by writing e.g. W*» (U, C")
whenever there is danger of confusion, and elements of W*?(U, C") can be regarded
simply as n-tuples of elements in W*P(U) := Wk»P(U, C).

We will often make use of the Sobolev embedding theorem, which implies
that if 4 C R™ is a bounded open domain with smooth boundary and kp > n, then
there are natural continuous inclusions

WP () — C(U)
for each integer d > 0. Some special cases of the proof are worked out in Exer-
cises 207 2.5.13 and .5.14] below. In fact, these inclusions are compact linear
operators, meaning that bounded sequences in W*t4P(1/) have C%-convergent sub-
sequences, and the same holds for the obvious inclusion
WEP(U) — WP (U).

Additionally, when kp > n and U C R" is bounded with smooth boundary, W*»(1{)
has two related properties that will be especially useful: first, it is a Banach al-
gebra, meaning that products of functions in W*?(l{) are also in W*P({) and
satisfy

(2.5.6) [wvllwer < cllullwrsl[v]lwns.

for some ¢ > 0. Secondly, if @ C R" is an open subset and we denote by W*? (U, Q)
the (open) set of functions u € W*P(U, R"™) such that u(U) C Q, then the pairing
(f,u) — f ou defines a continuous map

(2.5.7) CPQ,RYN) x WrEP(U, Q) — WHPU,RN) : (f,u) — fou.

EXERCISE 2.5.7. Use Holder’s inequality to prove the following simple case of
the Sobolev embedding theorem: for every p > 1, there exists a constant C' > 0
such that for all smooth functions f : (0,1) — R with compact support,

[fllcoe < Cllfllwrr,
where o := 1 — 1/p, and the two norms are defined by

| fllcoe :== sup |f(t)|+  sup 1f(s) = f(B)|

t(0,1) ste(o), szt |s—t°

Il = ( / 1 \f(t)\pdt) "y ( / | f’(t)\pdt) "

8See Remark 2515 for an important caveat about the compactness of the inclusions Wk+d:r <
C4 and WkP s Wh=1p,

)

and
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Conclude via the Arzela-Ascoli theorem that any sequence fi, € C5°((0,1)) that is
bounded in WP has a C°-convergent subsequence.

For U = R", the entirety of the above discussion of distributions can also be
generalized to allow for a larger class of test functions that need not have compact
support: we define the Schwartz space of test functions

S (R") ¢ C=(R",C)

to be the smooth functions ¢ : R" — C for which the function |z%9°(z)| is bounded
on R™ for each pair of multiindices «, 5. Recall that a multiindex of degree m > 0
for functions on R™ is an n-tuple of nonnegative integers oo = (v, . . ., o, ) satisfying

lal :=a1 + ...+ a, =m.

This determines a monomial of degree m in the variables (zy, ..., z,) € R", written
as 2% = []"_, 277, as well as an mth-order differential operator

g=15 >
a . 0ol Qv
A S

for functions on R"™. With this notation understood, the Schwartz space consists of
all smooth functions whose derivatives of all orders decay at infinity faster than any
polynomial, so e.g. it includes functions with noncompact support but exponential
decay. The topology on . (R") is defined such that ¢, — ¢ € .Z(R") if and only
if 220°%p;, converges uniformly to #*0°¢ for every a and 3. There is obviously a
continuous inclusion
Z(R") = L (R"),
and it is not hard to show using compactly supported cutoff functions that the
image of this inclusion is dense. The space ./(R™) of continuous linear functionals
Z(R™) — C then admits a continuous inclusion
S'(R") — 2'(R™),

and objects in .¢/(R") are known as tempered distributions. Not every locally
integrable function defines a tempered distribution, e.g. R — R : z — €* grows too
fast at infinity to have a well-defined pairing with functions in .(R™). However,
most important examples of distributions are also tempered distributions, including
all locally integrable functions that grow no faster than polynomials at infinity, so
e.g. Exercises 22541 and still make sense in this context. One can again
use (Z5T) to define partial derivative operators, which give continuous linear maps
on .’ (R") since differentiation preserves and is continuous on .%(R™). Multiplica-
tion by an arbitrary smooth function does not preserve .#(R"), but it does if the
function and its derivatives have at most polynomial growth, and the operation then
extends continuously to tempered distributions,

S (R") - S'(R") : T — fT, feC™R")
if |0°f(z)] < Cyo(1 + |z*)™ for all a, some C,, > 0 and N, € N.

For the convolution, we have f x ¢ € .#(R") whenever f and ¢ are both in .7 (R"),
so there is a continuous extension

S RY) = SR : T f+T, fe. SR

(2.5.8)
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defined again by (Z5.4).

EXERCISE 2.5.8. Convince yourself that the differentiation rules (25.3) and
(X)) for products and convolutions respectively also hold in the setting of Schwartz
functions and tempered distributions.

REMARK 2.5.9. If T,T" € ./(R"), then to prove 0;1 = 1", it suffices to check
that (17, p) = —(T, 0;¢) for all ¢ € Z(R") since Z(R") is dense in .(R"). In other
words, the definition of differentiation in the sense of distributions does not depend
on whether we regard Z(R") or .(R") as the space of test functions. There is a
slight subtlety here if 7" and 7" are represented by functions: if f € Ll (R™) defines

loc
a tempered distribution and has a weak partial derivative 9;f = g € L} (R"), then
0;f is tautologically also a tempered distribution, but this need not mean that it
can be expressed as (9;f,¢) = [g. g for all ¢ € #(R"), as gy might sometimes

fail to be Lebesgue integrable. Take for instance any bounded smooth function on

22

R whose first derivative has exponential growth, e.g. f(z) = €' or cos(e”). What
is always true in such cases is that for any ¢ € .#(R"), one can choose a sequence
of compactly supported functions ¢ € Z(R") converging in . (R") to ¢ and write

— 00 Rn

where the existence and uniqueness of this limit are guaranteed by the fact that
0;f € '(R"). This subtlety does not arise if g € LP(R") for some p € [1,00], as
then gp € LY(R") for all p € #(R™), hence we can safely ignore this issue in all
discussions of Sobolev spaces.

Though ordinary distributions are easier to work with for many purposes, the
major advantage of tempered distributions is that they admit an extension of the
Fourier transform operator. For f € L'(R™), we define the Fourier transform
Ff:R" — C as the function

(2.5.9) Ffp) = f(p) = . f(@)e ™™ dp(x),

where x - p denotes the standard Euclidean inner product on R"™, and the Fourier
inverse operator gives the function F*f : R" — C defined by

(2.5.10) Fif(x):= f(x):= [ f(p)e*™ " du(p).
R?’L
Both of these operators define bounded linear maps
F,F*: LY(R") — C°(R™).

They do not preserve Z(R™) since compact support of ¢ € Z(R"™) does not imply
the same for ¢ or ¢, but they do preserve . (R™) and are inverse to each other on
this space. Moreover, Plancherel’s theorem implies that for every pair f, g € % (R"),

/Rn J@yg()dule) = | J©)9(p) du(p).
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thus F extends uniquely to a unitary operator on L?*(R™). The Plancherel identity
is equivalent to

| J@g@du(x)= | F@)o) du(p)
for all f,¢g € (R"), and this motivates the extension of F and F* to continuous

linear operators on tempered distributions
F,F : S'(R") - S'(R")
defined by
(FT,¢) = (T, Fp),  (FT,¢):= (T, Fp)
for T € '(R") and ¢ € . (R").

EXERCISE 2.5.10. Show that F(0) =1 and F(1) = 4.
A straightforward computation using (Z5.9) and (Z5.I0) shows that for f €

< (R™), each of the partial derivatives 0; for j = 1,...,n transforms as
(2.5.11) 9, f(p) = 2ip; f (p),

and the following exercise shows that the obvious extension of this formula to tem-
pered distributions also holds.

EXERCISE 2.5.11. Show that (Z5II]) also holds for all f € .#/(R"), with the
right hand side interpreted in the sense of (2.5.§]).

It is similarly straightforward to show that for f, g € ./ (R"),

(2.5.12) F9(0) = F0)3(p)-

EXERCISE 2.5.12. Show that [25I2) also holds when f € (R") and g €
S (R™).

The Fourier transform gives rise to a convenient alternative definition for the
Hilbert space
Hk(]Rn) — Wk,Q(]Rn)
for each k € N, namely as the space of all functions v € L*(R") whose Fourier
transforms satisfy

(2.5.13) [P o) duty) < oo,

Indeed, ([2.5.10) and the Plancherel theorem imply that the square root of this
integral is equivalent to the usual W*2-norm, and one can similarly define an inner
product on H¥(R") as a sum of L? products of Fourier transforms multiplied by
suitable polynomials. The condition (25.13) also yields a natural generalization of
the space H¥(R") to allow nonintegral values of k € R.

EXERCISE 2.5.13. Use the above characterization of H*(R") to prove the follow-
ing case of the Sobolev embedding theorem: for any real number k& > n/2, every
u € H*(R™) is continuous and bounded, and the resulting inclusion

H"(R") — C°(R")
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is continuous. Hint: since F* maps L'(R™) continuously to C°(R"), it suffices to
bound ||4||z: in terms of the norm ||ul|gx, defined as the square root of (Z5.13]).
Use the Cauchy-Schwarz inequality: for what values of k do we have

[Py duty) < o7

EXERCISE 2.5.14. Extend the previous exercise by induction to show that for any
k > n/2 and any integer d > 0, there is a continuous inclusion H**¢(R") — C?(R"™).

REMARK 2.5.15. If 0 < a :== k — n/2 < 1, then one can also bound the Holder
norm ||ul|co.e in terms of ||ul|yx; see Chapter 4, Prop. 1.5]. In contrast to
Exercise 5.7, however, this does not imply that the continuous inclusion H*(R") <
C°(R™) is compact, as the Arzela-Ascoli theorem does not hold for functions on
unbounded domains; indeed, it is easy to find an example of a sequence bounded in
H'(R) that has no C°-convergent subsequence.

The obvious continuous inclusions

H*Y(R") — H*(R")

are also not compact, though the Rellich-Kondrachov theorem implies that the in-
clusions

W) — WEP(U)

are compact whenever U C R" is a bounded open subset with smooth boundary.
More generally, this also holds for Sobolev spaces of sections of vector bundles over
compact manifolds, cf. §3.11

2.6. Linear elliptic regularity

Up to now we’ve usually assumed that our J-holomorphic maps u : ¥ — M
are smooth, but for technical reasons we’ll later want to allow maps with weaker,
Sobolev-type regularity assumptions. In the end it all comes to the same thing,
because if J is smooth, then it turns out that all J-holomorphic curves are also
smooth. In the integrable case, one can choose coordinates in M so that J =4 and
J-holomorphic curves are honestly holomorphic, then this smoothness statement
is a well-known corollary of the Cauchy integral formula. The nonintegrable case
requires more work and makes heavy use of the machinery of elliptic PDE theory.
In this section we will see how to prove smoothness of solutions to linear Cauchy-
Riemann type equations, and we will also derive an important surjectivity property
of the d-operator which will be helpful later in proving local existence results. The
nonlinear case will be addressed in §2T111 It should also be mentioned that the
estimates introduced in this section have more than just local consequences: they
will be crucial later when we discuss the global Fredholm and compactness theory
of J-holomorphic curves.

2.6.1. Elliptic estimates and bootstrapping arguments. Let us first look
at a much simpler differential equation to illustrate the idea of elliptic regularity.
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Suppose F : R" — R" is a function of class C* and we have a C" solution to the
nonlinear ODE,

(2.6.1) i = F(z).

Then if k > 1, the right hand side is clearly of class C*, thus so is &, implying that
x is actually C%. If k > 2, we can repeat the argument and find that z is C® and so
on; in the end we find € C**1 ie. x is at least one step smoother than F. This
induction is the simplest example of an “elliptic bootstrapping argument”.

The above argument is extremely easy because the left hand side of (2.6.1]) tells
us everything we’'d ever want to know about the first derivative of our solution.
The situation for a first-order PDE is no longer so simple: e.g. consider the usual
Cauchy-Riemann operator for functions C — C,

5 - 35 —+ i@t,
and the associated linear inhomogeneous equation
ou=f.

Now the left hand side carries part, but not all of the information one could want
to have about du: one can say that d;u + i0yu is at least as smooth as f, but this
doesn’t immediately imply the same statement for each of J,u and dyu. What we
need is a way to estimate du (in some suitable norm) in terms of u and Ju, and this
turns out to be possible precisely because 0 is an elliptic operator. We will discuss
the general notion of ellipticity in Appendix at the end of this chapter; for now,
it will suffice to think of elliptic operators as those which can be shown to satisfy
certain fundamental estimates as in Theorem 2.6.1] below, which turn out to have
powerful consequences for the solutions of local equations such as du = f and their
global analogues.

The following example of a Calderon-Zygmund-type inequality is the basic ana-
lytical result we will need to prove regularity for linear Cauchy-Riemann equations.

THEOREM 2.6.1. For each p € (1,00), there exists a constant ¢ > 0 such that
for every u € C3°(B, C), )
[ullwre < cl|Oul| Lo
REMARK 2.6.2. It follows immediately from Theorem 2.6.1] that the same esti-

mate holds for all u € C§°(B,C") for any n € N, and this is the form in which we
will usually apply the result (cf. Exercise and Cor. 2.6.28)).

EXERCISE 2.6.3. Assuming the theorem above, differentiate the equation Ou = f
and argue by induction to prove the following generalization: for each k£ € N and
p € (1,00) there is a constant ¢ > 0 such that

lullwes < cllOullwe-rs

for all u € C§°(B). By a density argument, show that this also holds for all u €
W, P(B), where the latter denotes the closure of C3°(B) in W*?(B).

We will prove the case p = 2 of this theorem in §2.6.2 below and will reduce
the general case to a result about singular integral operators, whose proof (due to
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Calderén and Zygmund [CZ52/[CZ56]) appears in Appendix R.A]at the end of this
chapter. More general versions for elliptic systems of all orders appear in [DN55],
and versions with boundary conditions are treated in [ADNBS59/[ADING64]. Before
discussing the proof, let us see how this estimate can be used to prove a basic
local regularity result for the linear inhomogeneous Cauchy-Riemann equation. The
result will be improved in §2.6.3 below to apply to weak solutions of class L _ (see

Theorem 2.6.27).

PROPOSITION 2.6.4. Suppose u € W'P(B) and du € W*P(B) for some p €
(1,00). Then u € W*LP(B,) for any r < 1, and there is a constant ¢, depending
on r and p but not on u, such that

(2.6.2) HUHW‘““vP(Br) < CHUHWLP(B) + C”&L”Wk»p(s)-

COROLLARY 2.6.5. If f : B — C is smooth, then every solution to Ou = f of
class WYP for some p € (1,00) is also smooth. Moreover, given sequences fr — f
converging in C*(B) and uy — u converging in WY?(B) and satisfying Our = [,

y o0
the sequence uy, also converges in Cpy.. on B.

EXERCISE 2.6.6. Prove the corollary.

PROOF OF ProP. 6.4l Write Ou = f. It will suffice to consider the case
k = 1, as once this is settled, the result follows from an easy induction argument
using the fact that any partial derivative d;u of u satisfies d9;u = 9, f.

Now assuming u, f € WP(B), we’d first like to prove that u is of class WP on
B, for any r < 1. The idea is to show that d,u (and similarly dyu) is of class WP
by expressing it as a limit of the difference quotients,

h u(s+ h,t) —u(s,t)
u'(s,t) = -

as h > 0 shrinks to zero. These functions are clearly well defined and belong to
WhP(B,) if h is sufficiently small, and it is straightforward (e.g. using approximation
by smooth functions) to show that u" — dsu in LP(B,) as h — 0. The significance
of Theorem .61 is that it gives us a uniform W1P-bound on u" with respect to h.
Indeed, pick a cutoff function § € C$°(B) that equals 1 on B,. Then fu” € Wy*(B)
and thus satisfies the estimate of Theorem 2Z.6.1] (cf. Exercise Z6.3). We compute

(2.6.3) [lu"lwios,y < 18U lwism) < cll(Bu") Lo
= ¢ (9B)u" + BOU") o) < €I1W" | Loy + N f o).

and observe that the right hand side is bounded as A — 0 because u" — d,u and
" — 0,f in LP.

In light of this bound, the Banach-Alaoglu theorem implies that any sequence u
with hy — 0 has a weakly convergent subsequence in W?(B,). But since u" already
converges to d,u in LP(B,), the latter must also be the weak W1P-limit, implying
dsu € WIP(B,). Now the estimate ([2:6.2)) follows from (26.3), using Exercise 2.6.7]

hi
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below to bound the WP -norm of the derivative of u in terms its difference quotients:

.. h
1Bsullwrs,y < Timinf [ullwies,)
< c||Osu| Loy + || Os f v By < cllullwresy + cll fllwies)-

O

EXERCISE 2.6.7. If X is a Banach space and z,, € X converges weakly to x, show

that ||z|| < liminf ||z, |. Hint: The natural inclusion of X into (X*)* is isometric,
Az

so [|z]| = SUP e x*\{0} w

EXERCISE 2.6.8. Use Proposition 2.6.4] to show that for any real-linear Cauchy-
Riemann type operator D on a vector bundle (E,.J) — (X, 7), continuously differ-
entiable solutions of Dn = 0 are always smooth. Note: due to Exercise [2.3.12, this
reduces to showing that solutions u € W'?(B,C") of (0 + A)u = 0 are smooth if
A : B — Endg(C") is smooth.

2.6.2. Proof of the basic estimate for J. In this section we explain (up to a
technical result on singular integral operators) the proof of Theorem 2.6.1] as well as
a stronger statement providing a bounded right inverse for @ on bounded domains
in C.

The first important observation is that by the Poincaré inequality (see e.g. [Eva98|
§5.6, Theorem 3]), ||u||» can be bounded in terms of ||du||p» for any u € C§(B),
thus it will suffice to bound the first derivatives in terms of du. For this it is natural
to consider the conjugate of the d-operator,

0= 83 - i@t,

as the expressions Ou and Ou together can produce both O,u and d,u by linear
combinations. Thus we are done if we can show that ||Oul|z» is bounded in terms of
[0ul] o

It is easy to see why this is true in the case p = 2: the following version of a
standard integration by parts trick is borrowed from [Sik94]. Using the coordinate
z = s + it, define the differential operators

0 1 , 0 1 ,
:%:§<as_lat) 82:___<as+lat)

0, =
0z 2
and corresponding complex-valued 1-forms
dz=d(s+it) =ds+idt dz =d(s —it) = ds — idt.

Observe that 9. and 0: are the same as 0 and 0 respectively up to a factor of tWOE
and we now have du = d,udz + d;udz. Now if u € Cj°(C, C), the complex-valued
1-form wdu has compact support in C, so applying Stokes’ theorem to d(udu) =

9Tt is in some sense more natural to define the operators d and d with the factor of 1 /2 included,
but we have dropped this for the sake of notational convenience.
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du A du on a sufficiently large ball B C C gives

Oz/nzMa:/ MA&ki/(@uM+@u&WN@mh+@mw
0B g Br

Br
1 B
- —/ (10uf> — |3ul?) dz A dz,
4 )5,

hence [|0ul|z2 = ||0ul| 2.

EXERCISE 2.6.9. The most popular second-order elliptic operator is the Lapla-
cian
A=—(0}+...4+8)
for functions on R"™. Use integration by parts to show that

> 10;0kul7z = |Aul7.  for all u € C3°(R").

jk=1

For p # 2, a bound on ||0u/|z» can be found by rephrasing the equation du = f
in terms of fundamental solutions. By definition, a fundamental solution to the
D-equation is a locally integrable function K € Li (C,C) satisfying

loc
0K =6

in the sense of distributions, where § is the Dirac d-distribution (4, ¢) := ¢(0). For
any f € C3°(C), a solution of du = f can then be expressed as the convolution
u= K * f, since

OK*f)=0Kxf=0xf=f
by Exercises and Note that while the above computation proves Ou = f
in the sense of distributions, u = K * f is in fact smooth due to Proposition
and is representable as a convolution of functions in the classical sense,

(K f)(2) = (K, 7.f) = [c F(z = OK(Q) dul€) = /@ K (= — O)f(0) dul©),

thus it is also a classical solution to du = f. The following “potential inequality”
implies that on a bounded domain such as B C C, the map sending f to u = K * f
extends to a bounded linear operator on LP(B) for every p € [1,00).

LEMMA 2.6.10. Givenn € N, a bounded open subsetU C R"™, a locally integrable
function K € LL (R™) and p € [1,00]|, there exists a constant ¢ > 0 such that

loc
1K fllrey < cllflleay  for all f € CF(U).

In particular if 1 < p < oo, then f — (K * )|y extends to a bounded linear operator
LP(U) — LP(U).

REMARK 2.6.11. Both the statement and the proof given below bear some sim-
ilarity to Young’s inequality (cf. [LLO1l §4.2]), which implies among other things
that if K € LY(R") then f +— K * f gives a bounded linear map L?(R") — LP(R™).
For our application, however, it is crucial to avoid assuming that K is globally in-
tegrable, and we need to pay for this relaxation of conditions by restricting the
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L? norm to a bounded domain & C R". For K € L., K * f will not always decay
fast enough at infinity to be in LP(R"); cf. Exercise Z.6.17

Proor or LEMMA 2.6.T0. We only need the case p < oo and will thus assume
this in the following; it is an easy exercise to modify this for the case p = co. Choose
R > 0 large enough so that i/ is contained in the ball By C R" of radius R; then
x —y € Byg for any pair (x,y) € U xU. Now for x € U, we obtain a uniform bound

/ K(z — )| du(y) = / K ()| duly) < / K () duy) = [ K 121 (5
u rz—yel Bar

independent of z. Set g € [1, 00| such that 1/p+ 1/¢ = 1 and write
K (z —y)f(y)l = K@ —y)"?|f(y)] - | Kz —y)7,

so Holder’s inequality gives

(K |</|Ka:— ()] du(y)

< ([ 186 - pllsoP auty ) (/uw:— ) duly >)q

< 1T ([ 160 = P ity >)

for all z € U. We then use Fubini’s theorem to estimate

I W < VK | ([ 1K= Il dut) ) du)
K|, / K@ = )l e )

IR ey [ 1700 ([ 15— )l o)) auto)

—+1 —+1
< K / PP duly) = K A, 00
|

Let us now make the discussion more concrete and consider the function K €
L;..(C,C) defined by
1
21z’
PROPOSITION 2.6.12. The function K satisfies OK = § in the sense of distribu-
tions, thus for any f € C°(C), u := K * f is smooth and satisfies Ou = f.

K(z)=

PROOF. The relation 0K = § means literally that for all test functions ¢ €
2(C),

_ /C K (2)0(2) du(z) = (5,0) = ¢(0).



LECTURES ON HOLOMORPHIC CURVES (VERSION 3.3) 61

To see that this holds, we can write dp = 20 and du(z) = dZ/\dz , and apply Stokes’
theorem:

- dzNdz 1 10p o(z)
— | K(2)0 dzNdz = — dz \dz
/(C (2)9¢(2) —2i  2mi Je 20z A= on ( z ) “heE
1 1
S Y101 P d Qd
2m Je z 2m1 e=0,R—o0 JB 1\ B,

1 1
—lim / Mdz——,hm/ 2 4.
T 27 50 8. % 2T R~ Jog, 2

where the first limit converges to ¢(0) since ¢ is smooth and [, % = 2mi, while
the second converges to zero since  has compact support. 0

LEMMA 2.6.13. For any f € C§°(C), K x f satisfies |(K * f)(z)| < ‘—g‘ for some
constant C > 0.

PROOF. Choose R > 0 large enough so that supp(f) C Bg, and suppose |z| >
2R. Then for all ¢ € C such that f(¢) # 0, we have |z — (| > |z]| = R > %, thus

(K f)(2)] =

dy(C)

f(¢) /(O]
o CZ—QdM(C)ISQW |z — (]

Wl
d
< |/|f ) o

O

It is now easy to see that for u € Cg°(C), du = f if and only if u = K * f:
indeed, the compact support of w implies that f = Ou also has compact support
and thus K * f is a smooth function on C satisfying (K * f) = f and decaying at
infinity. This means u — K * f : C — C is a holomorphic function that decays at
infinity, thus it is identically zero.

By the above remarks, Theorem [2.6.1] will now follow if we can establish a bound
on ||O(K * f)|| e in terms of || f||r» for every f € C3°(B). The following computation
is a complex-analytic analogue of Exercise 2.5.5

LEMMA 2.6.14. The distribution 0K = 0,K —i0,K € 2'(C) can be written as
the principal value integral

(0K, p) = —% p.v. /<c ) du(z) == ! lim #(2) du(z)

22 T 0t Jovp, 22

for every ¢ € 2(C).
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PROOF. We write 0 = 20, and du(z) = 2% and again use Stokes’ theorem:

92
1 1 dz Ndz

K, )= (K,—dp)=—= [ =0,

(0K, ) = (K, =0p) W/Czw_%

[ 1 o 1
= [ Zd(pdz) = — i d<—d‘>—d 2) Apdz
2mi Jo 2 (pd2) 211 e—>0,lgl—>oo B\ B. { z - (z) N z}

1 1
— — lim / fdz—/ Zdz) + — lim Y dz A dz.
Q11 e—0, R—o0 OBr z OB. z 271 €0 R— o0 ER\BS z

In the last line, both 1-dimensional integrals vanish in the limit: the first because

¢ has compact support, and the second because ¢ is smooth and |, 6B % = 0. The
remaining term is precisely the desired expression; we are free to remove the limit
as R — oo and integrate over C \ B, since ¢ has compact support. 0

Now applying the usual rule for differentiating convolutions (see Exercise 2.5.2))
and Proposition 253 we find that for any f € C§°(C),

OK % f)(=) = (0K * £)(2) = Ok f) ==~ 1 [ LE=D g0

T et Jop,  GP

1 f(€)
= —— lim d .
/K_ZZE 5 du(C¢)

T e—0t (z =)

This shows that the linear map f — O(K * f) = OK * f is represented by a so-called
singular integral operator:; it differs essentially from the ordinary convolution op-
erator f — K * f because its kernel K (z) = —1/m2? is not locally integrable, so we
cannot apply anything so simple as Lemma to obtain a bound. Nonetheless,
a bound exists:

THEOREM 2.6.15. For functions f € C3°(C), consider the functions T f and ILf
in C*(C) given by

14G) = (N6 = 5 [ H )
(2.6.4)
1f(:) = @K+ )2 = =3 Jim [ 2 duto)

For every p € (1,00) and every bounded subset U C C, there exists a constant ¢ > 0
such that

NT flleaey < el fllre for every f € C3°(U),

ITLf || ocy < el fller for every f € C3°(C).

In particular, T and 11 extend to bounded linear operators on LP(U) and LP(C)
respectively.

In addition to implying Theorem 2.6.1] as an immediate corollary, this result has
a stronger consequence that will turn out to have many applications. Observe that
if f € C3°(B) and we have a bound on ||O(T'f)||z»(p), then we actually have an
LP bound on the entire first derivative of T'f since (T f) = f. Then by the density
of C§° in LP:
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COROLLARY 2.6.16. For each p € (1,00), the operator T of ([26.4]) extends
to a bounded linear operator T : LP(B) — W'P(B), which is a right inverse of
§: W' (B) - LP(B). 0

PROOF OF THEOREM FOR p = 2. The statement about 7' : LP(U) —
LP(U) follows already from Lemma for all p € [1,00) since K is locally
integrable. The estimate for II is much harder in general, but the Fourier transform
provides us with an easy argument for the p = 2 case.

The essential property of K is that it is a tempered distribution satisfying 0K = §
and IIf = O(K * f). Taking the Fourier transform of both sides of K = § via

Exercises and 2511, the Fourier transform K (¢) of K(z) satisfies
(2.6.5) 2miC K(¢) = 1.

Moreover, if u = Kxf for f € C§°(C) C .#(C), then u is also a tempered distribution
and (by Proposition Z53]) a smooth function on C, which by Exercise satisfies

i=Kf,
hence 2miCi(¢) = f(¢). Now using Plancherel’s theorem, we estimate

ILf Iz = 0ullz:

= /z\L 2 = i 2 = § il 2
~ [ BP0 = [ zricatop dutc) = [ 'Cz ¢i(Q)| du©)

_ /c FQORdu(C) = 112 = 1122,
O

EXERCISE 2.6.17. Use the Fourier transform to show that 7' : C§°(C) — C*(C) :
f = K * f does not extend to a bounded linear operator L*(C) — L*(C). Remark:
This shows that the boundedness of the domain in Lemma is essential. The
above result for 11 : L> — L? has no such restriction.

The Fourier transform argument in the above proof is one of the simplest cases
of an approach that works in general for elliptic operators of any order with constant
coefficients. See Appendix at the end of this chapter for some discussion of this
and the general definition of ellipticity.

REMARK 2.6.18. If we did not already know a formula for the fundamental solu-
tion K, we could attempt to derive one from (Z.6.7]), i.e. by computing the Fourier
inverse of the function 1/27i(, interpreted as a tempered distribution. This hap-
pens to give the correct answer in this specific example (see Exercise below),
but it is not a reliable method for deriving fundamental solutions in general: first
because computing Fourier inverses is often hard, and second because the relation
(Z63) does not immediately imply that the Fourier transform of K is the function
1/2mi¢—we do not even know a priori whether the Fourier transform of K is a func-
tion, only that it is a tempered distribution satisfying (Z.6.5]). For a more convincing
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illustration of this difficulty, consider the 2-dimensional Laplacian A = —97 — 95 if
G € J'(R?) satisfies AG = ¢, then the Fourier transform of both sides gives

ar?|pPG(p) = 1,

but 1/472|p|? is not a locally integrable function on R? and thus does not define a
distribution. Of course, it is well known that the Laplacian does admit fundamental
solutions in every dimension, see Example 2.6.23}—all we’ve shown here is that the
Fourier transform is not necessarily a good method for finding one.

EXERCISE 2.6.19. Just for fun, show that the Fourier transform of K(z) = 1/2nz

~

really is K(¢) = 1/2mi¢. Hint: Though (2.6.5]) does not immediately imply the an-
swer, it does imply that the difference between 1/2mi¢ and f{(g) is a distribution
“supported at {0}”, i.e. it vanishes when evaluated on any test function whose sup-
port doesn’t include 0. In any decent book on the theory of distributions, you will
find a theorem stating that all distributions supported at {0} are finite linear com-
binations of derivatives of the d-function; equivalently, they are Fourier transforms
of polynomials.

The proof of Theorem for p # 2 requires more powerful techniques from
the theory of singular integral operators. We will now state a more general result
that implies it and can also be used in a number of other contexts, e.g. it suffices for
proving similar estimates for the Laplacian (see Example below). Consider a
function K : R™\ {0} — C satisfying the following conditions:

K e CY(R"\ {0}),

K =0 for all € > 0 sufficiently small,
B!
(2.6.6) c

|K(x)] < for all |z| > 0,

[
K (z)] < IML"“ for all |z| > 0,
where ¢ > 0 is an arbitrary constant and B C R" denotes the open e-ball about 0.

Note that a function with these properties need not be locally integrable on neighbor-
hoods of 0, though the following exercise shows that it will still define a distribution.

EXERCISE 2.6.20. Show that any function K : R™\ {0} — C satisfying the first
three conditions in (2.6.6]) defines a distribution via the principal value integral

(K, ) = p.V./ Kg:= lim Ko.
Rn

e—0t Rn\BgL

Hint: Consider the integral over domains of the form B. \ B} with ¢ > § > 0
arbitrarily small, and compare with the case where  is constant.

The exercise implies via Proposition 5.3l that for any K satisfying the first three
conditions and any f € C§°(R"), one can define a convolution K * f € C*(R",C)
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by
(K f)(x) = lim K(z —y)f(y)duly),

0" JRm\By (2)
where B(x) C R" is the open e-ball about x. It is easy to verify that the function
—1/72% on C\ {0} satisfies the conditions ([26.6), and since we have already shown
that convolutions with this kernel define a bounded operator on L?(C), the next
result implies that the same holds for all p € (1,00) and thus completes the proof
of Theorem

THEOREM 2.6.21. Suppose K : R™\ {0} — C is a function satisfying the condi-
tions (2.6.6)), and that the operator

A:CP(RY) = C®(RY) : f s K % f

extends to a bounded linear operator L*(R™) — L?*(R"). Then it also extends to a
bounded linear operator LP(R™) — LP(R™) for every p € (1, 00).

See §2.Alin the appendices to this chapter for the proof.

REMARK 2.6.22. The case p # 2 of Theorem is considerably harder than
the p = 2 case, and in light of this, it is tempting to ask whether the L? estimates
alone might not suffice for our applications. The main reason why not is that on a
2-dimensional domain, W' embeds into C° only for p > 2, and not for p = 2. One
can sometimes get around this problem by viewing 0 as a Hilbert space operator
H? — H' since H? := W?? does embed into C°, but this trick is not always
available—e.g. it would not help with our proof of the similarity principle in §2.§]
(see Remark 2.8.4)), or with the compactness argument in §5.3] (cf. Lemma [5.3.3]).

EXAMPLE 2.6.23. The Laplacian A := — ?:1 832» for real-valued functions on
R™ has fundamental solutions of the form

1
(n — 2) Vol(Sm—1)|x|n—2

1
K(z) = ~5- In|z| forn=2, K(z) = for n > 3,

where Vol(S"!) > 0 denotes the volume of the unit sphere in R™. These functions
are locally integrable, and so are their first derivatives (in the sense of distributions),
1 X

K;(z) = 0;K(z) = TNl [z

But their second derivatives are not in L{. : they are distributions of the form

1 Ty

K] (l‘) = @@J((:L’) = VO](Sn_l) ‘x|n+27

for j # k,

1
and 8J2K = ——0 + K;;, where
n

2

1 2?2 —x
K;; = J k
J (2) Vol(Sn—1) Zk: |z|nt2
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and the evaluation of K on test functions is defined via principal value integrals

(Kjg, ) := lim Kip(x)o(x) du(z).

e—0t Rn\BgL

Combining Lemma with Theorem 2.6.21] and a Fourier transform argument
for the p = 2 case implies that the operator f — K x f extends to a bounded
right inverse of A : W*P(U) — LP(U) for any bounded domain & C R™ and any
p € (1,00).

EXERCISE 2.6.24. Verify the formulas given in Example 2.6.23] for the fundamen-
tal solution of A and its partial derivatives, then use the Fourier transform to show
that if f € C5°(R™) and uw = K * f, then ||0;0ku| 2 < || f]|12 for each j,k =1,...,n.

2.6.3. Bounded right inverses and weak regularity. In Corollary
above, we showed that 0 : W'?(B) — LP(B) has a bounded right inverse whenever
1 < p < co. This means that the equation Ju = f can be solved for any f € LP(B),
and in a way that controls the first derivatives of the solution. This can be improved
further using the previous regularity results:

THEOREM 2.6.25. For any integer k > 0 and p € (1,00), the operator O :
WHkHLP(B) — WEP(B) admits a bounded right inverse
T : W*(B) — W*»(B),
i.e. 9Tf = f for all f € WHP(B).

Proor. Cor. 2.6.16 proves the result for £ = 0, so we proceed by induction,
assuming the result is proven already for £ — 1. Pick R > 1, and for each ¢ let

W (B) — W' (Bg) : f — f

denote a bounded linear eztension operator, i.e. f satisfies f|p = f and Hf”wz,p(BR) <
cl| fllwerpy for some ¢ > 0 (see e.g. [Eva98| §5.4]). Then by assumption there is a
bounded operator

Ty : Wkil’p(BR) — Wk’p(BR)

that is a right inverse of d : W*?(Bg) — W 12(Bg), hence u := Trf satisfies
Ou = f. But then if f € W"?(Bg), Prop. 264 implies that u € W*T12(B) and

[ullwisros) < cllullwermg + cllfllwsesg)

< Tl - ([ fllws-reza) + el fllweem < callfllwer)-
U

Now that we are guaranteed to have nice solutions of the equation du = f,
we can also improve the previous regularity results to apply to more general weak
solutions. We begin with the simple fact that “weakly” holomorphic functions are
actually smooth.

LEMMA 2.6.26. If u € L'(B) is a weak solution of Ou = 0, then u is smooth.
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PRrOOF. By taking real and imaginary parts, it suffices to prove the same state-
ment for real-valued weak solutions of the Laplace equation: thus consider a function
uw € L'(B,R) such that Au = 0 in the sense of distributions. On B, for any r < 1
we can approximate u by smooth functions u, using a standard mollifier,

Ue = Je * U,

so that u, — u in L'(B,) as ¢ — 0. Moreover, Au, = j. * Au = 0, thus the u,
are harmonic. This implies that they satisfy the mean value property, so for every
sufficiently small ball Bs(z) about any point z € B,,

1
u(z) = — /Bé(z) u(s,t)dsdt.

By L! convergence, this expression converges pointwise in a neighborhood of z to
the map
1
Z— — u(s,t) dsdt.
mo? Bs(2)
The latter is continuous, and must be equal to u almost everywhere, thus u satisfies

the mean value property and is therefore a smooth harmonic function (see [Eva98|
§2.2.3]). O

THEOREM 2.6.27. Suppose f € W*P(B) for some p € (1,00) and u € L'(B) is
a weak solution of the equation Ou = f. Then u € W*LP(B,) for any r < 1.

PROOF. By Theorem ZG.25, there is a solution n € W*?(B) to on = f, and
then d(u —n) = 0. Lemma then implies that uw — 7 is smooth and hence in
WHkLP(B,) for all r < 1, thus u is also in W*T1P(B,). O

COROLLARY 2.6.28. Suppose 1 < p < oo, k is a nonnegative integer, A €
L>®(B,Endg(C")), f € WFP(B,C") and u € LP(B,C") is a weak solution of the
equation Ou + Au = f. Then u € W'P(B,,C") for any r < 1. Moreover if A is
smooth, then u € W*HLP(B. C"), and in particular u is smooth if f is smooth.

PROOF. We have Ou = —Au + f of class LP, thus u € WP(B,,C") by The-
orem If A is also smooth and & > 1, then —Au + f is now of class WP,
so u € W?P(B,,C"), and repeating this argument inductively, we eventually find

u € WhLp(B, CM). 0

The invertibility results for 0 will also be useful for proving more general local
existence results, because the property of having a bounded right inverse is preserved
under small perturbations of the operator—thus any operator close enough to 0 in
the appropriate functional analytic context is also surjective!

EXERCISE 2.6.29. Show that if A : X — Y is a bounded linear map between
Banach spaces and B : Y — X is a bounded right inverse of A, then any small
perturbation of A in the norm topology also has a bounded right inverse. Hint:
Recall that any small perturbation of the identity on a Banach space is invertible,
as its inverse can be expressed as a power series.
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REMARK 2.6.30. In most presentations (e.g. [MS04], [HZ94]), some version of
Corollary and Theorem is proven by “reducing the local problem to a
global problem” so that one can apply the Fredholm theory of the Cauchy-Riemann
operator. For instance, [MS04] uses the fact that J is a surjective Fredholm operator
from WP to LP on the closed unit disk if suitable boundary conditions are imposed,
and a related approach is taken in [HZ94, Appendix A.4], which introduces the
fundamental solution K (z) and defines T'f as a convolution, but then compactifies
C to a sphere in order to make ker(9) finite dimensional. We have chosen instead to
view the existence of a right inverse as an aspect of the basic local regularity theory
for 0, which is a prerequisite for the Fredholm theory mentioned above. However, a
second proof of these results will easily present itself when we discuss the Fredholm

theory in Chapter [3 see Remark B.4.6

2.7. Local existence of holomorphic sections

We now prove a generalization of Lemma [2.3.8 which implies the existence
of holomorphic structures on complex vector bundles with Cauchy-Riemann type
operators. The question is a purely local one, thus we can work in the trivial bundle
over the open unit ball B C C with coordinates s 4 it € B and consider operators
of the form

C®(B,C") — C™(B,C") : u+ Ou + Au
where 0 denotes the differential operator 9, +id;, and A : B — Endg(C") is a family
of real-linear maps on C”. For Lemma it suffices to assume A is smooth, but
in the proof and in further applications we’ll find it convenient to assume that A
has much weaker regularity. The smoothness of our solutions will then follow from
elliptic regularity.

THEOREM 2.7.1. Assume A € LP(B,Endg(C")) for some p € (2,00]. Then for
each finite q € (2,pl, there is an € > 0 such that for any ug € C", the problem

ou+ Au =0
u(0) = g
has a solution u € W1(B,, C").

PROOF. The main idea is that if we take ¢ > 0 sufficiently small, then the
restriction of 0 + A to B, can be regarded as a small perturbation of the standard
operator 0, and we conclude from Cor. and Exercise that the perturbed
operator is surjective.

Since ¢ > 2, the Sobolev embedding theorem implies that functions u € W¢
are also continuous and bounded by ||u||y 1.4, thus we can define a bounded linear
operator

O Wh(B) — LY(B) x C" : u — (Ju, u(0)).
Cor. implies that this operator is also surjective and has a bounded right
inverse, namely

LI(B) x C" = W(B) : (f,uo) = Tf = Tf(0) + uo,
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where T : LY(B) — W'4(B) is a right inverse of 9. Thus any operator sufficiently
close to ® in the norm topology also has a right inverse. Now define x,. : B — R to
be the function that equals 1 on B, and 0 outside of it, and let

O, WH(B) — LYB) x C" : u > ((0 + xeA)u, u(0)).

To see that this is a bounded operator, it suffices to check that W14 — L9 : u +— Au
is bounded if A € LP; indeed,

[Aul Lo < [[Allzallullco < cl| All o[[ullwa,

again using the Sobolev embedding theorem and the assumption that ¢ < p. Now
by this same trick, we find

|Pcu — u|| = || xcAu| Loy < c||All LB,

UHWM(B),

thus ||®. — @|| is small if € is small, and it follows that in this case ®, is surjective.
Our desired solution is therefore the restriction of any u € ®71(0,ug) to B.. O

By Exercise 2.6.8 the local solutions found above are smooth if A : B —
Endg(C™) is smooth, thus applying this to any smooth complex vector bundle
with a complex-linear Cauchy-Riemann operator, we’ve completed the proof of

Lemma and hence Theorem 2.3.71

2.8. The similarity principle

Another consequence of the local existence result in §2.7] is that all solutions
to equations of the form Ou + Au = 0, even when A is real-linear, behave like
holomorphic sections in certain respects. This will be extremely useful in studying
the local properties of J-holomorphic curves, as well as global transversality issues.
In practice, we’ll usually need this result only in the case where A is smooth, but
we’ll state it in greater generality since the proof is not any harder.

THEOREM 2.8.1 (The similarity principle). Suppose A € L*>°(B,Endg(C")) and
u € WY (B,C") for some p > 2 is a solution of the equation Ou + Au = 0 with
w(0) = 0. Then for sufficiently small € > 0, there exist maps ® € C°(B,, Endc(C"))
and f € C®(B,,C") such that

u(z) = ®(2)f(2), of =0, and ¢(0) = 1.

The theorem says in effect that the trivial complex vector bundle B x C" — B
admits a holomorphic structure for which the given u is a holomorphic section. In
particular, this implies that if u is not identically zero, then the zero at 0 is isolated,
a fact that we’ll often find quite useful. There’s a subtlety here to be aware of:
the holomorphic structure in question is generally not compatible with the canonical
smooth structure of the bundle, i.e. the sections that we now call “holomorphic” are
not smooth in the usual sense. They will instead be of class W4 for some ¢ > 2,
which implies they’re continuous, and that’s enough to imply the above statement
about u having isolated zeroes. Of course, a holomorphic structure also induces
a smooth structure on the bundle, but it will in general be a different smooth
structure.
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PROOF OF THEOREM [2Z.8.1] Given the solution u € W?(B, C"), we claim that
there exists a map C' € L>®(B,Endc(C")) such that C(z)u(z) = A(z)u(z) almost
everywhere. Indeed, whenever u(z) # 0 it is simple enough to define

u(2) u(z)

RG] R TE
and extend C(z) to a complex-linear map so that it satisfies a uniform bound in z
almost everywhere; it need not be continuous. Now (94 C)u = 0, and we use Theo-
rem 7] to find a basis of W!P-smooth solutions to (0 + C)v = 0 on B, that define
the standard basis of C" at 0; equivalently, this is a map ® € W'?(B,, Endc(C"))
that satisfies (0 + C)® = 0 and ®(0) = 1. Since p > 2, ® is continuous and
we can thus assume without loss of generality that ®(z) is invertible everywhere
on B, and the smoothness of the map GL(n,C) — GL(n,C) : ¥ — ¥~! then
implies via (Z5.7) that @' € WP(B,, Endc(C")). Then we can define a function
f =&ty : B, — C" which is of class WP since W!? is a Banach algebra. But
since u = ®f, the Leibniz rule implies 0f = 0, thus f is smooth and holomor-
phic. O

EXERCISE 2.8.2. By a change of local trivialization, show that a minor variation
on Theorem 2.8.T] also holds for any u : B — C" satisfying

Osu(z) + J(2)0wu(z) + A(2)u(z) =0,

where J(z) is a smooth family of complex structures on C", parametrized by z € B.
In particular, v has only isolated zeroes.

REMARK 2.8.3. It will occasionally be useful to note that if the Oth-order term
A(z) is not only smooth but complez-linear, then the term ®(z) in the factorization
u(z) = ®(z)f(2) given by Theorem 2.81] will also be smooth. This is clear by a
minor simplification of the proof, since it is no longer necessary to replace A(z) by
a separate complex-linear term C(z) (which in our argument above could not be
assumed to be more regular than L*°), but suffices to find a local solution of the
equation (0 + A)® = 0 with ®(0) = 1. This exists due to Theorem 7] and is
smooth by the regularity results of §2.6l A similar remark holds in the generalized
situation treated by Exercise [Z82 whenever d; + J(z)0; + A(z) defines a complex-
linear operator with smooth coefficients, e.g. it is always true if J is smooth and
A=0.

REMARK 2.8.4. Many technical arguments in the theory of pseudoholomorphic
curves can be carried out using only the (easy) L? elliptic estimates for 0, instead
of the (hard) general L? theory, but the proof of Theorem 281l seems to be one
detail for which the LP theory with p > 2 is essential. It depends in particular
on the fact (used in the proof of Theorem Z.7.1)) that 0 : W'P(B) — LP(B) has a
bounded right inverse for some p > 2. Attempting the same argument using only
the bounded right inverse of d : W'?(B) — L?(B) would run into trouble since
W2(B) does not embed into C°(B), so that one could not expect to produce a
continuous local trivialization ® : B, — End¢(C™). It is also not an option here
to work instead with 0 : W22(B) — W?(B), as the complex-linear zeroth order
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term C' € L*(B,End¢(C™)) in the proof cannot generally be assumed to have any
derivatives, even weakly.

We shall study a few simple applications of the similarity principle in the next
two sections.

2.9. Unique continuation

The following corollary of the similarity principle will be important when we
study the transversality question for global solutions to the linearized Cauchy-
Riemann equation.

COROLLARY 2.9.1. Suppose u : (¥,j) — (M,J) is a smooth J-holomorphic
curve and n € T'(u*T'M) is in the kernel of the linearization DOy(u). Then either
1n =0 or the zero set of n is discrete.

On the local level, one can view this as a unique continuation result for .J-
holomorphic curves. The following is a simple special case of such a result, which
we’ll generalize in a moment.

PROPOSITION 2.9.2. Suppose J is a smooth almost complex structure on C" and
u,v : B — C" are smooth J-holomorphic curves such that u(0) = v(0) = 0 and

u and v have matching partial derivatives of all orders at 0. Then u = v on a
netghborhood of 0.

PRrROOF. Let h =v —u: B — C". We have
(2.9.1) Osu+ J(u(z))0u =0
and
Osv + J(u(2))0w = 0sv + J(v(2))0v + [J(u(2)) — J(v(2))] Orv
— (=) + () — J(u(=)] O

(2.9.2) _ ( /0 1 %J(u(z) +th(2)) dt) o
_ ( / L 7u(z) + th(2)) - h(2) dt) Do = —A(2)h(=),

0

where the last step defines a smooth family of linear maps A(z) € Endg(C™). Sub-
tracting (2Z.9.0)) from ([Z.9.2)) gives the linear equation

9sh(z) + J(u(2))9h(z) + A(2)h(z2) =0,

thus by Theorem 2.81] and Exercise 282 h(z) = ®(z)f(z) near 0 for some con-
tinuous ®(z) € GL(2n,R) and holomorphic f(z) € C". Now if h has vanishing
derivatives of all orders at 0, Taylor’s formula implies

L EYIEI

=50 |2

for all £ € N, so f must also have a zero of infinite order and thus f = 0. U
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The preceding proposition is not generally as useful as one would hope, because
we’ll usually want to think of pseudoholomorphic curves not as specific maps but
as equivalence classes of maps up to parametrization, whereas the condition that
u and v have matching derivatives of all orders at a point depends heavily on the
choices of parametrizations. We shall now prove a more powerful version of unique
continuation that doesn’t have this drawback. It will be of use to us when we study
local intersection properties in §2.14]

THEOREM 2.9.3. Suppose j1 and jo are smooth complex structures on B, J
is a smooth almost complex structure on C", and u : (B,j1) — (C",J) and v :
(B, j2) — (C",J) are smooth nonconstant pseudoholomorphic curves which satisfy
u(0) = v(0) = 0 and have matching partial derivatives to all orders at z = 0. Then
for sufficiently small € > 0 there exists an embedding ¢ : B, — B with ¢(0) = 0
such that u =wvo @ on B..

A corollary is that if u,v : (B,i) — (C", J) are J-holomorphic curves that have
the same oo-jet at 0 after a smooth reparametrization, then they are also identical
up to parametrization. The reparametrization may be smooth but not necessarily
holomorphic, in which case it changes 7 on the domain to a nonstandard complex
structure j, so that the reparametrized curve no longer satisfies dsu + J(u)0; = 0
and Prop. 2.9.2] thus no longer applies. We will show however that in this situation,
one can find a diffeomorphism on the domain that not only transforms j back into ¢
but also has vanishing derivatives of all orders at 0, thus producing the conditions
for Prop. 229.2]

To prepare for the next lemma, recall that if d € N and u : B — C" is a C%
smooth map, then its degree d Taylor polynomial at z = 0 can be expressed in terms
of the variables z = s + it and zZ=s—1it as

(2.9.3) Z > —aﬂaf Z,

k=0 j+4= k

where the differential operators

32 = % = %(83 — ’lat) and 35 (982;
are defined via the formal chain rule. If you've never seen this before, you should take
a moment to convince yourself that (Z.9.3]) matches the standard Taylor’s formula
for a complex-valued function of two real variables u(s,t) = u(z). The advantage of
this formalism is that it is quite easy to recognize whether a polynomial expressed
in z and Z is holomorphic: the holomorphic polynomials are precisely those which
only depend on powers of z, and not Z.

In the following, we’ll use multiindices of the form o = (j, k) to denote higher
order partial derivatives with respect to z and Zz respectively, i.e.

D™ = ok
LEMMA 2.94. Suppose u : B — C" is a smooth solution to the linear Cauchy-
Riemann type equation

(2.9.4) Osu(2) + J(2)0u(z) + A(2)u(z) =0

5 (8 + ’lat)
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with u(0) = 0, where J, A € C*°(B,Endg(C")) with [J(2)]* = —1 and J(0) =i. If
there exists k € N such that 9u(0) = 0 for all £ = 1,...,k, then 0:0u(0) = 0 for
all multiindices o with |a| < k. In particular, the first k derivatives of u at z = 0
all vanish, and 0%1u(0) is the only potentially nonvanishing partial derivative of
order k + 1.

PRrooOF. Since J(0) = i, [Z94) gives d:u(0) = 0, thus we argue by induction
and assume 0;D%u(0) = 0 for all multiindices « of order up to ¢ < k — 1. This
implies that the first /4 1 derivatives of u vanish at z = 0. Now for any multiindex
a of order ¢ + 1, applying D to both sides of (2.9.4) and reordering the partial
derivatives yields

0.D%u(z) + J(2)0Du(z) + Y Cp(2)D u(z),
|Bl<f+1

where Cp(z) are smooth functions that depend on the derivatives of A and J. Eval-

uating at z = 0, the term D?u(0) always vanishes since |3 < ¢ + 1, so we obtain
0D%u(0) = 0 as claimed. O

LEMMA 2.9.5. Given the assumptions of Theorem [2.9.3, the complex structures
J1 and j3 satisfy j1(0) = j2(0) and also have matching partial derivatives to all orders
at z = 0.

Proor. This would be obvious if v and v were immersed at 0, since then we
could write j; = u*J and j, = v*J, so the complex structures and their derivatives
at z = 0 are fully determined by those of u, v and J. In general we cannot assume u
and v are immersed, but we shall still use this kind of argument by taking advantage
of the fact that if v and v are not constant, then Prop. implies that they must
indeed have a nonvanishing derivative of some order at 0.

Write j := j, and assume without loss of generality that j; = i, so u satisfies
Osu+ J(u)0yu = 0. We can also assume J(0) = i. Regarding the first derivative of u
as the smooth map du : B — Homg(R? C") defined by the matrix-valued function

du(z) = (Oau(z) dhu(z)),

let m € N denote the smallest order for which the mth derivative of v at z =
0 does not vanish. Since w also satisfies a linear Cauchy-Riemann type equation
dsu + J(2)0u with J(2) := J(u(z)), Lemma 294 then implies that 0™u(0) is the
only nonvanishing mth order partial derivative with respect to z and z. In particular,
9" 1du(0) is then the lowest order nonvanishing derivative of du at z = 0, and the
only one of order m — 1. We claim that the matrix 0™ 'du(0) € Homg(R?, C) is not
only nonzero but also nonsingular, i.e. it defines an injective linear transformation.
Indeed, computing another mth order derivative of u which must necessarily vanish,
0 = 90" *u(0) = 0™ ' Ou + 10" Ou,

z

which means that the transformation defined by ™~ du(0) is in fact complex-linear,
implying the claim.
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Let us now consider together the equations satisfied by u and v:
du(z)i = J(u(z))du(z),
dv(2)j(2) = J(v(=))dv(2),
where the two sides of each equation are both regarded as smooth functions B —
Homg (R?, C"). By assumption, the right hand sides of both equations have matching

partial derivatives of all orders at z = 0, thus so do the left hand sides. Subtracting
the second from the first, we obtain the function

du(2)i — dv(2)j(z) = du(z) [i — §(2)] + [du(z) — dv(2)] j(2),

which must have vanishing derivatives of all orders at z = 0. For the second term
in the expression this is already obvious, so we deduce

(2.9.5) D [du- (i — ]| = 0

for all multiindices o.. Applying ™! in particular and using the fact that D?du(0)
vanishes whenever |3| < m — 1, this implies

07 du(0) - [i — j(0)] = 0,

so 7(0) = i since 9" 'du(0) is injective. We now argue inductively that all higher
derivatives of i —j(z) must also vanish at z = 0. Assuming it’s true for all derivatives
up to order k—1, suppose « is a multiindex of order k, and plug the operator 97~ D

into (2.9.5). This yields
071D [du - (i = §)]|,_y = ¢+ O du(0) - D*(i — j)|,_, = 0,

where ¢ > 0 is a combinatorial constant; all other ways of distributing the operator
O"~1D* across this product kill at least one of the two terms. Thus using the
injectivity of 7 'du(0) once more, D*(i — j)|,_, = 0. O

LEMMA 2.9.6. Suppose j is a smooth complex structure on C such that j(0) =i
and the derivatives D“j(0) vanish for all orders |a| > 1. If ¢ : (B, i) — (C, ) is
pseudoholomorphic with ¢(0) = 0, then the Taylor series of ¢ about z = 0 converges
to a holomorphic function on B,.

ProOF. The map ¢ : B. — C satisfies the linear Cauchy-Riemann equation
(2.9.6) Os0(2) + J(2)0p(2) = 0,

where we define j(z) = j(p(z)). Our conditions on j imply that j(0) = ¢ and J
also has vanishing derivatives of all orders at 0, thus for any multiindex «, applying
the differential operator D to both sides of (2.9.6]) and evaluating at z = 0 yields
0D“p(0) = 0. This implies that all terms in the Taylor expansion of ¢ about z = 0
are holomorphic, as the only nonvanishing partial derivatives in (Z9.3]) are of the
form 9%p(0) for k > 0.

To see that this Taylor series is actually convergent, we can use a Cauchy integral
to construct the holomorphic function to which it converges: for any 6 < e and

z € Bs, let
1 p(¢) d¢
6 =5 | Lo

T omi (—z
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This is manifestly a holomorphic function, and its derivatives at z = 0 are given by

(2.9.7) Fo(0) = 2 /a ) wéi)jc.

271

Observe that this integral doesn’t depend on the value of §. To compute it, write ¢
in terms of its degree n Taylor polynomial as

n 1 .
0(2) = Y- Hkp(0)2F + 2" B(2),
k=0

with B(z) a bounded function. The integral in (Z9.7) thus expands into a sum of
n + 2 terms, of which the first n are integrals of holomorphic functions and thus
vanish, the last vanishes in the limit 6 — 0, and the only one left is

F(0) = 2 / ) 0:0(0) 46 _ g o).

T omi n!
Thus f and ¢ have the same Taylor series. 0

Proor or THEOREM [2.9.3] Denote j := j5 and without loss of generality, as-
sume j; = ¢ and J(0) = 4. Since all complex structures on B are integrable, there
exists a smooth pseudoholomorphic embedding

v (B,i) = (B,Jj)

with ¢(0) = 0. Now Lemma implies that j — ¢ has vanishing derivatives of all
orders at z = 0, and applying Lemma in turn, we find a holomorphic function
f: B — C with f(0) = 0 whose derivatives at 0 of all orders match those of ¢. In
particular f'(0) = dy(0) is nonsingular, thus f is a biholomorphic diffeomorphism
between open neighborhoods of 0, and for sufficiently small ¢ > 0, we obtain a
pseudoholomorphic map
wo f1:(B.i) = (B,7)

whose derivatives of all orders at 0 match those of the identity map. It follows that

voypo f1: B, — C"is now a J-holomorphic curve with the same oco-jet as u at
2z =0, so Prop. 2292 implies vo po f~! = u. O

2.10. Intersections with holomorphic hypersurfaces

The similarity principle can also be used to prove certain basic facts about inter-
sections of J-holomorphic curves. The following is the “easy” case of an important
phenomenon known as positivity of intersections. A much stronger version of this
result is valid in dimension four and will be proved in §2.10

Let us recall the notion of the local intersection index for an isolated intersection
of two maps. Suppose M is an oriented smooth manifold of dimension n, M; and
M, are oriented smooth manifolds of dimension n; and ny with n; + ny = n, and
fi: My — M and fy : My — M are smooth maps. We say that the pair (p;,ps) €
M; x M; is an isolated intersection of f; and fy at p € M if fi(p1) = fa(p2) =p
and there exist neighborhoods p; € Uy C My and py € Uy C M, such that

fili \ A{p1}) N fa(lho \ {p2}) = 0.
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In this case, one can define the local intersection index

t(f1,p1; fa,p2) €Z

as follows. If the intersection is transverse, we set t(fi,p1; fa, p2) = %1, with the
sign chosen to be positive if and only if the natural orientations defined on each side
of the decomposition

T,M = imdf,(p1) @ im dfa(p2)
match. If the intersection is not transverse, choose two neighborhoods U; and Us

as above and make generic C'*°-small perturbations of f; and f; to maps fi and f5
such that ff|y, M f5lu,, then define

fropn; fape) = Y i an; f5, ),

(q1,92)

where the sum ranges over all pairs (qi,¢2) € Uy x Uy such that ff(q1) = f5(q2).

EXERCISE 2.10.1. Suppose M; and M, are compact oriented smooth manifolds
with boundary, M is an oriented smooth manifold such that dim M; + dim M, =
dim M, and

f1: My — M, fa : My — M, T € [0,1]
are smooth homotopies of maps with the property that for all 7 € [0, 1],
fL(OMy) N f3 (M) = fT(My) N f5(0Ms) = 0.

Show that if f7 and f] have only transverse intersections for 7 € {0, 1}, then

(2.10.1) oo et = D e ).
F2(p1)=13 (p2) Ii(p1)=13}(p2)

Deduce from this that the above definition of the local intersection index for an
isolated but non-transverse intersection is independent of choices. Then, show that
(21010 also holds if the intersections for 7 € {0, 1} are assumed to be isolated but
not necessarily transverse. Hint: If you have never read [Mil97], you should.

Similarly, if f : My — M is a smooth map and N C M is an oriented submanifold
with dim M; + dim N = dim M, a point p € M; with f(p) € N can be regarded
as an isolated intersection of f with NV if it defines an isolated intersection of f;
with the inclusion map N < M, and the resulting local intersection index will be
denoted by

W f,p;N) € Z.

THEOREM 2.10.2. Suppose (M, J) is an almost complex manifold of dimension
2n >4, and ¥ C M is a (2n — 2)-dimensional oriented submanifold which is J-
holomorphic in the sense that J(TY) = T and whose orientation matches the
canonical orientation determined by J|rs. Then for any smooth nonconstant J-
holomorphic curve v : B — M with u(0) € X, either u(B) C ¥ or the intersection
u(0) € X is isolated. In the latter case,

v(u,0;%) > 1,

with equality if and only if the intersection is transverse.
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PRrROOF. By choosing coordinates intelligently, we can assume without loss of
generality that ¥ = C"! x {0} c C"! x C = M, u(0) = (0,0), and J satisfies

_(J(w) O
J(w,0) = ( 0 z)
for all w € C" ! near 0, where i in the lower right entry means the standard
complex structure on C and J is a smooth almost complex structure on C™ L.
Write u(z) = (4(z), f(z)) € C" x C, so that intersections of u with ¥ correspond
to zeroes of f : B — C. We shall use an interpolation trick as in the proof of
Prop. to show that f satisfies a linear Cauchy-Riemann type equation.
For ¢t € [0,1], let uy(2) = (a(z),tf(2)), so u3 = u and uy = (4,0). Then since
Osu + J(u) Qyu = 0, we have

Osu + J(ug) Opu = Osu + J(u) Opu — [J(uy) — J(ug)] Ou

= (/O %J(a,tf)dt) Opu = — (/O Dﬂ(ﬁ,tf)jdt) B

Ay

where the last step defines a smooth family of linear maps A : B — Homg(C, C").
Since J(ug) = J(1,0) preserves the factors in the splitting C* = C"! x C, we can
project this expression to the second factor and obtain a smooth family of linear
maps A : B — Endg(C, C) such that the equation O, f +i0,f + Af is satisfied.

By the similarity principle, f either vanishes identically near z = 0 or has an
isolated zero there. The former would imply u(B) C ¥. In the latter case, the
isolated zero has positive order, so f can be perturbed slightly near 0 to a smooth
function with only simple zeroes, where the signed count of these is positive and
matches the signed count of transverse intersections between Y and the resulting
perturbation of u. Moreover, the signed count is 1 if and only if the zero at z = 0 is
already simple, which means the unperturbed intersection of u with ¥ is transverse.

0

2.11. Nonlinear regularity

We now extend the previous linear regularity results to the nonlinear case. In
order to understand local questions regarding pseudoholomorphic maps u : (%, j) —
(M, J), it suffices to study u in local coordinates near any given points on the domain
and target, where by Theorem 2.1.6, we can always take holomorphic coordinates
on the domain. We can therefore assume (3,5) = (B,i) and M is the unit ball
B? c C", with an almost complex structure .J that matches the standard complex
structure ¢ at the origin. Denote by

J™(B*) ={J € C™(B*",Endg(C")) | J* = -1}
the space of C™-smooth almost complex structures on B*".

THEOREM 2.11.1. Assume p € (2,00), m > 1 is an integer, J € J™(B*") with
J(0) =i and u : B — B*" is a J-holomorphic curve in W'P(B) with u(0) = 0.
Then u s also of class VVIZLCH’p on B. Moreover, if J, € J™(B*") is a sequence with
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Jpy — J in C™ and u, € WYP(B) is a sequence of Jy-holomorphic curves in B*"

. . ; 1
converging in WP to u, then uy, also converges in I/Vl’;“;r L

By the Sobolev embedding theorem, this implies that if J is smooth, then ev-
ery J-holomorphic curve is also smooth, and the topology of W'lif—convergence on a
space of pseudoholomorphic curves is equivalent to the topology of Cf% -convergence.
This equivalence has an important consequence for the compactness theory of holo-
morphic curves, arising from the fact that the hierarchy of Sobolev spaces

LCWkPCcWEFY WP C P

comes with natural inclusions that are not only continuous but also compact. Indeed,
the following result plays a fundamental role in the proof of Gromov’s compactness
theorem, to be discussed later—it is often summarized by the phrase “gradient
bounds imply C*°-bounds.”

COROLLARY 2.11.2. Assumep € (2,00) andm > 1, J, € J™(B?") is a sequence
of almost complex structures converging in C™ to J € J™(B*), and uy, : B — B*"
is a sequence of Jy-holomorphic curves satisfying a uniform bound ||uy||w»m) < C.

. . 1 .
Then uy has a subsequence converging in W'g?r P to a J-holomorphic curve u : B —
B,

PrOOF. Our main task is to show that u; also satisfies a uniform bound in
Wm™+LP on every compact subset of B, as the compact embedding W™mHL» «y J/m»
then gives a convergent subsequence in W,"w”, which by Theorem 2 TT.T] must also
converge in I/VITCH”’ . We begin with the observation that wu; already has a C°-
convergent, subsequence, since W1?(B) embeds compactly into C°(B); thus assume
without loss of generality that u; converges in C° to a continuous map u : B — B*",
and after a change of coordinates on the target, u(0) = 0 and J(0) = 1.

Theorem 2TT1] can be rephrased in terms of the following local moduli spaces:

let

M2 C C™(B*, Endg(C")) x W'P(B,C")
denote the space of pairs (J,u) such that J € J™(B*") and u : B — B> is a
J-holomorphic curve. This is naturally a metric space due to its inclusion in the

Banach space above. Similarly, for any positive number r» < 1, define the Banach
space

W'?(B,C") = {u e W"(B,C") \ ulp, € WH(B,)},

whose norm is the sum of the norms on W'?(B) and W™'?(B,), and define the
metric subspace

,/\/li,p,m = {(J, u) c jm(an) % er’p(B,(Cn) | u(B) c B2 and Ot + J(u)ﬁtu _ 0}.
Theorem [ZIT.1l implies that the natural inclusion
(2.11.1) My gl

is a homeomorphism. Now the pairs (Jy, uy) form a bounded sequence in M'?™ and
we can use the following rescaling trick to replace (Ji, ux) by a sequence that stays
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within a small neighborhood of J™(B?*") x {0}. For any € > 0 and u € W'?(B),
define the map u®: B — C" by

u(z) = u(ez).

We claim that for any § > 0, one can choose € > 0 such that ||uf|w1.rz) < 0 for
sufficiently large k. Indeed, integrating by change of variables,

. . 1 1
il = [ TP st =5 [ P dsar< 5 [ g, dsar
B € Be € BE
= Wl‘ukHZéO(BE) - W"UHZO(&)’

where the latter is small for small € since u(0) = 0. Likewise,
1D, = [ leDu(e)P dsde = [ |Dun(:)P dst < @ 2Dl

which is small due to the uniform bound on ||u||w1»(s). Thus choosing e sufficiently
small, (Ji,u$) € MPP™ lies in an arbitrarily small ball about (J, 0) for large k, and
the homeomorphism ([ZILI) then implies that the same is true in MLP™ thus
giving a uniform bound

|ug | wmsres,) < C.

Rescaling again, this implies a uniform bound on ||ug||wm+1.r(p,,). Since this same
argument can be carried out on any sufficiently small ball about an interior point in
B, and any compact subset is covered by finitely many such balls, this implies the
desired bound in W™ on B. O

Theorem 2.IT.1] will be proved by induction, and the hard part is the initial
step: we need to show that if J is of class C', then the regularity of u can be
improved from WP to I/Vlicp Observe that it suffices to find a number ¢ > 0 such
that u € W?%P(B,) and the sequence u;, converges in W*?(B,), since any compact
subset of B can be covered by finitely many such balls of arbitrarily small radius.
To obtain the desired results on B, we will use much the same argument that was
used in Prop. 2.6.4] for the linear case: more bookkeeping is required since J is not
standard, but we’ll take advantage of the assumption J(0) = ¢, so that J is nearly

standard on B, if € is sufficiently small.

ProOOF OF THEOREM 2Z.IT.1] FOR m = 1. We shall use the method of differ-
ence quotients as in Prop. 264 to show that u € W2P(B,) for small ¢ > 0[ For
any r < 1 and h € R\ {0} sufficiently small, define a function v € W'?(B,,C") by

b u(s+ h,t) —u(s,t)
t) =
u (S’ ) h ?
so u” converges in LP(B,) to dyu as h — 0. Our main goal is to find constants € > 0
and C' > 0 such that

(2.11.2) [l wrin) < C

0The difference quotient argument explained here is adapted from the proof given in [AH]L
Appendix 4].
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for all sufficiently small h # 0. The Banach-Alaoglu theorem then gives a sequence
h; — 0 such that u" converges weakly in W1P(B,), implying that its limit Osu is
also in W1P(B,); since exactly the same argument works for d;u, we will conclude
u e W(B,).

To prove the bound ([2IL.2), assume at first that e is any real number with
0 < e < 1/2; its value will be further specified later. Choose a smooth cutoff
function g, : B — [0,1] with support in By such that |, = 1. It will then
suffice to show that if € is taken small enough, we can find a uniform bound on
| Bew” lwn(p,) as h — 0. The latter has compact support in B, so the main
elliptic estimate (Theorem [2Z.6.1]) gives

||65uh ||W1’P(BQe) < CHg(ﬁEuh) ||LP(BQS) :

We wish to take advantage of the fact that 0;u = 0, where we abbreviate 0; :=
Os + J(u)0;. The latter can be regarded as the standard Cauchy-Riemann operator
on a trivial bundle with nonstandard complex structure J(u(z)), so in particular it
satisfies the Leibniz rule 0;(fv) = (0;f)v + f(Oyv) for f: B— R and v : B — C™.
The difference quotient also satisfies a Leibniz rule (fv)" = fhv+ fo". Now rewriting
d(BeuM) in terms of 9, we have

(2.11.3) O(Beu”) = 9;(Beu™) + [i — J (w)] D, (Beu”),

where the first term can be expanded as

95 (BauM) = (0,8)u" + B0 (u"

)
(2.11.4) = (0B )u™ + [J(u) — 1] (OB )u" + Be (6iuh + J(u)opu")
= (9B )u" + [J (u) — i] (9uB)u" + Be ((Oyu)" — [J (u)]"Opu)
= (0B )u" + [J(u) = i) (BBe)u" — Bl J (w)]"Opu.
The last term in (ZIT.3) satisfies the bound

i = T ()] BuBet™) |y < N = T () o |1Be(Bett) oo

< C1(IBeu" [lwrn(Ba0);

where Cy(€) := ||i — J(u)| cop,.), and the fact that J(u(0)) = J(0) = ¢ implies that
C(€) goes to zero as € — 0. We can find similar bounds for every term on the right
hand side of (ZIL4): the first two, ||(98:)u"|z» and ||[J(u) —1](0;Bc)u"||L», are both
bounded uniformly in h since ||u”||z» — ||Osu|/zr as h — 0. For the third term, we
use the fact that J € C! to find a pointwise bound

@) (5, 1)] = 7 (s + A1) — (s, )] < 71Tl fuls + b t) — u(s, 1)
= |/l

which implies
Hﬁe[J(U)]hatuHLp(B%) < Hﬁs[J(U)]hHCO(B) |0l Lo (Bae)
< CHBEuhHC’O(B)||u||W1’P(BQE)
< Co(e)||Beu" lwrasy = Cal) 1Bt lwrr(say),
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using the continuous embedding of W'?(B) into C°(B). Here Cy(¢) is a constant
multiple of ||ul[w1s(p,.) and thus also decays to zero as e — 0. Putting all of this
together, we have

|Beu™lwin(pay < C + Ca(e)|| B lwrn(s,)

where C3(€) — 0 as € — 0, thus taking e sufficiently small, we can move the last
term to the left hand side and obtain the desired bound,

C
h
) <
”Beu ”Wlp(Bze) =71_ 03(6)

The statement about convergent sequences follows by a similar argument: we
assume ||u — ug|[wir(z) — 0 and use Exercise 263 to estimate ||u — ug|lw2rp,) via

18 = wi) lwen(po) < e O(Bews) — A(Beun)llwrr(pa)-

It will be important to note that the constant ¢; > 0 in this relation does not depend
on the choice of € > 0. Adapting the computation of ([ZIL3)) and (ZIL4) using

Osu + J(u)Opu = Osuy + Ji(ug)Opuy, = 0, we now find

+ (0B)[J () — il (u = uk) + (0Be) [ () — Ji (k)

+ [ (ur) = J(@)]0h(Bew) + [0 = J(ur)][0:(Bew) — Or(Beun)].
Since WP is a Banach algebra, it is easy to see that for any fixed € > 0 sufficiently
small, the first three terms in this expression each decay to zero in W1P(By,) as
|u — ugllwrr — 0; in particular for the third term, we use the fact that J, — J
in C' to conclude Jy,(uy) — J(u) in WP, The fourth term is bounded similarly
since ||Ox(Bew) |wir(so) < ||Bett|lw2r(B,.), and we've already proved above that u €

W?2P(B,) for sufficiently small r. The fifth term is a bit trickier: using the definition
of the WP-norm, we have

[l = Ji(we)l[0c(Bew) = Ou(Bewn)]||yy1 5,
< |[li = T (wn)][0:(Bew) — Ou(Beuy)] HLP(BQE)
+ || D (ur) - Dug - [04(Beu) — at(ﬁeuk)]HLp(BQE)
+ ||l = Tk () )[DD(Ber) = DOBew)]|| o, -

Since uy, — w and Jp — J in C° while J(u(0)) = ¢, we can fix ¢ > 0 small enough
so that for all k sufficiently large,

(2.11.5)

| 1
i = JeCw) ooz, < 3

The first term on the right hand side of (ZIT.3) is then bounded by a constant times
| Bew — Beug||wr», which goes to zero as k — oo, and the third term is bounded by

1
Beu — @WHWM(BQS) < 3—01 ||5eu - @WHWM(B%)-

|7 — Jr(ur)|lcoBse)
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For the second term, we use the continuous embedding W? < C° and obtain the

bound
1D Tkl col| Dugl| o (5,.)

< el Jrll e [[unl[wre o

é%(BgU)——é%<BgUk)”COU”
8t(65u) - 81t(557~bl’c)||W147(B)
Bew — Beur||w2r(By.),

where we observe that the constant c3 > 0 is also independent of the choice of € > 0.
We can therefore shrink e if necessary and assume

1
36103.

< c3l|ullwrr(By)

ullwrps,y <

Putting all this together, we now have a bound of the form

2
1Be(u = we)llwansa < F ([u = wrllwre) + 5l18e(w = wi)llw2e(sa)

for sufficiently large k, where F'(t) — 0 as ¢t — 0, thus we conclude that ||S.(u —
ug)|lw2r(,) — 0 as k — oo. O

To complete the proof of Theorem [ZTT.T] by induction, we use the following
simple fact: if u is J-holomorphic, then its 1-jet can also be regarded as a pseudo-
holomorphic map. A global version of this statement is made precise in the appendix
by P. Gauduchon of [Aud94], but we will only need a local version, which is much

simpler to see. If J € J™(B*"), we can define an almost complex structure J of
class C™~! on B x B?*" x C" in block form by

i 0 0
J(z,u, X) = 0 Jw) 0 |,
Alu, X) 0 J(u)

where A(u, X) € Homg(C, C") is defined by
Au, X)(x +iy) = (DI ()X - X DJ(u)X - J(u)X) (g) .

Using the fact that 0 = D(J?)(u)X = DJ(u)X - J(u) + J(u) - DJ(u)X, one can
easily compute that A(u, X)i+JA(u, X) = 0 and thus J is indeed an almost complex
structure. Moreover, if u: B — B?" satisfies d,u + J(u)9;u = 0 then

i:B— BxB"xC": 2z (z,u(z),0su(z))

satisfies 8,0 4 J ()0, = 0. Indeed, this statement amounts to a system of three
PDEs, of which the first is trivial, the second is Osu + J(u)dyu = 0 and the third is
the latter differentiated with respect to s.

EXERCISE 2.11.3. Verify all of the above.

We can now carry out the inductive step in the proof of Theorem L TT.T} assume
the theorem is proved for almost complex structures of class C™~!. Then if J €
J™(B*) and v € W'P(B) is J-holomorphic, we have u € W/"F and du is J-

loc

holomorphic for an almost complex structure .J of class C™~!, implying dyu € W,

as well. Now Qyu = J(u)0su is also in W,w" since W™ is a Banach algebra, hence
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u € I/Vl?cﬂ’p as claimed. The statement about converging sequences follows by a

similarly simple argument.

2.12. Some tools of global analysis

To understand the structure of spaces of solutions to the nonlinear Cauchy-
Riemann equation, and in particular to prove local existence in the next section,
we will use the generalization of the standard differential calculus for smooth maps
between Banach spaces. A readable and elegant introduction to this topic may be
found in the book of Lang [Lan93|; here we shall merely summarize the essential
facts.

Most of the familiar properties of derivatives and differentiable functions gener-
alize nicely to maps between arbitrary normed linear spaces X and Y, so long as
both spaces are complete. The derivative of the map f: X — Y at x € X (also
often called its linearization) is by definition a continuous linear operator

df (z) € L(X,Y)
such that for small h € X,

f(x+h) = f(x) + df (2)h + o([|h]|x),

where o(||h||x) denotes an arbitrary map of the form n(h) - ||| x with lim,_on(h) =
0. If df(z) exists for all x € X, one has a map between Banach spaces df : X —
L(X,Y), which may have its own derivative, and one thus obtains the notions of
higher order derivatives and smoothness. Proving differentiability in the infinite-
dimensional setting is sometimes an intricate problem, often requiring integral in-
equalities such as Sobolev or Hélder estimates, and it is not hard to find natural
examples of maps that are everywhere continuous but nonsmooth on some dense
set.

EXERCISE 2.12.1. If S' = R/Z, we can denote the Banach space of real-valued
continuous and 1-periodic functions on R by C°(S'). Show that the map @ :
R x C°(S') — C9(S1) defined by ®(s, f)(t) = f(s+ t) is continuous but not differ-

entiable.

Despite these complications, having defined the derivative, one can prove infinite-
dimensional versions of the familiar differentiation rules, Taylor’s formula and the
implicit function theorem, which can become powerful tools. The proofs, in fact,
are virtually the same as in the finite-dimensional case, with occasional reference to
some simple tools of linear functional analysis such as the Hahn-Banach theorem.
Let us state the two most important results that we will make use of.

THEOREM 2.12.2 (Inverse function theorem). Suppose X and Y are Banach
spaces, U C X is an open subset and f : U — Y is a map of class CF for k > 1
such that for some xo € U, df (zg) : X — Y is a continuous isomorphism. Then f
maps some neighborhood O of xo bijectively to an open neighborhood of yo := f(xo),
and its local inverse f=1: f(O) — O is also of class C*, with

d(f ) (yo) = df (x0)] "
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Note that while derivatives and notions of differentiability can be defined in
more general normed vector spaces, the inverse function theorem really requires
X and Y to be complete, as the proof uses Banach’s fixed point theorem (i.e. the
“contraction mapping principle”). The implicit function theorem follows from this,
though we should emphasize that it requires an extra hypothesis that is vacuous in
the finite-dimensional case:

THEOREM 2.12.3 (Implicit function theorem). Suppose X and Y are Banach
spaces, U C X is an open subset and f : U — Y is a map of class CF for k > 1
such that for some xy € U, df (x¢) : X — Y s surjective and admits a bounded right
inverse. Then there exists a C*-map

b, 0, — X,

which maps some open neighborhood O, C kerdf(x¢) of 0 bijectively to an open
neighborhood of zo in f~ (o), where yo = f(x0).

Note that the existence of a bounded right inverse of df (z¢) is equivalent to the
existence of a splitting

X =kerdf(zg)®V,

where V' C X is a closed linear subspace, so there is a bounded linear projection
map 7 : X — kerdf(zp). One makes use of this in the proof as follows: assume
without loss of generality that xqg = 0 and consider the map

(2.12.1) Uo:U =Y Gkerdf(0) : z — (f(z), 7x(x)).

Then dWy(0) = (df(0),7x) : X — Y @ kerdf(0) is an isomorphism, so the inverse
function theorem gives a local C*-smooth inverse W', and the desired parametriza-
tion of f~!(yo) can be written as ®y(v) = ¥y (f(0),v) for sufficiently small v €
ker df (0).

Of course the most elegant way to state the implicit function theorem is in terms
of manifolds: a Banach manifold of class C* is simply a topological space that
has local charts identifying neighborhoods with open subsets of Banach spaces such
that all transition maps are C*-smooth diffeomorphisms. Then the map ®,, in
the implicit function theorem can be regarded as the inverse of a chart, defining a
Banach manifold structure on a subset of f~(yo). In fact, it is not hard to see that
if 71,70 € [~ (yo) are two distinct points satisfying the hypotheses of the theorem,
then the resulting “transition maps”

o lod,,: 0, = O,
are C*-smooth diffeomorphisms. Indeed, these can be defined in terms of the ¥-map
of (2121 via
\1[11 © \I];; <y07 U) = <y07 (I);nll © (I)l“Q (U))v

where U, and V., are C*-smooth local diffeomorphisms. Moreover, these charts
identify the tangent space to f~(yo) at any x¢ € f~!(yo) with ker df (zo) C X. Thus
we can restate the implicit function theorem as follows.
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COROLLARY 2.12.4. Suppose X and Y are Banach spaces, U C X is an open
subset, f U — Y is a C*-smooth map for k > 1 and y € Y is a reqular value of
[ such that for every x € f~1(y), df(x) has a bounded right inverse. Then f~1(y)
admits the structure of a C*-smooth Banach submanifold of X, whose tangent space

at x € f~Hy) is ker df (z).

By picking local charts, one sees that a similar statement is true if X and Y are
also Banach manifolds instead of linear spaces, and one can generalize a step further
to consider smooth sections of Banach space bundles. These results will become
particularly useful when we deal with Fredholm maps, for which the linearization
has finite-dimensional kernel and thus satisfies the bounded right inverse assumption
trivially whenever it is surjective. In this way one can prove that solution sets of
certain PDEs are finite-dimensional smooth manifolds. In contrast, we’ll see an
example in the next section of a solution set that is an infinite-dimensional smooth
Banach manifold.

The differential geometry of Banach manifolds in infinite dimensions is treated
at length in [Lan99]. A more basic question is how to prove that certain spaces
which naturally “should” be Banach manifolds actually are. This rather delicate
question has been studied in substantial generality in the literature (see for example
[Eel66.Pal68|[EII67]): the hard part is always to show that certain maps between
Banach spaces are differentiable. The key is to consider only Banach spaces that
have nice enough properties so that certain natural classes of maps are continuous,
so that smoothness can then be proved by induction.

The next two lemmas are illustrative examples of the kinds of results one needs,
and we’ll make use of them in the next section. First a convenient piece of notation:
if Y € R™ and 2 C R™ are open subsets and X(U,R™) denotes some Banach space
of maps U — R™ that admits a continuous inclusion into C°(U, R™), then denote

X(U,Q) ={ueXU,R") | uld) C Q}.

Due to the continuous inclusion assumption, this is an open subset of X (U, R"). We
assume below for simplicity that 2 is convex, but this assumption is easy to remove
at the cost of more cumbersome notation; see [EIi67, Lemma 4.1] for a much more
general version.

LEMMA 2.12.5. Suppose U C R™ denotes an open subset, and the symbol X as-
sociates to any Euclidean space RN a Banach space X (U, RY) consisting of bounded
continuous maps U — RY such that the following hypotheses are satisfied:

e (CY-INCLUSION) The inclusion X(U,RY) < C°(U,RYN) is continuous.
e (BANACH ALGEBRA) The natural bilinear pairing

XU, L(R" RY)) x X(U,R") — X(U,RY) : (A, u) — Au

i1s well defined and continuous.
o (C*-coNTINUITY) For some integer k > 0, if @ C R™ is any open set and
f € CHQ,RY), the map

(2.12.2) O XU, Q) — X(URY) :urs fou

1s well defined and continuous.
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If Q C R™ is a convex open set and f € C*(Q,RY) for some r € N, then the map
Qs defined in ZI22) is of class C" and has derivative

(2.12.3) d®s(u)n = (df ou)n.

REMARK 2.12.6. In the formula (2I12.3)) for the derivative we’re implicitly using
both the BANACH ALGEBRA and C*-CONTINUITY hypotheses: the latter implies
that df ou is a map in X (U, £ (R",RY)), which the former then embeds continuously
into .Z(X(U,R"), X(U,RN)).

PrOOF OF LEMMA [2.12.5l We observe first that it suffices to prove differen-
tiability and the formula (ZI23), as df o u is a continuous function of u and C"-
smoothness follows by induction. Thus assume r = 1 and n € X(U,R") is small
enough so that u + 7 € X(U, Q). Then

Ot 1) = By0) + [ wt ) = Foul = Bsfu)+ [ Sfo (-t

(2.12.4) = Op(u) + Uol df o (u+tn) dt} n

= ®y(u) + (df 0wy + [0 o (u+n,u)]n,
where we've defined 6 : Q x Q — Z(R", RY) by

(2.12.5) @mwzlkwu4m+m—#@wu

and observe that 6; € C* since f € C*1. It follows that 6, defines a continuous
map

X(U,Q x Q) — XU, LR RY)) : (u,v) = 00 (u,v),
and in particular

rlll_%ﬁfo (u+mn,u)=60s(u,u) =0,

where the limit is taken in the topology of X(U, Z(R", RY)). Thus (ZIZ4) proves
the stated formula for d®(u). O

We will need something slightly more general, since we’ll also want to be able to
differentiate (f,u) — f owu with respect to f.

LEMMA 2.12.7. Suppose U, 2 and X(U,R™) are as in Lemma [Z12.5, and in
addition that the pairing T'(u)f := f ou defines T as a continuous map

(2.12.6) T:X(U,Q) — L(CHORY), X(U,RY)).
Then for any r € N, the map

U CFQ,RY) x X(U, Q) — XU,RY) : (f,u) — fou
1s of class C" and has derivative

dV(f,u)(g,n) = gou+ (df ou)n.
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PROOF. We'll continue to write ®; = W(f, ) for each f € C*(Q,RY); this is a
C"-smooth map X(U, Q) — X (U,RY) by Lemma ZI2H Observe that the pairing

T(u)f = fouof (ZI2.6) also gives a map

T:X(U,Q) — L(CH(Q,RY), X(U,RY))
for each integer r > 0, and we claim that this is of class C". The claim mostly
follows already from the proof of Lemma expressing the remainder formula

(2I124) in new notation gives
(2.12.7) T(u+n)f = T(u)f + [T (w)df]n + [Ta(u+n,w)6y] .
where we've defined the related maps
T : X(U,Q) = 2(CHHQ, ZR™, R, X (U, Z(R™, RY))),
Ty : X(U,Q x Q) = L(CHQ x Q, ZR",RY)), X(U, ZR",RY))).
Note that the correspondence defined in (2I21) gives a bounded linear map
CHT(Q,RY) = C* 1 (A x Q, Z(R™,RY)) : f 6.

Now arguing by induction, we can assume 7T and T5 are both of class C"™~!. Then
as a family of bounded linear operators acting on f, the pairing of T5(u +n, u) with
6 goes to zero as n — 0, and (ZI27) implies

[dT(u)n] f = [Ty (u)df]n,
so dT is of class C"~!, proving the claim.
Next consider the derivative of the map ¥ in the case r = 1. For any small
g € C*1Q,RY) and n € X(U,Q), we compute

U(f+g,u+n)=V(fu) +[T(uw+n)(f+g) = T(u+n)(f)]+[@rlutn) — Os(u)
=V(f,u) +T(u)g+ (T(u+n) —T(u))g+d®s(w)n+ o(||nl)
= U(f,u) +gou+ (df ouyn+o([(g,n)))-

Thus W is differentiable and we can write its derivative in the form dV(f,u) =
T(u) 4+ W(df,u). The general result now follows easily by induction. O

In the next section we’ll apply this using the fact that if B C C is the open
unit ball and kp > 2, then the space W*P(B) is a Banach algebra that embeds
continuously into C°, and the pairing (f,u) — f ou gives a continuous map

CH(Q,RY) x WkP(B,Q) — Wh?(B,RY).

Observe that by Lemma 2.12.5] the map u +— f o u on a suitable Banach space
will be smooth if f is smooth. Things get a bit trickier if we also consider f to be a
variable in this map: e.g. if f varies arbitrarily in C* then the map ¥(f,u) = fou
also has only finitely many derivatives. This headache is avoided if f is allowed to
vary only in some Banach space that embeds continuously into C'*°, for then one
can apply Lemma 2127 for every k£ and conclude that ¥ is in C" for all . The
most obvious examples of Banach spaces with continuous embeddings into C'*° are
finite dimensional, but we will also see an infinite-dimensional example in Chapter [
when we discuss transversality and Floer’s “C', space”.
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2.13. Local existence of J-holomorphic curves

We shall now apply the machinery described in the previous section to prove
a local existence result from which Theorem on the integrability of Riemann
surfaces follows as an easy corollary. As usual in studying such local questions, we
will consider J-holomorphic maps from the unit ball B C C into B** c C", with the
coordinates chosen so that J(0) = i. Let B, and B?" denote the balls of radius r > 0
in C and C" respectively.

In §2.7] we stated the result that there always exists a J-holomorphic curve
tangent to any given vector at a given point. What we will actually prove is more
general: if J is sufficiently smooth, then one can find local J-holomorphic curves with
specified derivatives up to some fixed order at a point, not just the first derivatve—
moreover one can also find families of such curves that vary continuously under
perturbations of J. Some caution is in order: it would be too much to hope that
one could specify all partial derivatives arbitrarily, as the nonlinear Cauchy-Riemann
equation implies nontrivial relations, e.g. d;u(0) = J(u(0)) su(0). What turns out
to be possible is to specify the holomorphic part of the Taylor polynomial of u at
z = 0 up to some finite order, i.e. the terms in the Taylor expansion that depend only
on z and not on z (cf. Equation (Z9.3))). The relevant higher order derivatives of u
will thus be those of the form 9*u(0). As the following simple result demonstrates,
trying to specify more partial derivatives beyond these would yield an ill-posed
problem.

PROPOSITION 2.13.1. Suppose J is a smooth almost complex structure on C"
with J(0) = i, and u,v : B — C" are a pair of J-holomorhic curves with u(0) =
v(0) = 0. If there exists d € N such that

02u(0) = 9;v(0)

for all k = 0,...,d, then in fact D*u(0) = D*v(0) for every multiindex o with
la] < d.

PRrROOF. Recall that when we used the similarity principle to prove unique con-
tinuation in Prop. 2.9.2] we did so by showing that h := u — v : B — C" satisfies a
linear Cauchy-Riemann type equation of the form

Osh + J(2)0;h + A(2)h = 0,

where in the present situation J : B — Endg(C") is a smooth family of complex
structures on C" and A € C*°(B, Endg(C")). Since 0*h(0) =0 for all k =0,...,d,
Lemma 294 now implies D*h(0) = 0 for all |o| < d. O

Here is the main local existence result.

THEOREM 2.13.2. Assume p € (2,00), d > 1 is an integer, m € N U {oco} with
m >d+1, and J € J™(B*") with J(0) = i. Then for sufficiently small € > 0, there
exists a C™ %-smooth map

U (BI)H = WP (B,C")
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such that for each (wy, ..., wy) € (B*)4 w = U(wy,...,wg) is a J-holomorphic
curve with

for each k=0,...,d.

EXERCISE 2.13.3. Convince yourself that Theorem 2.13.2] together with elliptic
regularity, implies that smooth almost complex structures on a real 2-dimensional
manifold are always smoothly integrable, i.e. they admit smooth local charts whose
transition maps are holomorphic. (See also Corollary Z13.13])

REMARK 2.13.4. There is also an analogue of Theorem for local holomor-
phic half-disks with totally real boundary conditions; see [Zeh].

As with local existence of holomorphic sections, our proof of Theorem 2132 will
be based on the philosophy that in a sufficiently small neighborhood, everything
can be understood as a perturbation of the standard Cauchy-Riemann equation.
To make this precise, we will take a closer look at the local moduli space of J-
holomorphic curves that was introduced in the proof of Corollary B.IT.2l For p €
(2,00) and k > 1, define

W (B, B*) = {u € W*?(B,C") | u(B) C B},

which is an open subset of W*?(B,C") due to the continuous embedding of W*?
in CY The space of C™-smooth almost complex structures on B?" will again be
denoted by J™(B*"). Now for J € J™(B?"), p € (2,00) and k € N, we define the
local moduli space

MFP(JT) = {u e WFHP(B, B™) | Oyu + J(u)du = 0}.
Observe that M*?(.J) always contains the trivial map u = 0.

PROPOSITION 2.13.5. Suppose J € J™(B*") with J(0) =i and m > k > 2.
Then some neighborhood of 0 in M*P(J) admits the structure of a C™ **1-smooth
Banach submanifold of W*P(B,C"), and its tangent space at 0 is

ToMPP(J) = {n e WF?(B,C") | On = 0}.

We prove this by presenting M*?(J) as the zero set of a differentiable map
between Banach spaces—the tricky detail here is to determine exactly for which
values of k, m and p the map in question is differentiable, and this is the essential
reason behind the condition m > d + 1 in Theorem For any p € (2,00) and
k,m e N withm >k —1, let J € J™(B*") with J(0) =i and define the nonlinear
map

dp  WHP(B, B*™) — WFLP(B,C") : u s Ogu + J(u)0u.

This is well defined due to the continuous Sobolev embedding W*? < C*~1: then
J o w is of class C*~! and thus defines a bounded multiplication on O,u € W*=1r.
One can similarly show that ®; is continuous, though we are much more interested
in establishing conditions for it to be at least C*.
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LEMMA 2.13.6. If m > k > 2, then ®, is of class C™ %1 and its derivative
at 0 s

d®,(0) : WHP(B,C") — WF12(B,C") : > 0.

ProOF. The formula for d®;(0) will follow from Lemma once we show
that @ is at least C'. The map u ~ Osu is continuous and linear, thus auto-
matically smooth, so the nontrivial part is to show that the map u — J(u)0u
from W"P(B, B*) to W*=1P(B,C") is differentiable. Since k > 2, we can use the
continuous inclusion of W*? into W*~1P and observe that

WhLP 5 Wh=LP . 4 Jou

is of class of C™ **+1if J € C™, due to Lemma 125 Then differentiability of the
map u + J(u)dyu follows from the fact that W*~1? is a Banach algebra. O

Now we apply the crucial ingredient from the linear regularity theory: Theo-
rem implies that d®;(0) = O is surjective and has a bounded right inverse.
The implicit function theorem then gives (®;)~'(0) the structure of a differential Ba-
nach manifold near 0 and identifies its tangent space there with ker d®;(0) = ker 0,
so the proof of Prop. is complete.

ProoOF OF THEOREM 2132 Since m > d+ 1, a neighborhood of 0 in the local
moduli space M91P(.J) is a Banach manifold of class C™~ % and TopMa+1P(J) =
ker 9 C W4LP(B,C"). Due to the continuous inclusion of W97 in C?, there is a
bounded linear evaluation map

evg : WHEP(B,C™) — (C™)H :w e (u(0), 0,u(0), 02u(0), . . ., 8%u(0)),
which restricts to the local moduli space
evg : MEFLP(J) = (Cm)¢H!

as a C™ %smooth map near 0. We shall use the inverse function theorem to show
that evy maps a neighborhood of 0 in M4+1?(.J) onto a neighborhood of 0 in (C™)®*+!
and admits a C™ %-smooth right inverse.

To see this concretely, it will be convenient to restrict to a finite-dimensional
submanifold of M¥+1?. Let

Pa C WHHP(B,C)

denote the complex n(d + 1)-dimensional vector space consisting of all holomorphic
polynomials with degree at most d, regarded here as smooth maps B — C". Define
also the closed subspace

7 (B,C") =imT C W™#(B,C"),

where T : We?(B,C") — W12(B,C") is the bounded right inverse of  : W41r(B, C") —
WeP(B,C") provided by Theorem 2.6.25 Note that ©@%1?(B, C") NP, = {0} since
everything in Py is holomorphic. Putting these together, we define the closed sub-

space

OPy(B,C") = 0 ?(B,C") & Py c WP(B,C"),
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which contains an open subset
OP,4(B, B*) = {u € OP4(B,C") | u(B) C B*}.

By construction, the restriction of 9 : WatLr(B, C") — WeP(B,C") to OPy(B,C")
is surjective and its kernel is precisely P,;. Restricting similarly the nonlinear oper-
ator that was used to define M*?(.J), we obtain a C"™~%-smooth map

® : OP4(B, B*) — W™ (B,C") : u s dyu + J(u)dyu,
whose derivative at 0 is surjective and has kernel Py, hence
M) == d7H0) € MH12(T)

is a C™~4-smooth finite-dimensional manifold near 0, with TyM(J) = P,. Consider

now the restriction of the evaluation map to M (J),
evg : M(J) — (C)4H1,
This map is linear on W+LP(B, C"), thus its derivative is simply
devg(0) : Py — (CM):n = evy(n),

which is the isomorphism that uniquely associates to any holomorphic polynomial
of degree d its derivatives of order 0 to d. Now by the inverse function theorem, the

restriction of evy to ./\//Y(J ) can be inverted on a neighborhood of 0, giving rise to
the desired O™ %-smooth map V. O

Notice that one can extract from Theorem parametrized families of local
J-holomorphic curves. In particular, if N C C" is a sufficiently small submanifold
of C", we can find a family of J-holomorphic disks {u,}.en such that u,(0) = x.
These vary continuously in W', but actually if J is smooth, then the regularity
theorem of §2.TT]implies that they also vary continuously in C'*° on compact subsets.
This implies the following:

COROLLARY 2.13.7. If J is a smooth almost complex structure on B**, N C B*"
1s a smooth submanifold passing through 0 and X is a smooth vector field along N,
then for some neighborhood U C N of 0 and some € > 0, there exists a smooth
famaly of J-holomorphic curves

u, : B— C", rel
such that u,(0) = x and Osu,(0) = eX (z).

REMARK 2.13.8. The standard meaning of the term “smooth family” as used in
Cor. 2137 is that the map U x B — C" : (z, 2) — u,(z) is smooth. Unfortunately,
smoothness in this sense does not follow immediately from Theorem 2.13.2} the
theorem rather provides smooth maps

Uy — W(B, B™) : 2 — u,

for arbitrarily large integers d > 2 (since J is smooth), defined on open neighbor-
hoods U; C N whose sizes a priori depend on d. Of course more is true, as regularity
guarantees that all of these maps are actually continuous into C*°(B,, B**) for any
r < 1, but one still must be careful in arguing that this implies a smooth family.
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Since we don’t have any specific applications for this result in mind, we’ll leave the
details to the reader (see Exercise ZI3.9). It should however be mentioned that
this and related results are occasionally used in the literature to construct special
coordinates that make certain computations easier; see for example Exercise
below.

EXERCISE 2.13.9. Show that for any open subset &/ C R™ and each k > 1, the
map

ev: C*U,R™) xU = R™: (u,z) — u(x)
is of class C*. Hint: Start with the case k = 1 and show that the partial derivatives
of ev are given by

Diev(u,z) : CHU,R™) — R" : n v n(),
Dyev(u,x) : R™ — R" : h — du(x)h.
Then argue by induction on k.

EXERCISE 2.13.10. Use Corollary 2.13.7] to show that near any point xy in a

smooth almost complex manifold (M, .J), there exist smooth coordinates ((,w) €
C x C" ! in which J(zy) = i and in general J({,w) takes the block form

_ (i Y(¢w)
J<C7w) - (0 J’(C, U})) )
where J'(¢, w) is a smooth family of complex structures on C"~! and Y'(¢, w) satisfies
Y +YJ =0.

Finally, we can generalize local existence by allowing our local J-holomorphic
curves to depend continuously on the choice of almost complex structure J. This
is made possible by including J™(B?*") into the domain of the nonlinear operator,
as it will probably not surprise you to learn that the space of C"*-smooth almost
complex structures is itself a smooth Banach manifold. For our purposes, it will
suffice to consider small perturbations of the standard complex structure 7.

By Exercise 2222 the space J™(B?") of C™-smooth almost complex struc-
tures on B?" can be identified with the space of C™-smooth sections of the fiber
bundle Autg(7T'B*")/ Autc(TB?*"), where we define Autc(7'B*") with respect to
the standard complex structure of C". Omne can use this fact and a version of
Lemma to show that J™(B?") is a smooth Banach submanifold of the Ba-
nach space C™(B?*", Endg(C")). We will not explicitly need this fact for now, but
we will need a single chart, for which a convenient choice is provided by (2.2.1]),
namely for all Y € Endc(C") sufficiently small we can define .Jy € J(C") by

1 I
(2.13.1) Jy = (11 + §¢Y> i (11 + 5@1/) .
Choose 0 > 0 sufficiently small so that [2ZI31) is a well-defined embedding of
{lY| < ¢} into J(C™), and define the Banach space

Tm = ¢™ (B, Ende(C))
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and open subset
TP — (Y €T | |[YVeo < 8},
Then (2I37) defines a smooth map
(2.13.2) T — C™(B*,Endg(C")) : Y > Jy
which takes T bijectively to a neighborhood of i in J™(B*").

EXERCISE 2.13.11. Verify that the map (2.13.2)) is a smooth embedding. LemmaR.T2.7]
should be useful.

Now for integers k,m > 1 and p € (1,00), consider the Banach space
Xhpm — C™(B*", Endg(C")) x W*P(B,C")
and subset
MEP™ = {(Ju) € T™(B™) x WHP(B, B™) | Ogu + J(u)0u = 0} C X™P™,

We will call this the local universal moduli space of pseudoholomorphic curves. Ob-
serve that it always contains pairs of the form (i,u) where u : B — B?" is holo-
morphic. Its local structure near such a point can be understood using the implicit
function theorem: define the nonlinear map

O YT x WRP(B, B*™) — WE (B, C") : (Y, u) — Ogu + Jy (u)du.

The zero set of this map can be identified with the space of all pairs (J, u) € MFPm
such that J is within some C"™-small neighborhood of 7, as then J = Jy for a unique
Y € TP and O (Y, u) = 0. Arguing as in Prop. and applying Lemma 2. 12.7]
O is of class C™=k+1 whenever m > k > 2, and its derivative at any point of the
form (0, u) is simply
4B (0, u)(Y, ) = Jn + Y (u)du.

Since O is surjective and has a bounded right inverse, the same is always true of
d®}"(0,u), and we conclude that any sufficiently small neighborhood of (i,u) in
MFEP™ s identified with a O™ *+1-smooth Banach submanifold of X*?™. Moreover,
the natural projection

7 MEPT s (B (Ju) e T
is differentiable, and we claim that its derivative at (i,u) is also surjective, with a
bounded right inverse. Indeed, identifying (i,u) with (0,u) € (®7*)~*(0), this map
takes the form
dr(0,u)(Y,n) =Y,
where (Y,n) € ker d®(0, u) and thus satisfies the equation dn+Y (u)du = 0. Thus

if T : Wk=LP — WkP denotes a bounded right inverse of 0, then a bounded right
inverse of dm(0,u) is given by the map

T™ — ker d®'(0,u) : Y +— (Y, -T [Y(u)@m]) .

With all of this in place, one can easily use an inversion trick as in the proof of
Theorem 2.13.2] to show the following:
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THEOREM 2.13.12. Suppose u : B — B?" is holomorphic, i.e. it is i-holomorphic
for the standard complex structure i. Then for any p € (2,00) and integers m >
k > 2, there exists a neighborhood U™ C J™(B*) of i and a C™ " -smooth map

Ut — WhH(B, B
such that W(0) = u and V(J) is J-holomorphic for each J € U}".

We leave the proof as an exercise. The following simple consequence for Riemann
surfaces will come in useful when we study compactness issues.

COROLLARY 2.13.13. Suppose ji. is a sequence of complex structures on a surface
Y. that converge in C* to some complex structure j, and ¢ : (B,i) — (X,7) is a
holomorphic embedding. Then for sufficiently large k, there exists a sequence of
holomorphic embeddings

that converge in C'* to .

2.14. A representation formula for intersections

The main goal of this section is to prove the important fact that intersections
between distinct J-holomorphic curves are isolated unless the curves have (locally)
identical images. We saw a special case of this in §ZI0t if v and v are two J-
holomorphic curves in an almost complex 4-manifold that intersect at a point where
v is immersed, then Theorem implies that the intersection is isolated unless u
maps a neighborhood of the intersection into the image of v. It is easy to adapt the
proof of Theorem and see that this fact is also true in arbitrary dimensions,
but it is much harder to understand what happens if v and v both have a critical
point where they intersect. For this we will need a more precise description of the
behavior of a J-holomorphic curve near a critical point.

As a first step, it’s important to understand that J-holomorphic curves have
well-defined tangent spaces at every point, even the critical points. Unless otherwise
noted, throughout this section, J will denote a smooth almost complex structure on

C" with J(0) = 1.

PrOPOSITION 2.14.1. If u: B — C™ is a nonconstant J-holomorphic curve with
u(0) = 0, then there is a unique complex 1-dimensional subspace T,, C C" and a
number k € N such that for every z € B\ {0}, the limit
lim u(ez)

0t €k

exists and is a nonzero vector in T,,.

PROOF. Since J is smooth, the regularity results of . TTlimply that u is smooth,
thus so is the family of complex structures defined by J(z) = J(u(z)) for z € B.
Now u satisfies the complex-linear Cauchy-Riemann type equation

dsu+ J(2)0u = 0,
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so by the similarity principle (see Exercise and Remark 2.83)), for sufficiently
small 6 > 0 there is a smooth map ® : By — Endg(C") with ®(0) = 1, and a
holomorphic map f : By — C™ such that

u(z) = @(2) f(2).
By assumption u is not constant, thus f is not identically zero and takes the form
f(z) = 2Fg(z) for some k € N and holomorphic map ¢ : Bs — C" with g(0) # 0.
Then for z € B\ {0} and small € > 0,

u(ez) _ O(ez)er 2 g(ez) — 2"g(0) € Cg(0)

ek ek

as € — 0. It follows that the limit of u(ez)/e’ is either zero or infinity for all other
positive integers ¢ # k. O

DEFINITION 2.14.2. We will refer to the complex line T,, C C" in Prop. 2.14.1]
as the tangent space to u at 0, and its critical order is the integer k£ — 1.

Here is the easiest case of the result that intersections of two different J-holomorphic
curves must be isolated.

EXERCISE 2.14.3. Show that if u,v : B — C" are two nonconstant J-holomorphic
curves with (0) = v(0) = 0 but distinct tangent spaces T,, # T, at 0, then for suf-
ficiently small € > 0, u(B, \ {0}) Nv(B. \ {0}) = 0. Hint: Compose u and v with
the natural projection C" \ {0} — CP"~1.

To understand the case of an intersection with common tangency T, = T, we
will use the following local representation formula, which contains most of the hard
work in this discussion.

THEOREM 2.14.4. For any nonconstant J-holomorphic curve u : B — C™ with
u(0) = 0, there exist smooth coordinate changes on both the domain and target,
fixing the origin in both, so that in a neighborhood of 0, w is transformed into a
pseudoholomorphic map u : (B,j) — (C",j), where j and J are smooth almost
complex structures on Be and C" respectively with j(0) = i and J(0) = i, and u
satisfies the formula

u(z) = (2, a(2)) € C x C" 7,

where k € N is one plus the critical order of u at 0, and 4 : B, — C" ! is a smooth
map whose first k derivatives at 0 all vanish. In fact, U is either identically zero or
satisfies the formula

a(z) = "0y, + |2, (2)

for some constants C,, € C" 1\ {0}, ¢, € N, and a function r,(z) € C"' which
decays to zero as z — 0.

Moreover, if v : B — C" is another nonconstant J-holomorphic curve with
v(0) = 0 and the same tangent space and critical order as u at 0, then the coordinates
above can be chosen on C" so that v (after a coordinate change on its domain)
satisfies a similar representation formula v(z) = (2%,9(2)), with either © = 0 or
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0(2) = 2T Cy+| 2 r,(2), and any two pseudoholomorphic curves u and v written
in this way are related to each other as follows: either 4 = v, or

U(z) — 0(z) = 2200 + 2|+ (2),

for some constants C' € C" '\ {0}, ¢ € N and function 1'(z) € C"' with
lim, ,o7'(2) = 0.

EXERCISE 2.14.5. Prove Theorem [2.14.4] for the case where J is integrable. In
this situation one can arrange for the coordinate changes on the domains to be
holomorphic, so j = 1.

Theorem 2.14.4lis a weak version of a deeper result proved by Micallef and White
ﬂm which provides a similar formula in which the map @ can be taken to
be a polynomial in z. That result is harder to prove, but it’s also more than is
needed for our purposes, as the theorem above will suffice to understand everything
we want to know about intersections of holomorphic curves. Before turning to the
proof, let us discuss some of its local applications—more such applications will be
discussed in §2.T0] and

THEOREM 2.14.6. Suppose u,v : B — C" are injective smooth J-holomorphic
curves with w(0) = v(0) = 0. Then for sufficiently small € > 0, either u = v o on
B. for some holomorphic embedding ¢ : B. — B with ¢(0) = 0, or

u(Be\ {0}) Nw(B:\A{0}) = 0.

ProOOF. By Exercise 2J4.3, the second alternative holds unless T, = T, so
assume the latter, and let k,, k, denote the critical orders of u and v respectively,
plus one. Suppose k,m, = k,m, = q, where ¢ € N is the least common multiple of
k., and k,, hence m, and m, are relatively prime. Then the two curves

up(2) == u(z™), vo(2) = wv(z™)

have the same tangent spaces and critical orders at 0. We can thus use Theo-
rem 2.14.4] to change coordinates and rewrite these two curves as

uo(z) = (2% 0(2)),  wo(2) = (2% 0o(2)).
For each / =1,...,q — 1, define also the reparametrizations
ue(z) = (29, 0(2)) = up(e*™92),  wi(z) = (2%, 0u(2)) = vo(*/72).
Each of the differences tg — 0y for ¢ = 0,...,q — 1 is either identically zero or
satisfies a formula of the form 4g(z) — 0,(2) = 2™C + |2|™r(z), in which case it has
no zeroes in some neighborhood of 0. If the latter is true for all £ = 0,...,q — 1,

then ug has no intersections with vy near 0, as these correspond to pairs z € B, and
¢ € H0,...,q — 1} for which 4¢(z) = v,(2). It follows then that u and v have no
intersections in a neighorhood of u(0) = v(0) = 0.

Suppose now that iy — 0, = 0 for some ¢ € {0,...,q — 1}, which means

(2.14.1) w(2™) = ug(2) = vo(e2™H9z) = (¥ i/kv )

HOur exposition of this topic is heavily influenced by the asymptotic version of Theorem 2124
which is a more recent result due to R. Siefring [Sie08| that extends the intersection theory of
closed J-holomorphic curves to the punctured case. We’ll discuss this in a later chapter.
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for all 2 € B.. We finish by proving the following claim: m, = m, = 1. Indeed,
replacing z with e2™/™u z in (ZI4.1)), the left hand side doesn’t change, so we deduce
that for all z € B,,

’U(va) _ U(€27rimv/muzmv).

Since v is injective by assumption, this implies m,/m, € Z, yet m, and m, are

also relatively prime, so this can only be true if m, = 1. Now performing the
same argument again but inserting e*™/™ z into (2.14.1]), we similarly deduce that
m, = 1. O

The assumption of injectivity in the above theorem may seem like a serious
restriction, but it is not: it turns out that on a sufficiently small neighborhood of
each point in the domain, every nontrivial J-holomorphic curve is either injective
or is a branched cover of an injective curve.

THEOREM 2.14.7. For any nonconstant smooth J-holomorphic curvew : B — C"
with w(0) = 0, there exists an injective J-holomorphic curve v : B — C" and a
holomorphic map ¢ : B, — B for some € > 0, with ¢(0) = 0, such that u = v o ¢
on B..

Observe that if ¢'(0) # 0 in the above statement then u must also be injec-
tive near 0; the interesting case is therefore when ¢'(0) = 0, as then ¢ is locally a
branched cover, mapping a neighborhood of the origin k-to-1 to another neighbor-
hood of the origin for some k& € N. It follows that u : B. — C" is then also a k-fold
branched cover onto the image of v near 0.

Proor or THEOREM 2.T4.7]. Using the coordinates provided by Theorem 2.14.4]
rewrite u as a pseudoholomorphic map (B, j) — (C", J) with u(z) = (29, 4(z)), and
define for each £ =0,...,q — 1,

g2 (Be, jo) = (C™,J) = 20 (29, 0(2)) == u(e2™4%).

Then for z € B, there is another point ¢ # z with u(¢) = u(2) if and only if u(z) =
te(z) for some ¢ € {1,...,q — 1}. Making € sufficiently small, the representation
formula for u — u, implies that such points do not exist unless u = 1y, so define

m=min{l € {1,...,q} | u = u,}.

Since u = u,, implies @ = Uy, for all £ € N, m must divide ¢, thus we can de-
fine a positive integer k = g/m. If k = 1 then wu is injective near 0 and we are
done. Otherwise, u now satisfies u = w o ¢, for all ¢ € Z;, where we define the
diffeomorphisms

Yy Be — Be:z— e2mitlk 5.
This makes it possible to define a continuous map

v:Ba = C" iz u (Vz),
which is injective if € > 0 is taken sufficiently small.

In order to view v as a J-holomorphic curve, we shall switch coordinates on the
domain so that j becomes standard. Observe that since u = wo1)y, pulling J back to
B. := B, \ 0 through v implies j = u*.J = ;7 on B, for all £ € Zj,, hence this holds
also on B, by continuity. The maps 1), therefore define a cyclic subgroup of the
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group of automorphisms of the Riemann surface (B, j). Find a simply connected
Zy-invariant open neighborhood U C B, of 0 which admits a holomorphic coordinate
chart ® : (U, j) — (C,i). By the Riemann mapping theorem, we can assume without
loss of generality that the image of this chart is B and ®(0) = 0, hence the inverse
U := &~ defines a holomorphic embedding

U (B,i) = (Be, J)
that maps the origin to itself and has a Z,-invariant image. The maps
V=T oghol: (B,i) — (B,1)

for ¢ € Zj now define an injective homomorphism of Z; into the group of au-
tomorphisms of (B,i) that fix 0. The latter consists of rotations, so we deduce
Uy(z) = €2™/* 2. Then the J-holomorphic curve @ := uwo ¥ : B — C" admits the
symmetry 4 = 4 o @g for all ¢ € Z;, and we can thus define a new J-holomorphic
curve on the punctured ball B := B\ {0} by

:B—C": 2 a(Vz).
This admits a continuous extension over B with 9(0) = 0, thus for all z € B, in a

sufficiently small neighborhood of 0, u now factors through a k-fold branched cover,
namely

u(z) =0 ([q)(z)]k) .

Moreover, v is injective, which we can see by identifying it with the injective map
v : Ba — C" as follows: consider the continuous map

f:B— Bax:z— [\If(\k/g)}k,

which is well defined because W(e?™/*z) = ¢*/k\¥(z). This is a homeomorphism
and satisfies v = v o f, thus v is injective if and only if v is.

It remains only to show that the continuous map v : B — C" is in fact smooth
and thus J-holomorphic at 0. By elliptic regularity (Theorem ZIT.T]), it suffices to
prove that o € W'P(B,C") for some p > 2, i.e. that it has a weak derivative of
class L? which is defined almost everywhere and equals the smooth map do on B.
Recall that u(z) = (27, 4(z)) with ¢ = km, where 4(z) = o(]z]?), thus the first ¢ — 1
derivatives of u vanish at z = 0, and the same is therefore true for « = uo W. It
follows that there is a constant C' > 0 such that

|du(z)] < Clz|"
for all z € B, implying that for z € B,

]_ 1 C 1 1 C
|do(2)] < ’da (\k/g)’ . E'Z‘Eil < E‘z|g(qfl)|z‘gfl = E‘z|mf1_
Thus do is C%-bounded on B, implying it has a finite LP norm for any p > 2, so the
rest follows by Exercise 2.14.§ below. O

EXERCISE 2.14.8. Assume v is any continuous function on B which is smooth
on B = B\ {0}, and its derivative du on B satisfies ||dul ;5 < co. Show that

u € WP(B), and its weak derivative equals its strong derivative almost everywhere.
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We now turn to the proof of the representation formula, Theorem 2144 A
somewhat simplified characterization of the argument would be as follows: we need
to show that for any nonconstant J-holomorphic curve u : B — C", assuming J(0) =
1, the “leading order” terms in its Taylor expansion about z = 0 are holomorphic.
Since terms in the Taylor series can always be expressed as constant multiples of 2% z°,
holomorphicity means the relevant terms are actually multiples of z*, thus producing
the powers of z that appear in the representation formula. In practice, things are a
bit more complicated than this, e.g. to keep full control over the remainders, we will
at one point use the similarity principle instead of Taylor’s theorem, but the above
can be seen as a motivating principle.

Proor or THEOREM [2.14.4]. We proceed in four steps.

Step 1: Coordinates on the target. Choose the coordinates on C" so that J(0) = ¢
and T,, = C x {0} ¢ C". We can make one more requirement on the coordinates
without loss of generality: we choose them so that the map

up(2) = (2,0) € C x C"*

is J-holomorphic on B, for sufficiently small ¢ > 0. This is a highly nontrivial
condition: the fact that it’s possible follows from the local existence result for J-
holomorphic curves with a fixed tangent vector, Theorem

Step 2: Coordinates on the domain. We next seek a coordinate change near the
origin on the domain so that u becomes a map of the form z ~ (2%, o(|2|¥)) for some
k € N. Applying the similarity principle as in the proof of Prop. ZI41] we have
u(z) = ®(2)f(2) on B, for some small € > 0, a smooth map ® : B, — Endg(C")
with ®(0) = 1 and a holomorphic map f : B, — C". Moreover, f(z) = 2Fg(z)
for some k € N (where & — 1 is the critical order of u) and a holomorphic map
g : B, — C" with ¢g(0) # 0, and our assumption on 7, implies that after a complex-
linear coordinate change on the domain, we may assume g(0) = (1,0) € C x C*L.
Thus f(z) = (2%g1(2), 2¥*1ga(2)) for some holomorphic maps ¢g; : B, — C and
go : Bc — C" ! with ¢;(0) = 1. Let us use the splitting C* = C x C"! to write

®(z) in block form as
_ (alz) B(2)
o= (50 50)

so a(0) and §(0) are both the identity, while 5(0) and v(0) both vanish; note that all
four blocks are regarded as real-linear maps on complex vector spaces, i.e. they need
not commute with multiplication by i. Now u(z) takes the form (u;(2),us(z)) €
C x C"!, where

ui(2) = a(2)2"g1(2) + B(2)2" " gal(2),
up(2) = 7(2)2"g1(2) + 6(2)2" ga(2)).

We claim that after shrinking ¢ > 0 further if necessary, there exists a smooth
function ¢ : B, — C such that ¢(0) = 0, d¢(0) = 1 and [¢(2)]* = uy(2). Indeed, the

desired function can be written as

((2) = 2/ a(2)g1(2) + B(2)292(2),
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which can be defined as a smooth function for z near 0 since the expression under
the root lies in a neighborhood of 1; we set +/1 = 1. Expressing u now as a function
of the new coordinate (, we have

(2.14.2) u(¢) = (¢*,a(Q))

with 4(¢) = A(¢)¢* for some smooth map A(¢) € Homg(C,C" 1) with A(0) = 0.
Observe that since d¢(0) = 1, the new expression for u(() is pseudoholomorphic for
a new complex structure j on the domain such that 7(0) = 1.

Step 3: The leading order term in 4 — ©. This is the important part. Using the
coordinates chosen above, assume now that J(0) = ¢ and the two maps u : (B, j) —
(C*, J)and v: (B j) — (C" J) are pseudoholomorphic curves of the form

u(z) = (&%, a(2)),
v(z) = (28, 9(2)),
where 4 and v each have vanishing derivatives up to at least order k at z = 0. Let
h(z) = u(z) — v(z) = (0,h(2)),

defining a map h : B, — C"'. Our main goal is to show that the leading or-
der term in h is a homogeneous holomorphic polynomial. By unique continuation
(Theorem 2.9.3)), h vanishes identically on a neighborhood of 0 if and only if the
derivatives Dh(0) of all orders vanish, so let’s assume this is not the case. Then
there is a finite positive integer m defined by

m = min{¢ € N | D'h(0) # 0},
and m > k + 1 since h(z) = o(]z|*). Now for € > 0, the functions

he(z) == hiif)

converge in C'*™° as € — 0 to a nonzero homogenous polynomial in z and z of degree m,
namely the mth order term in the Taylor series of h about 0. We claim that this
polynomial is holomorphic, which would imply that it has the form

ho(z) = (0,2™C)

for some constant C' € C"~L,

The intuitive reason for this claim should be clear: u and v both satisfy nonlinear
Cauchy-Riemann equations that “converge” to the standard one as z — 0, so their
difference in the rescaled limit should also satisfy dhy = 0. One complication in
making this argument precise is that since we've reparametrized the domains by
nonholomorphic diffeomorphisms, u and v are each pseudoholomorphic for different
complex structures 7 and j’ on their domains, thus it is not so straightforward to find
an appropriate PDE satisfied by u — v. Of course, since both maps are immersed
except at 0, the complex structures are uniquely determined by j = v*J and j' = v*.J
on B.\ {0}, which suggests that there should be a way to reexpress the two nonlinear
Cauchy-Riemann equations without explicit reference to 7 and j’. And there is: we
only need observe that outside of 0, v and v parametrize immersed surfaces in C"
whose tangent spaces are complez, i.e. J-invariant.
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This can be expressed elegantly in the language of bivectors: recall that a
bivector is an element of the antisymmetric tensor product bundle A?T'C? — C2,
and thus consists of a linear combination of bilinear wedge products of the form
X ANY for vectors X,Y € T,C", p € C", where by definition X ANY = =Y A X.
Such a product can be thought of intuitively as representing the oriented linear
subspace in 7,C" spanned by X and Y, with its magnitude giving the signed area
of the corresponding parallelogram. Let Autg(FE) denote the group of invertible
real-linear smooth bundle maps on any bundle E. Then there is a natural group
homomorphism

Autg(TC") — Autg(A*TC") : A A
defined by

AXANY)=AX A AY.

In particular, J?> = —1 then implies J2 = 1 as an operator on A*’TC". Now,
the action of J fixes the oriented subspace spanned by X and Y if and only if
JX ANJY =c¢(X ANY) for some ¢ > 0, but from J? = 1, we deduce that ¢ = 1, so
the correct condition is JX A JY = X AY. We conclude from this discussion that
u: B, — C"and v : B, — C" satisfy the first order nonlinear PDEs,

Osu N\ Oyu — J(u)Osu A J(u)dyu = 0,
Osv A\ Opv — J(v)0sv A J(v)0pv = 0.

In order to deduce the consequence for hg, observe first that by the usual interpo-
lation trick (cf. the proof of Prop. [29.2), on a sufficiently small ball B, there is a
smooth map A : B, — Endg(C", Endg(C")) such that

J(u(z)) = J(v(2)) = A(2) [u(z) — v(2)] = A(2)h(2).
Thus subtracting the second equation of (2.I4.3)) from the first gives

Osu N\ Oth + Osh A\ Opv — J(u)Osu A J(u)Oph — J(u)dsh A J(v)0pw
— J(u)Osu A (Ah)Oww — (Ah)Osv A J(v)Ow = 0.

(2.14.3)

Replacing z by ez and dividing the entire expression by €¥+"~2 now yields
Osu(ez)  Oih(ez)  Osh(ez)  Ow(ez)
0= ch—1 em—1 - em—1 A ch—1
Osu(ez) Orh(ez) Osh(ez) Orv(ez)

— J(u(ez)) e A J(u(ez))emii1 — J(u(ez)) o A J(v(ez))?

— e (u(e) 20 [A<ez> hiff)} e

- e ™2 25 ot 2

We claim that every term in this expression converges in C'*° as € — 0. Indeed, the
terms involving h are all either h.(z) or one of its first derivatives, so these converge

respectively to by = (0, hg), dsho = (0,,ho) and dhg = (0,dshe). Since dyu has

Osu(ez)
k—1

vanishing derivatives at 0 up until order k — 1, converges to the homogenous
degree k — 1 Taylor polynomial of dsu at 0, which is precisely the first derivative
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of the leading order term in u, namely (kz*71,0). Likewise, at;,f—(ff) — (ikz"1,0),

and the same goes for the first derivatives of v. Finally J(u(ez)) and J(v(ez)) both
converge to i, so after the dust settles, we're left with

(kzF71,0) A (0, o) + (0,05ho) A (ik2",0)
— (ik2*7,0) A (0,i0,h0) + (0, i0sho) A (k2571,0) = 0,
or equivalently
—(k2"71,0) A (0,i0ho) = (ikz*",0) A (0, dhy).

This equation means that for all z € B, if (k2*71,0) and (0,i0ho(z)) are linearly
independent vectors in C", then the oriented real subspace they span is the same
as its image under multiplication by i, i.e. it is complex. But this is manifestly
untrue unless one of the vectors vanishes, so we conclude that for all z € B, \ {0},
Oho(z) = 0, and hg is thus a holomorphic polynomial on B..

Step 4: Conclusion. It remains only to assemble the information gathered above.
Combining Step 3 with Taylor’s theorem yields the expression

w(z) —0(z) = 2"C + |z|"r(2),

where C' € C"! is a constant, m > k is an integer and r(2) is a remainder function
such that lim, ,o7(z) = 0. The corresponding formulas for @ and ¢ individually
follow from this, because we’ve chosen coordinates so that z — ug(2*) = (2%,0) is
also a J-holomorphic curve. The degree of the leading term in each is then simply
the degree of its lowest order nonvanishing derivative at z = 0, and the same applies
to 4 — 0. OJ

2.15. Simple curves and multiple covers

We now prove an important global consequence of the local results from the
previous section. Recall first that if ¥ and ¥/ are two closed, oriented and connected
surfaces, then every continuous map

ED YRS ¥

has a mapping degree deg(y) € Z, most easily defined via the homological con-
dition that deg(yp) = k if p.[X] = k[X']. Equivalently, deg(yp) can be defined as a
signed count of points in the preimage ¢ !({) of a generic point ¢ € ¥, cf. [Mil97].

EXERCISE 2.15.1. Show that if (3,7) and (¥',j") are two closed connected

Riemann surfaces with their natural orientations, then any holomorphic map ¢ :
(3,7) — (X', 4) has deg(¢) > 0. Moreover,

e deg(p) = 0 if and only if ¢ is constant,

e deg(yp) = 1 if and only if ¢ is biholomorphic, i.e. a holomorphic diffeo-
morphism with holomorphic inverse, and

o if deg(yp) = k > 2, then ¢ is a branched cover, meaning it has at most
finitely many critical points and its restriction to the punctured surface
¥\ Crit(¢p) is a k-fold covering map, while in a neighborhood of each critical
point it admits coordinates in which p(z) = 2 for some ¢ € {2,...,k}.
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THEOREM 2.15.2. Suppose (X, 7) is a closed connected Riemann surface, (M, J)
is a smooth almost complex manifold and u : (X,7) — (M, J) is a nonconstant
J-holomorphic curve. Then there exists a factorization u = v o ¢ where

o (X',j') is a closed connected Riemann surface and v : (¥',7") — (M, J) a
J-holomorphic curve that is embedded outside a finite set of critical points
and self-intersections, and

e p:(X,7)— (¥,7) is a holomorphic map of degree deg(p) > 1.

Moreover, v is unique up to biholomorphic reparametrization.

PROOF. Let Crit(u) = {z € ¥ | du(z) = 0} denote the set of critical points, and
define A C X to be the set of all points z € X such that there exists ( € ¥ and
neighborhoods z € U, C X, ¢ € U C ¥ with u(z) = u(¢) but

ul:\ {z}) NuUc \ {¢}) = 0.

By Theorems and 2.14.7] both of these sets are discrete and thus finite, and
the set

> = wu (X \ (Crit(u) UA)) € M
is a smooth submanifold of M with J-invariant tangent spaces, and thus inherits
a natural complex structure j’ such that the inclusion (3',5') < (M, J) is pseu-
doholomorphic. We shall now construct (X', j') as a compactification of (¥, 5'), so

that Y/ is obtained from Y by removing finitely many points. Let

A = (Crit(u) UA)/ ~
where two points in Crit(u) U A are defined to be equivalent whenever they have
neighborhoods in ¥ with identical images under u. Then for each [z] € A, The-
orem 2.14.7 provides an injective .J-holomorphic map u; from the open unit ball
B C C onto the image of a neighborhood of z under u. We define (¥, j’) by

Y =YUs ||| B].

[z]eA

where the gluing map @ is the disjoint union of the maps up,)|p\ 0y : B\{0} — ¥’ for
each [z] € ﬁ, and j = j' on ¥’ and i on B. The surface Y’ is clearly compact, and
combining the maps u[,;) with the inclusion Y < M defines a pseudoholomorphic
map v : (X,5') = (M, J) whose restriction to the punctured surface 3/ = %'\ A
is an embedding. Moreover, the restriction of u to ¥\ (Crit(u) U A) defines a
holomorphic map to (Y, /) which extends over the punctures to a holomorphic
map ¢ : (3,7) — (3, j') such that u = v o ¢.

We leave the uniqueness statement as an exercise for the reader. The positivity
of deg(y) follows from Exercise 21511 O

DEFINITION 2.15.3. A closed, connected and nonconstant pseudoholomorphic
curve u : (X,j) — (M, J) is called simple if it does not admit any factorization
u = v o as in Theorem with deg(¢) > 1. If u is not simple, we say that it
is multiply covered.
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With this definition in hand, the theorem above can be reformulated as follows:

COROLLARY 2.15.4. A closed, connected and nonconstant pseudoholomorphic
curve is simple if and only if it is embedded outside of a finite (possibly empty) set
of critical points and self-intersections.

2.16. Positivity of intersections

We saw in §2.10] that a J-holomorphic curve and a J-holomorphic hypersurface
(i.e. a J-invariant submanifold of real codimension two) always intersect positively.
This fact is especially powerful in dimension four, where a J-holomorphic hypersur-
face is simply the image of an embedded .J-holomorphic curve—but we would also
like to understand what happens when two holomorphic curves intersect at a point
where neither is locally embedded. This is made possible by the representation for-
mula of §2.T4] and in this section we will use it to prove two much more powerful
local results about intersections of holomorphic curves in dimension four. Both play
major roles in applications to symplectic 4-manifolds and contact 3-manifolds that
we will discuss in later chapters.

Throughout this section, J denotes a smooth almost complex structure on C2
with J(0) = i. We shall also assume that .J is tamed by the standard symplectic
form wgiq; since ¢ is already wgq-tame and we will only really be concerned with a
neighborhood of the origin, this condition does not pose a restriction in practice.

THEOREM 2.16.1. Suppose u,v : B — C? are J-holomorphic curves with an
isolated intersection u(0) = v(0) = 0. Then the local intersection index satisfies

v(u,0;v,0) > 1,
with equality if and only if the intersection is transverse.

Before proving the theorem, we would also like to formulate a similar result for
singularities of a single curve. Recall that by Theorem [ZT4.7] every nonconstant .J-
holomorphic curve is locally either injective (perhaps with isolated critical points) or
a branched cover of an injective curve. Since a nontrivial branched cover necessarily
has infinitely many self-intersections, we restrict in the following statement to the
locally injective case. It will be most relevant in particular to curves that are simple
in the sense of Definition 2.15.3

THEOREM 2.16.2. Suppose u : B — C? is an injective J-holomorphic curve with
u(0) = 0 and an isolated critical point du(0) = 0. Then there exists an integer
d(u,0) > 0, depending only on the germ of u near 0, such that for any p > 0, one
can find a smooth map u. : B — C? satisfying the following conditions:

(1) ue is C™-close to u and matches u outside B, and at 0;

(2) w. is a symplectic immersion with respect to the standard symplectic struc-
ture wgta, 1.e. it satisfies uXwsq > 0;

(3) ue has finitely many self-intersections and satisfies

1
(2.16.1) 5 (Zob(ue,z;ue,é) = 0(u,0),
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where the sum_ranges over all pairs (z,() € B x B such that z # ( and

ue(z) = u(¢)H

REMARK 2.16.3. Our proof will show in fact that the tangent spaces spanned by
the perturbation u, can be arranged to be uniformly close to i-complex subspaces
(or equivalently J-complex subspaces, since J and i may also be assumed uniformly
close in a small enough neighborhood of 0). This implies that it is a symplectic
immersion, since the condition of being a symplectic subspace is open. In practice,
the crucial point in applications will be that the complex structure on the bundle
(urTC?,J) admits a homotopy supported near 0 to a new complex structure for
which im du. becomes a complex subbundle.

As a prelude to the proofs of the two theorems above, the following exercise
should provide a concrete feeling for what is involved.

EXERCISE 2.16.4. Consider the intersecting holomorphic maps w,v : C — C?
defined by

u(z) = (2°,2°), v(z) = (24 29).

(a) Show that u admits a C*°-small perturbation to a map u. such that wu,
and v have exactly 18 intersections in a neighbourhood of the origin, all
transverse and positive.

(b) Show that for any neighbourhood ¢4 C C of 0, u admits a C*°-small per-
turbation to an immersion u, such that

%#{<Z’O CU XU | u(z) =u((), z# ¢} =10.

We now prove Theorem 2I6.1l Recall from §2.14] that even if u and v have
critical points at 0, they both have well-defined tangent spaces and critical orders.
We first prove the theorem in the case where the tangent spaces at the intersection
are distinct.

PROPOSITION 2.16.5. Under the assumptions of Theorem[2Z16.1], suppose u and
v have distinct tangent spaces T, # T, C C? at the intersection, with critical orders
k., — 1 and k, — 1 respectively. Then

t(u,0;v,0) = kyk,.

In particular, the intersection index is positive, and equals 1 if and only if the inter-
section 1s lransverse.

PrOOF. By Theorem 2144l we can smoothly change coordinates such that
without loss of generality, u(z) = (2%, |z|"*! f(z)) for some bounded function f :
B — C. The condition of distinct tangent spaces implies (cf. Exercise 214.3]) that
if 7:C?\ {0} — CP! denotes the natural projection, the images of the maps

BA\{0} : Be \ {0} — CPl

T oulp\{o}, T OV

2Notice that each geometric double-point u(z) = u({) appears twice in the summation over
pairs (z, (), hence the factor of 1/2 in (ZIG.T).
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lie in arbitrarily small neighborhoods of two distinct points for small € > 0. This
remains true if we replace u by any of the maps

ur i B— C" iz (2%, 7|2t f(2))
for 7 € [0,1]. Thus by homotopy invariance of the local intersection index (Exer-
cise ZZI0.T)), ¢(u, 0;v,0) = (ug, 0;v,0). After applying the same homotopy argument
in different coordinates adapted to v and then choosing new coordinates so that the

tangent spaces of u and v match C x {0} and {0} x C respectively, the problem is
reduced to computing ¢(ug, 0;vg, 0), where

up(z) = (zk“,O) , vo(2) = (O,zk”) )

Choose € > 0 and perturb these maps to (zk“ + €, O) and (O, 2k e) respectively.
Both are then holomorphic for the standard complex structure on C? and they have
exactly k,k, intersections, all transverse. O

EXERCISE 2.16.6. Suppose u,v : B — C? are J-holomorphic curves with an
isolated intersection u(0) = v(0) = 0, and for k,¢ € N, define the J-holomorphic
branched covers u*,v* : B — C? by

uF(2) = u(2h), v (2) = v(2h).
Show that ¢(u*,0; 0%, 0) = k- t(u,0;v,0).

The remaining cases of Theorem 2.16.1] are covered by the following result, in
which the intersection can never be transverse.

PROPOSITION 2.16.7. Under the assumptions of Theorem[2Z 161, suppose u and
v have identical tangent spaces T, = T,, C C? at the intersection, with critical orders
k., — 1 and k, — 1 respectively. Then

t(u,0;v,0) > kK, + 1.
PrOOF. Since k, and k, may be different, we first replace u and v with suitable
branched covers so that their critical orders become the same: let
m = kyk, € N,
and define v/,v" : B — C? by
u(2) = u(2™), V' (2) = v(2"),

so that in particular «' and v" both have critical order m — 1 at the intersection
' (0) = v'(0) = 0, as well as matching tangent spaces. Now by Theorem [ZT14.4], we
find new choices of local coordinates in B and C? near 0 such that

u'(z) = (2" a(z),  V'(2) = (2", 0(2))
for = € B,, with p > 0 and some smooth functions 4,0 : B, — C with van-

ishing derivatives up to order m at 0. For each 57 = 0,...,m — 1, there are also

J-holomorphic disks (in general with different complex structures on their domains)
vi B, = C? defined by

Vi(2) =02 = (27, 05(2)),  where  d5(2) = 9(e*™/™z).
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If @ — v; is identically zero for some j = 0,...,m — 1, then we have
u'(2) = v'(e¥/mz)  for all z € B,

implying that « and v' have identical images on some neighborhood of the inter-
section, in which case so do w and v; this is impossible since the intersection was
assumed isolated. Now Theorem 2144 gives for each 7 = 0,...,m — 1 the formula

(2.16.2) W(z) — 0;(2) = 26 C) 4 |2y (2),

where C; € C\ {0}, ¢; € N and r;(2) € C is a function with r;(z) — 0 as z — 0.
We can now compute ¢(u’,0;2",0) by choosing € € C\ {0} close to 0 and defining
the perturbation

ul(z) == (2™, 0(z) + €).

This curve does not intersect v at z = 0 since € # 0. If u.(z) = v'((), then 2™ = (™,

hence ¢ = e?™/™z for some j = 0,...,m — 1, and equality in the second factor then
implies
(2.16.3) 0j(2) —u(z) =e.

By ([ZI62), the zero of 0;(z) — @(z) at z = 0 has order m + ¢; > m + 1, thus if
e # 0 is sufficiently close to 0 and chosen generically so that it is a regular value
of v; — 4, we conclude that (2I6.3]) has exactly m + ¢; solutions near z = 0, all of
them simple (positive or negative) zeroes of v; — @ — € and thus corresponding to
transverse (positive or negative) intersections of u’ with v’. Adding these up with

the correct signs for all choices of j =0,...,m — 1, we conclude
m—1
v(u',0;0",0) =Y (m+€;) >m(m+1) = kyky(kuko + 1).
5=0
Exercise 2.16.6] then implies ¢(u, 0;v,0) > k,k, + 1. O

EXERCISE 2.16.8. Find examples to show that in the situation described in
Proposition Z16.7, the bound ¢(u, 0;v,0) > k,k,+ 1 is sharp, and there is no similar
upper bound for ¢(u,0;v,0) in terms of k, and k,. Hint: Set J = ¢ and consider
holomorphic maps of the form z s (2F, 28%).

The proof of Theorem will be similar, but there are some additional
subtleties involved in proving that the immersed perturbation w. is symplectically
immersed—intuitively this should be unsurprising since wgq tames J and the sym-
plectic subspace condition is open, but the change in tangent subspaces cannot be
understood as a C%-small perturbation due to the singularity of du at 0. Our strat-
egy will be to show that the tangent spaces spanned by du, are in fact C°-close to
the tangent spaces spanned by another map which is a holomorphic immersion. In
order to make this notion precise, we need a practical way of measuring the “dis-
tance” between two subspaces of a vector space, in particular for the case when both
subspaces arise as images of injective linear maps.
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DEFINITION 2.16.9. Fix the standard Euclidean norm on R™. Given two sub-
spaces V. W C R" of the same positive dimension, define

dist(V,W) := max dist(v,W):= max min|v—w|.
veV,|v|=1 veV,|lv|=1weW

DEFINITION 2.16.10. The injectivity modulus of a linear map A : R¥ — R”
is
A
Inj(A) = min [Av] > 0.
veRF\{0} V]
Clearly Inj(A) > 0 if and only if A is injective.

LEMMA 2.16.11. For any pair of injective linear maps A, B : R¥ — R,

A-B
PRrROOF. Pick any nonzero vector v € R™. Then Av # 0 since A is injective, and
we have
dist (22 im B in [A—— — Bu| < |[A—— — B

ist | ——,im = min [A—— — Bw — — B——
|Avl|’ werk | |Av| ~ || Ay | Av|

vl _ A= B

<||[A-B < :

< | |Av| = Inj(A)

O

LEMMA 2.16.12. There exists € > 0 such that if V. C C? is a complexr 1-
dimensional subspace, then all real 2-dimensional subspaces W C C? satisfying
dist(V, W) < € are wgq-symplectic.

EXERCISE 2.16.13. Prove the lemma. Hint: CP! is compact.

PrOOF OF THEOREM 2.16.2. By Theorem 2.14.4l we can assume after smooth
coordinate changes near 0 € B and 0 € C? that

u(z) = (*,a(2))
for some integer k > 2 and a map @ : B, — C on a ball of some radius p > 0, such
that the other branches

uj(2) = u(e™02) = (F,0,(2)), y(z) = a(@™ ),
for j=1,...,k —1 are related by
(2.16.4) i (2) —a(z) = 2" C; + |2/F 1, (2)

for some (; € N, C; € C\ {0} and r; : B, — C with r;j(z) — 0 as z — 0. Here
we've used the assumption that u is injective in order to conclude that 4; — @ is
not identically zero, and by shrinking p > 0 if necessary, we can also assume u is
embedded on B, \ {0}. Fix a smooth cutoff function § : B, — [0, 1] that equals 1
on B,/ and has compact support. Then for e € C sufficiently close to 0, consider
the perturbation

udz) = (2, lz) + €B(2)2),
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which satisfies u.(0) = 0 and is immersed if € # 0. Since u is embedded on B, \ B, /s,
we may assume for |e| sufficiently small that u. has no self-intersections outside of
the region where § = 1. Then a self-intersection u.(z) = u.(() with z # ( occurs
wherever ¢ = e2™/*z £ 0 for some j = 1,..., k—1 and @(z) + ez = @;(2) +ee?™/F 2,
which by (ZI6.4)) means

2k+zjcj + |Z|k+ejrj(z) I (627rij/k _ 1) ~ = 0.

Assume € € C\ {0} is chosen generically so that the zeroes of this function are all
simple (see Exercise below). Then each zero other than the “trivial” solution
at z = 0 represents a transverse (positive or negative) self-intersection of u., and the
algebraic count of these (discounting the trivial solution) for |e| sufficiently small is
k+{; —1> k. Adding these up for all j =1,...,k — 1, we obtain

Ead

—1
(k+0—1) >
1

k(k — 1),

N —
N —

1
(2.16.5) 6(u, 0) = 5 > e, 2 ue, () =
(2,0)
which is strictly positive since k > 2.
It remains to show that wu. satisfies u}wsq > 0, which is equivalent to showing
that im du.(z) C C? is an wgq-symplectic subspace for all 2. Let us write 4 in the
form

<.
Il

a(z) = 2FC + |2/ (2)
as guaranteed by Theorem 2ZT4.4] where C' € C\ {0}, ¢ € N and lim,_,o7(z) = 0.
We shall compare u, with the holomorphic map
P.: B, — C*: 2z (2F MO + e2),
obtained by dropping the remainder term from 4. Note that P, is simply the degree
k+{ Taylor polynomial of u.; indeed, both have the same derivatives at 0 up to order
k+(. Setting e = 0 and differentiating both, it follows that dF, : B, — Homg(C, C?)
is the degree k + ¢ — 1 Taylor polynomial of dug : B, — Homg(C, C?), thus
dug(2) = dPy(2) + |2|F 71 R(2)

for some function R(z) with R(z) — 0 as z — 0. Reintroducing the e-dependent
linear term, it follows that

duc(z) = dP.(z) + |2|FT 7 R(2)
for all e € C, where the function R(z) is independent of ¢ and is bounded. Now

abbreviate A.(z) := dP.(z) and B(z) := du(z). The Taylor formula above then
gives an estimate of the form

14c(2) = Be(2)| < eal2*
for some constant ¢; > 0 independent of e. Computing dP,(0), we find similarly a
constant ¢y > 0 independent of € such that
|Ac(2)v] > ez v|  forallveC,
thus Inj(Ac(2)) > c|z|F71, and
[Ac(2) = B(2)|
Inj(Ac(2))

< ¢z
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for some constant ¢3 > 0 independent of €. Now since P. is holomorphic (for the
standard complex structure) for all €, im A.(z) C C? is always complex linear, so
the above estimates imply together with Lemmas R.I6.11] and 2.16.12] that for a
sufficiently small radius py > 0, the images of du.(2) for all z € B, \ {0} and € € B,,
are wgq-symplectic. This is also true for z = 0 if € # 0, since then du.(0) = dP.(0)
is complex linear.

To conclude, fix py > 0 as above and choose € € C\ {0} sufficiently close to 0
so that outside of B,,, u. is C'-close enough to u for its tangent spaces to be wgq-
symplectic (recall that J is also wgq-tame). The previous paragraph then implies
that the tangent spaces of u,. are wgq-symplectic everywhere. O

EXERCISE 2.16.14. Verify that the formula obtained in (ZI6.3]) for d(u,0) does
not depend on any choices.

EXERCISE 2.16.15. Assume f : U — C is a smooth map on a domain U4 C C
containing 0, with f(0) = 0 and df(0) = 0. Show that for almost every ¢ € C, the
map f.: U — C: z+— f(2) + ez has 0 as a regular value. Hint: Use the implicit
function theorem to show that the set

X i={(e,2) € Cx UN\{0}) | fe(2) = 0}
is a smooth submanifold of C?, and a point (¢, z) € X is regular for the projection

m: X — C: (¢ 2) — € if and only if z is a regular point of f.. Then apply Sard’s
theorem to 7.

EXERCISE 2.16.16. The proof of Theorem showed that if v : B — C? is
J-holomorphic and injective with critical order & — 1 at 0, then 26(u,0) > k(k —1).
Find examples to show that this bound is sharp, and that there is no similar upper
bound for §(u, 0) in terms of k. (Compare Exercise [Z16.8.)

2.A. Appendix: Singular integral operators

The LP estimates for the Cauchy-Riemann operator in §2.6 were dependent on a
general result (Theorem [Z6.2T]) stating that certain singular integral operators are
bounded on LP for all p € (1,00) if they are bounded on L?. The purpose of this
appendix is to prove that result. Here is the statement again.

THEOREM 2.A.1. Assume K : R™\ {0} — C satisfies the following conditions:
(1) K € CYR™\ {0});
(2) / K =0 for all € > 0 sufficiently small;
OB
(3) |K(z)| < ¢/|z|™ and |dK (x)| < ¢/|z|"™ for all |x| > 0 and some constant
c>0.
Associate to K the singular integral operator A : C3°(R™) — C*°(R™), where

Af(z) = (K * f)(z) = Jlim S K(z —y)f(y) du(y).

If A extends to a bounded linear operator L?(R™) — L*(R™), then it also extends to
a bounded linear operator LP(R™) — LP(R™) for every p € (1,00).
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This is by no means the most general singular integral estimate that one can
formulate, but it is the most convenient for our purposes. The first two hypotheses
and the growth condition on |K(x)| are mainly meant to ensure that K actually
defines a distribution via principal value integration, cf. Exercise 2 . The proof
given below requires the additional growth condition on |dK (z)| in order to control
| K * f||zr. For more general statements of this type involving various relaxations
of these conditions, see [SteT0].

To begin the proof we observe that it will suffice to establish the case 1 < p < 2,
as once this is done, the case p > 2 will follow by an easy duality argument. This is
the content of Lemma 2.A.3 below.

EXERCISE 2.A.2. Show that for any K : R" \ {0} — C satisfying the conditions
in Theorem 2.A. Tl and any two functions f, g € C§°(R"),

[ @epya= [ 5t

where K~ (x) := K(—=x). Hint: Prove it first with K replaced by the locally inte-
grable function K., defined to equal 0 in B!' and K everywhere else. Then prove
that for any f € Cy°, K. * f — K * f uniformly on R" as ¢ — 0; you can use an
argument similar to Exercise for this.

LEMMA 2.A.3. If Theorem[2.A 1 holds for some p € (1,2) then it also holds for
P >2with1/p+1/p = 1.

PrOOF. Given K satisfying the conditions of the theorem, the same conditions
are satisfied by K~ (x) := K(—x), so if the theorem holds for some particular p €
(1,2), then we obtain a bounded linear operator

A™ IP(RY) — LP(R™) : f s K~ * f.
Identifying L?" with the dual space of L via the pairing (f,g) = Jan fg and using

the density of C§° in L? along with Exercise R.A.2] and Hélder’s inequality, we then
have for every f € C3°(R"),

. (A CFA-
9€Cg° (R™)\{0} ||g||LP geC® (R™)\{0} ||g||LP
fll A" g B
< swp I 1A gl A o f 1| -
9€Cse (R™)\{0} gl

O

It now remains only to prove that f — K x f satisfies LP bounds for every
p € (1,2), and for this purpose we will introduce two quite powerful tools. The
first is a special case of the Marcinkiewicz interpolation lemma, which provides a
measure-theoretic criterion for showing that a bounded linear operator on L? is also
bounded on L? for 1 < p < 2. The hard work is then reduced to proving that the
criterion of Marcinkiewicz holds for our singular integral operators, and the main
step in this argument as a way of decomposing functions into “good” and “bad”
parts, known as the Calderdon-Zygmund decomposition.
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Let u(S) € [0,00] denote the Lebesgue measure of a set S C R™ and for any
measurable function f :R"™ — C and number ¢ > 0, define the subset

S = {x e R [f(2)| > t} c R".
The triangle inequality implies that for any f,¢g : R* — C and t > 0, S{ T c
Stf/Q U Sf/g, thus
(2.A.1) (ST < ul(S],) + u(S7,).

Moreover, for any p € [1,00), the LP norm of a function f : R" — C satisfies
(2.A.2) u(S]) < [If1I% € [0, 00]

for every t > 0, as well as
(2.4.3) I =p | u(s])dt € 0,5
0

To see the latter, consider the function F': [0,00) x R" — [0, 00) defined by

p—1 f f
F(t,x):{pt if x €5y,

0 otherwise,

and use Fubini’s theorem:

[ 1r@p nto) = [ ( [ e dt) S
[ (L

t

ptP~t du(x)) dt :/o ptP L u(S)) dt.

EXERCISE 2.A.4. Show that if 1 < p < 2, then L*(R") N L}(R") is a dense
subspace of LP(R").

LEMMA 2.A.5 (Marcinkiewicz). Suppose T' : L*(R™) — L*(R"™) is a bounded
linear operator and there exists a constant C' > 0 such that for every t > 0 and
f e L*(R") N LYR"Y),

Cll Al

.

Then if 1 < p < 2, there exists a constant ¢ > 0 depending only on C, p and ||T ||z
such that

u(shy <

NTfllee <cllfllee for every f € L*(R™) N L*(R™).

PRrROOF. Fix f € L*(R")NLY(R"), and for each ¢ > 0, decompose f into f;"+ f;,
where

) f(z) it [f(2)] > ¢, o) = 0 if |f(z)] > t,
Y0 @<t T T V) it f)] <t
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Then using (ZAJ) and (2AZ) together with the hypothesis relating ;(S!7) to

|1zt we have

Cllf 1 2 oTh

2|, 4TI
t t?

T T
p(SET) < Sy ) + (S, ) <
_ 200l
B t
Use this to estimate ||Tf]|» via ([2.A3):

4 _
T f 3 <

£ 11z

1A =p [ o (s di
(2.A.4) 0

gxm/tWWﬁmmu4mm;/ 3] |2 .
0 0

These last two integrals can each be rewritten using Fubini’s theorem: the first
requires the assumption that p > 1, so that

[ et = [ o) dut
0 [0,00) XR™

:ié (AmePﬂf@ﬂﬁ>dum>

= [ @ ) = s

In the second, we use the assumption p < 2:

/t“ww;ﬂ:/ 3| () dult, )
0 [0,00) X R™

:[(A;wﬂﬂmwamm>

@1
= [ @ PR dn() = 5l

Plugging these into ([2.A4]) gives

2Cp 4pHTH22
TFIP, < L L
||fhp_<p_1+ ) I

Our task will thus be to establish a bound of the form

(2.A.5) u(SM) < 70”{”“

for all f € L*(R™) N L*(R™) and ¢ > 0,

so that the interpolation lemma implies the 1 < p < 2 cases of Theorem 2. ATl
For this purpose, we now introduce the Calderén-Zygmund decomposition of an



114 CHRr1S WENDL

integrable function. In the following, we denote the mean value of an integrable
function f : R® — C on a domain U C R" of finite measure by

avey (f / I

LEMMA 2.A.6. Suppose f € L'(R", C) N L2 R",C) and t > 0. Then there exist
subsets F, €2 C R™ with the following properties:
(1) FUQ=TR" and FNQ = {;
(2) |f| <t almost everywhere on F;
(3) Q= Uypen @k, where each Qi C R™ is a closed cube, int Q Nint Q; = 0 for
k # j, and the average value of | f| on each Qy satisfies

< aveg, (/) <2t

1/n
PROOF. Let R := (M) . so that if @ C R™ is any cube of side length R,

then T
1 n
aveg (|f]) = /|f|< Wleien _

Now for each integer £k > 0, denote by Cj the (countable) collection of all closed
cubes in R" of side length R/2* with vertices in 27% RZ"; in particular, each cube in
Cr contains 2" cubes in Ciy1, obtained by bisection. This is a countable collection,
and we define (2 as the union of the countable subcollection consisting of all Q) € C
for k£ € N such that if @)’ denotes the unique cube in C;_; containing @), then

aveg (f) <t but  aveg (1)) > .
Then since p(Q’ ) = 2"u(Q), we have

aveg (1f]) = / £l =

To finish the proof, we claim that for almost every z € F := R"\ Q, |f(x)| < t.
Indeed, = ¢ €2 means that for every & > 0, any cube @ € C; containing x satisfies
avgg (|f]) <t, so we obtain a nested sequence of shrinking cubes {@) }ren that all
satisfy this condition and are contained in balls of radius /nR/2* about z. We
therefore have

=2"avgy (|f]) <2t

limsup avg, (|f]) <t
k—o0 k

and by the Lebesgue differentiation theorem (see e.g. [Rud87, Theorem 7.10]), the
limit of such a sequence exists and equals | f(x)| for almost every x € F. O

For the rest of this appendix, assume Af := K * f is a singular integral operator
satisfying the hypotheses of Theorem 2.A Tl The following lemma is the only step
in the proof where the specific hypotheses on K are required.

LEMMA 2.A.7. There exists a constant ¢ > 0, depending only on the function K
and the dimension n, such that for any function h € L'(R™) N L*(R™) that satisifes

avggn (h) =0
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and has support contained in a closed cube ) C R"™ with center ¢ € ) and side
length 2r > 0, we have

/ |Ah(2)| du(x) < el
R"\B

n

o ()

PrROOF. We would like to use the convolution formula to write Ah(z), but there
is a slightly subtle point to deal with first since we are not assuming h € C§°, hence
it is not always clear whether the principal value integral defining (K * f)(x) is well
defined. Since h is supported in (), however, this will not be a problem for z ¢ @:

to see this, choose a sequence hy, € C§°(Q) converging to h in L?, and observe that
for z € R"\ Q,

Ahy(z) = lim Kz — y)hely) duy) = /Q K — y)hay) duy)

e—07F Rn\ B7 (z)
-+ [ Ktz = phty)
Q
since the function y — K(x —y) is of class L? on Q. The continuity of A on L? thus
implies
Ah(x) = / K(x —y)h(y) for almost every z € R" \ Q.
Q

Now observe that every point in @ is at most a distance y/nr away from ¢, hence
for any x € R" \ @, since h has mean value zero,
b)) = | [ Ko=) dnt) =| | (K@ =9) = K= ) h(s) du)

< sup|K(z — ) — K(z — q) /Q ()| du(y)

yeQR

nr
< sup |dK (x — -v/nrllbll < e Al
< sup K (z =)l Varlhlls < eV

for some constant ¢ > 0, where in the last step we've used the bound |dK (z)| <
c/|z|*™* from the hypotheses of Theorem 2.ATl Next we use the fact that for any
r € R"\ By 7,(q), dist(x, Q) > |z — q| — /nr, thus

1

AR(e)] dua) < e/l — dy(z)
/R”\Bzﬁr(q) U ey (@ (17— al = v/r)n?
= 1
= ¢ Vol(S" ) v/nr||h 1/ — " Ydp
Ny e s

o0 n—1
= cVol(S"_l)\/ﬁthHLl/ (u—i_uﬂdu

nr

0o unfl

du

IN

n—1
cVol(S )\/ﬁr||h||L1/m es)

= c Vol(S™ Yv/nr||h 1 = cVol(S™ YAl 11,

1
nr
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where Vol(S™!) > 0 denotes the volume of the unit sphere in R". 0

We now finish the proof of Theorem R.A 1] by showing that A satisfies the con-
dition (ZAF). Given f € L'(R™) N L*(R") and ¢ > 0, let F,Q C R™ denote the
subsets provided by Lemma R.A.G] with © defined as a countable union of cubes
Q. C Q with disjoint interiors, centered at points ¢p € ), and with side lengths
2r,, > 0. Note that the measure of €2 is bounded since f satisfies

1 / 1
— fl>t = wQr) <—=|fll
AL (@) < 71l
for each k, and thus
(2.A.6) w(Q) < ”"CHL%
Decompose f as g + b, defining its “good” and “bad” parts by

(2) = f(x) forz € F,
= avgg, (f) forx e Qp k€N,
Then ||g[[,r < |[f][zr and [[b]|,r < 2|/ f]|zr, while b|r = 0 and avgg, (b) = 0 for each

k € N. Observe also that since the mean values of |f| on cubes @ are bounded
above by 2"t and |f| <t on F', we have |g| < 2"t almost everywhere on R" and thus

(2.A.7) |2 :/ lg]? 32"75/ 9] = 2"]|g][ -
R® R

Since distinct cubes @) and (); can intersect only on their boundaries, we can
write b = ), by almost everywhere, where by is defined to equal b on @, and zero
everywhere else. Then if

Bg = U B2\/ﬁrk(Qk) - Rn’
keN
applying Lemma 2.A.7 to each b, gives
[ @l <y [ @l dut) < 3 el = bl
R"\ Bq keN Y R™\Ba . (ak) keN

where the constant ¢ > 0 depends only on K and n. Observe that since the volumes
of both @ and By, /,, (qx) are each proportional to 77, we have

1(Baymn (qr) < ¢ 1u(Qr)
for some constant ¢ > 0 depending only on n, thus

#(Ba) £ 3 1(Bayre, (a1)) < ¢ 3 n(Qu) = (@) <

keN keN
by (2A6). Using the p = 1 case of ([Z2A2), this implies
u(S{*) < p(Ba) + p({z € R"\ Ba | |Ab(x)] > t})

/ 1 ! b '+ 2
A 17y Al e (€200
R”\BQ

N fler
t
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To estimate 11(S:*), we use the p = 2 case of (ZA2), together with (A7) and the

boundedness of A : L*(R") — L*(R"), giving

| Agl|Z:
t2

Combining these last two estimates via ([2.A1) gives

C 1 C 1 C 1

2 on A 2
%2 ”gﬁ!L2 < QHHA”%2 HgHL1 < ” HiQHf”Ll

u(SM) < < ||A]|

t/2 t2 ot

where the constants ¢;,c; > 0 depend only on n, [|A||z2 and the hypotheses on
the function K. The interpolation lemma can now be applied to establish a bound
|Afllze < c|[f||z» for f € L' N L? with any p € (1,2), and since L' N L? is in this
case dense in L?, the proof of Theorem [2.A 1l is now complete.

2.B. Appendix: Elliptic operators in general

In the proof of Theorem for p = 2, we used a simple argument via the
Fourier transform to establish the estimate ||u||z1 < ¢|/0ul/z2 for u € CZ°(C, C). In
this appendix, we will discuss precisely what kinds of partial differential operators are
amenable to this method of proof, and what it implies for solutions of those PDEs.
In particular, this leads directly to the general notion of ellipticity, an important
concept in many branches of both differential geometry and analysis. The contents
of this appendix are not used in the rest of the text.

The natural geometric setting for linear PDEs is as follows. Let [ denote either
R or C, fix a smooth manifold M with two smooth F-linear vector bundles £ — M
and F' — M of rank r and s respectively, and consider an F-linear partial differential
operator

D:T(FE)—I['(F)
of order m € N, which by definition can be written for any choice of local trivializa-
tions of F and F' over the same coordinate neighborhood in M in the form

(2.B.1) (Du)(z) = Y cal@)0u(z).

laj<m

In this expression, 4 C R" is the image of a chosen coordinate chart on some region
in M, u:U — F" and Du : U — F? represent sections of E and F respectively in
the chosen local trivializations and coordinates, the sum ranges over all multiindices
a of degree at most m, and the ¢, are functions

Co 1 U — T

taking values in the vector space of s-by-r matrices over F. We assume the highest
order terms ¢, for |a| = m are not all identically zero.

We will discuss in §3. 1 how to define Sobolev norms on spaces of sections of vector
bundles if the base M is compact, in which case D can be viewed for instance as a
bounded linear operator from W”?(E) to LP(F). One can then try to prove global
regularity results, saying e.g. that if Du = f and f is smooth, then v must also be
smooth. The first step in proving such results is to localize near an arbitrary point
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xo € M and consider the unique operator with constant coefficients that matches
(.B.1) at xo, i.e. consider an operator of the form

(2.B.2) D= Y cu0": C*R",F) — C*(R",F")
o <m

for a set of fixed matrices ¢, € F**". If the functions ¢, (x) in (2.B.1]) are sufficiently
smooth, then the operator with variable coefficients can be regarded as an arbitrarily
small perturbation of the operator with constant coefficients, as long as we restrict to
a sufficiently small neighborhood of xog—thus many properties of the operator with
constant coefficients can (with some effort) be carried over to the general case. For
a simple example of how this works in the case of Cauchy-Riemann type operators,
see Lemma [3.3.2]

With this motivation in mind, we now consider the general mth-order F-linear
partial differential operator (ZB.2]) on R™ with constant coefficients, and ask: if
Du = f and we have some control over the derivatives of f up to some order
k € N, can we use this to control all the derivatives of v up to order m + k7 More
concretely, if v € C§°(R") and Du = f, can we bound ||u[|gm+rgn) in terms of
|f || i+ mny? Taking the Fourier transform of the equation Du = f gives

a”(p)a(p) = f(p),
where o : R® — C**" is a polynomial of degree m in the real variables pi,...,p,
with complex matrix-valued coefficients; specifically,

o”(p) = ) (2mip)*ca.

la<m

This polynomial is called the symbol of the differential operator D, and its behavior
for large |p| is determined by the sum of the highest order terms, called the principal
symbol,
om(p) = > pca €T,
|a|=m
hence P (p) = (2mi)™o2(p) + O(|p|™!). We can now try to estimate the H™"*-
norm of u by expressing it in terms of the Fourier transform as in §2.5

(2.B.3)
Jullymes = [ P duts) = [ (0 P+ P () da(r)

Since o”(p) is a polynomial of degree m, | (p)u(p)|? is bounded above for large

Ip| by something of the form c(1 + [p|*)™|i(p)|?, but what we’d actually like is the
reverse of this: if we can bound (1+ |p|?)™|a(p)|? in terms of [o? (p)a(p)|*> = | f(p)]%,
the result will be a bound for ||u||gm+x in terms of ||f||z+. Not every polynomial
has the right properties to make this idea work, but it is easy to characterize those
that do:

EXERCISE 2.B.1. Assume P : R" — F**" is a polynomial of degree m with
coefficients in F**", and P,, denotes the sum of its degree m terms. Show that the
following are equivalent:
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(1) There exist constants R > 0 and ¢ > 0 such that
|P(x)v| > c|z|"|v] forallveF, x € R" with || > R;
(2) There exist constants R > 0 and ¢ > 0 such that
|P(z)v]* > c¢(1+ |z|*)™v|* forallv € F", x € R" with |z| > R;
(3) For all z € R"\ {0}, P, (z) € F**" is injective.
Hint: Use the fact that P,, is a homogeneous polynomial.

In light of Exercise R.B.1] let us assume going forward that D satisfies the fol-
lowing condition:

(2.B.4) ol (p) € F**" is injective for all p € R™\ {0}.

m

Now using the constants R > 0 and ¢ > 0 provided by the exercise, the estimate we
began in (2B.3) can be completed as follows:

falls = [ 0 P o) dutp) + | (L P P )P i)

<@ Bl 2 [ ) o)) du)

R"™\BY,

n

<@ Bl 2 [ PP dute)

" 1
= (1L+ B fullZe + [l

This proves a generalization of the p = 2 case of Theorem 2.6.1] to a much larger
class of partial differential operators:

THEOREM 2.B.2. Suppose D : C*(R",F") — C*(R",F?) is an F-linear partial
differential operator on R™ of order m € N with constant coefficients, whose principal
symbol o2 satisfies the condition (ZB.4). Then for every integer k > 0, there exists
a constant ¢ > 0 such that

||u||Hm+k(Bn) < C||u||L2(Bn) + C||Du||Hk(Bn) for alluw € C3°(B",F"),
where B™ C R"™ denotes the unit ball. O

REMARK 2.B.3. By density, the estimate in the theorem also extends to all u in
H"™™(B™ F7), the closure of C$°(B") in the H™*-norm.

Using this estimate, one can now prove the following general regularity result
by adapting the argument of Proposition 264 (via difference quotients and the
Banach-Alaoglu theorem). We leave the details of the proof as an exercise for the
enthusiastic reader.

THEOREM 2.B.4. Any operator D of order m as in Theorem [2.B.2 has the fol-
lowing property: if u € H™(B",F") and Du € H*(B",F*) for some k > 1, then
for every r < 1, the restriction of u to the ball B}' C R"™ of radius r belongs to
H™ ™ (B" F") and satisfies the estimate

HUHHm-Hc(B;L) S cHuHHm(Bn) + C”DU”HIc(Bn)
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In particular, any solution to Du = f with f € C*(B") is smooth. O

This result provides a convincing reason to give a name to condition (Z.B.4), but
the actual definition of ellipticity is even a bit stronger:

DEFINITION 2.B.5. An F-linear partial differential operator D : C>*(R",F") —
C>®(R™,F*) of order m with constant coefficients is elliptic if its principle symbol
oD R™ — F**" has the property that for all p € R\ {0}, o2 (p) € F** is invertible.
(In particular, this requires r = s.)

To justify the strengthening from injectivity to invertibility in the above def-
inition, one can consider the formal adjoint of D, which is the unique partial
differential operator D* : C*°(R",F*) — C*°(R",F") satisfying

<’U, DU‘)LQ(R",FS) = <D*U,U>L2(Rn7]}7r) fOI' all u c COOO(Rn,FT), NS COOOGRn,FS)

Using integration by parts, one obtains the formula

D* =Y (=1l

la<m

where ¢/, € F™*¢ is the usual adjoint matrix of ¢,. The principal symbols of D and
D* are thus related by

(2.B.5) b () = (-1)" (oh )",

so the following characterization of ellipticity arises from the basic fact that a matrix
is injective if and only if its adjoint is surjective.

PROPOSITION 2.B.6. For any linear partial differential operator D : C°(R™ F") —
C>®(R™,F*) of order m with constant coefficients, with formal adjoint D*, the fol-
lowing conditions are equivalent:

(1) D is elliptic,
(2) D* is elliptic,
(3) D and D* both satisfy condition (2B.4).

We will have much more to say about formal adjoints in §3.2] because in the
global picture of operators D : I'(E) — I'(F') on vector bundles, they play a key role
in showing that elliptic operators have the Fredholm property; this means among
other things that solutions to Du = f not only are smooth (for f € C*°) but also
exist, at least for f in a subspace of finite codimension.

EXAMPLE 2.B.7. The standard Cauchy-Riemann operator d : C>(C,C") —
C>=(C,C") is a first order operator with principal symbol o?(py, p2) = (p1 +ip2)1 €
C™*", which is invertible for all (p;, p2) # 0, hence 0 is elliptic. The same is true of
0 = 0, — i0,, whose principal symbol is 6 (py, p2) = (p1 — ip2)1.

EXAMPLE 2.B.8. A real-linear Cauchy-Riemann type operator D : C*°(C, R*") —
C>(C,R*") with constant coefficients takes the general form

D — 185 ‘I— J()at‘l—A,
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0 —1
1 0
term makes no difference to the principal symbol, which takes the form

where Jy = € GL(2n,R) and A € R??" is arbitrary. The zeroth order

1T —pol XN
o (p1,p2) = il + paJo = (]];;]1 p]ﬁl ) € R¥ 2,

hence det (O'D<p1,p2>) = (p? + p3)" # 0 unless p; = po = 0, so again D is elliptic.

ExaMPLE 2.B.9. For functions u : C* — C", the Cauchy-Riemann equations
can be written as du := (diu, ..., 0,u) = 0, where for each j = 1,...,n, we define

0; = 0,,+1i0;; as the usual Cauchy-Riemann operator with respect to the jth complex

variable z; = s;+it; in (z1,...,2,) € C". Thus 9 is a first order differential operator
C>(C",C") — C>=(C",C™), and since nr > r for n > 2, the several variable
version of 0 cannot be elliptic. It does however satisfy the condition (2.B.4)); indeed,
writing its principle symbol as a polynomial in the variables p1,q, ..., pn, ¢, With

¢ == pj +1ig; for j =1,...,n, we have

7 G
U?(Cl)"'agn) - € CNT’XT’
Gl
which is injective unless (; = ... = (, = 0. As a consequence, Theorem 2.B.4l

implies the fact that holomorphic functions of several complex variables are always
smooth; see Theorem 2.2.1] for a more classical proof of this result.

ExXAMPLE 2.B.10. A general second order operator with constant coefficients
acting on functions u : R” — R can be written in the form

Du = Z ajkajﬁku + Z bi0"u + cu
jik k
for some a;y, by, ¢ € R with indices j,k = 1,...,n, where without loss of generality
the n-by-n matrix formed by {a;,} may be assumed symmetric. The principle
symbol ¢ is thus the quadratic form defined by this matrix, and D is elliptic if and
only if this form is (positive or negative) definite. The best known example is the

Laplacian,
A=->"0,
J

which has principle symbol ¢5*(p) = —|p|?> € R and is thus elliptic. In contrast, the
heat equation operator 0 — Z;;Q 8]2 and the wave equation operator 97 — Z;;Q 8?
have indefinite principle symbols —>7" , p? and pj — 377, p} respectively, thus
neither is elliptic, though the former is known to satisfy regularity results similar
to the elliptic case (see e.g. [Eva98| §2.3]). It is easy to see that regularity fails
for the wave equation, which e.g. in dimension two admits solutions of the form
o(x1,m9) = f(x1 £ 9) for arbitrary (possibly nonsmooth) functions f : R — R.

We conclude this digression by returning to the global setting of an mth order
F-linear partial differential operator D : T'(E) — I'(F) between vector bundles
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E,F — M, which locally takes the form ([R.B.I)), with smooth but nonconstant
coefficients. Having chosen local coordinates and trivializations, one can use the
expression D =) ¢,(x)0* to define an z-dependent principal symbol

ol (x,p) = Z phea(x) € BT,

|laj=m

and D is then said to be elliptic if o2 (z,p) is invertible whenever p # 0; in other
words, D is elliptic if for every point x € M, the unique operator with constant
coefficients matching D at x is elliptic. This definition is rather clumsy since it
seems to depend on the choice of coordinates and trivializations, but there is an
elegant way to see that it does not actually depend on these choices. Fix a point
xo in the coordinate neighborhood Y/ C M and a vector p = (py,...,p,) € R", and
choose a smooth function f : M — R such that f(xzg) = 0 and 0;f(x¢) = p; for
j=1,...,n. Then all partial derivatives of f™ up to order m — 1 vanish at xg, so
for any u € I'(E) expressed locally as a function u : Y — F”, we have

D(f™u)(wo) = Y calwo)d(f™u)(wo) = m! Y calwo)p™ulzo)

jal<m lal=m
=m!- o2 (zo,p)u(zo).

This computation shows that the following notion is well defined and equivalent to
the local definition of ellipticity given above.

DEFINITION 2.B.11. Suppose E,F' — M are vector bundles and D : I'(E) —
['(F) is a linear partial differential operator of order m € N. The principal symbol
of D is a fiber-preserving map

ol T*"MOE — F:(p,v)— ol(p

such that for every x € M and p € T:M, oP(p) : E, — F, is linear, and it is
characterized uniquely by the property that for any v € I'(F) and f € C>*(M,R)
with f(x) =0,

oD df())u(r) = - D(f™u) ).

We say that D is elliptic if and only if for eve.ry nonzero cotangent vector p € T* M,

D

o, (p) is an isomorphism.

EXAMPLE 2.B.12. For a complex vector bundle F over a Riemann surface (3, j),
a real-linear Cauchy-Riemann type operator D : I'(E) — I'(F') with ' := Hom¢ (T3, E)
is characterized by the Leibniz rule (2.3.3)), which means its principal symbol is

o (p)u=(p+iopoju.

This is an isomorphism for any nonzero p € T*Y, hence D is elliptic.

EXERCISE 2.B.13. Show that if E, F,F’ — M are vector bundles and D :
['(E) — I'(F) and D' : ['(F) — T'(F’) are linear partial differential operators of
order m and n respectively, then D" o D : I'(E) — I'(F") is a linear partial differen-
tial operator of order m + n and

D’oD D’(

o P (p) =0l (p) ool (p)
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for all p € T* M.

ExaMPLE 2.B.14. On any smooth manifold M, the exterior derivative
d: Q" (M) =T(A*T*M) — T(AMT*M) = Q¥(M)
is a first order linear operator with principal symbol o%(p)a = p A a, and it is
obviously not elliptic since usually A¥T*M and A¥*'T*M have different rank. If M
also carries a Riemannian metric g, then this induces natural L? products («, )2 =
fMg(a,B) dvol on each of the bundles A*T*M, so that d has a formal adjoint

d* : QMY (M) — QF(M). We define the Laplace-Beltrami operator, also known as
the Hodge Laplacian or Hodge-de Rham operator, by

A = dd* + d*d : Q" (M) — QF(M).

This is a second order elliptic operator. To see that it is elliptic, one can first write
down the adjoint of o¢(p) using the relation

(2.B.6) gla,p A B) = glira, B),

where p# € TM is defined by p = g(p*,-). This relation can be proved easily by
choosing an orthonormal basis of T, M that includes a multiple of p* and verifying
that it holds on corresponding basis elements in A*T*M. Then (2.B.3) gives

O-f* (p)ﬁ = _Lp#ﬁa
and by Exercise 2.B.13] we obtain

a5 () = (P N @) = p A ppar.

Now, choosing a unit cotangent vector p € 1> M and completing it to an orthonormal
basis of T M, one can check by evaluation on the resulting basis of k-forms that
Lt (PAQ)+pAtsa = afor all @ € AP M; since 05 (p) is a homogeneous quadratic
polynomial with respect to p, thus implies

o3 (p)a = —|p|a.
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Fredholm Theory
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3.1. Some Banach spaces and manifolds

In this chapter we begin the study of J-holomorphic curves in global settings. We
will fix the following data throughout: (3, j) is a closed connected Riemann surface,
and (M, J) is a 2n-dimensional manifold with a smooth almost complex structure.
Our goal will be to understand the local structure of the space of solutions to the
nonlinear Cauchy-Riemann equation, that is,

(3.1.1) {u€ C=(2, M) | Tuoj=JoTul.

We assign to this space the natural topology defined by C°°-convergence of maps
Y. — M. Recall that since J is smooth, elliptic regularity implies that all solutions
of at least class VVIIZCP for some £ € N and p > 1 with kp > 2 are actually smooth,
and the C*®-topology is equivalent to the W*? topology on the solution space. The
main result of this chapter will be that under sufficiently fortunate circumstances,
this space is a finite-dimensional manifold, and we will compute its dimension in
terms of the given topological data. We will put off until the next chapter the
question of when such “fortunate circumstances” are guaranteed to exist, i.e. when
transversality is achieved. It should also be noted that in later applications to
symplectic topology, the space (B.1.1]) will not really be the one we want to consider:
it has two unnatural features, namely that it fixes an arbitrary complex structure
on the domain, and that it may include different curves that are reparametrizations
of each other, and thus should really be considered “equivalent”. We will address
these issues in Chapter dl when we give the proper definition of the moduli space of
J-holomorphic curves.

For now, (B1.T]) will be the space of interest, and we sketched already in §2.4 how
to turn the study of this space into a problem of nonlinear functional analysis. It is
time to make that discussion precise by defining the appropriate Banach manifolds
and bundles.

125



126 CHRr1S WENDL

We must first understand how to define Sobolev spaces of sections on vector
bundles. In general, for any smooth vector bundle £ — ¥ one can define the space
W'lif(E) to comnsist of all sections whose expressions in all choices of local coordinates
and trivializations are of class W*? on compact subsets. One can analogously define
maps of class VVIIZCP between two smooth manifolds. When ¥ is also compact, we
define the space W*P(E) to be simply Wi?(E), and give it the structure of a
Banach space as follows. Choose a finite open cover [ J ;U; = X, and assume that
for each set U; C 3, there is a smooth chart ¢, : U; — €, where Q; = ¢;(U;) C C,
as well as a local trivialization ®; : Ely, — U; x C". Then if {p; : ¥ — [0,1]} is a
partition of unity subordinate to {{;}, define for any section v: ¥ — E,

(3.1.2) [ollwrs =Y [ prso®; 0 (p0) 0 05 lwrsay).
J

This definition depends on plenty of choices, and the norm on W*?(E) is thus not
canonically defined; really one should call W*?(E) a Banachable space rather than
a Banach space. The exercise below shows that at least the resulting topology on
WkP(E) is canonical. In a completely analogous way, one can also define the Banach

spaces C*(E) and C*<(E).

EXERCISE 3.1.1.

(a) Show that any alternative choice of finite open covering, charts, trivializa-
tions and partition of unity gives an equivalent norm on W*?(E). Hint:
Given two complete norms on the same vector space, it’s enough to show
that the identity map from one to the other is continuous (in one direction!).

(b) Verify that your favorite embedding theorems hold: in particular, there are
continuous and compact embeddings W*?(E) — W*=LP(E) and, if kp > 2,
Whtdr(E) — CUE).

REMARK 3.1.2. If ¥ is not compact, then the topology of W*P(E) is not generally
well defined without some extra choices, and even after these choices are made, the
embeddings in Exercise B.I.1lcannot be expected to be compact (cf. Remark 2.5.15]).
We'll need to deal with this issue later when we discuss punctured holomorphic
curves.

EXERCISE 3.1.3. For kp > 2, a topological vector bundle £ — ¥ is said to be a
vector bundle of Sobolev class W if it admits a system of local trivializations
whose transition maps are of class W*?. Show that W*P(FE) is also a well-defined
Banachable space in this case, though one cannot speak of sections of any better
regularity than W*?. Why doesn’t any of this make sense if kp < 27

Next we consider maps of Sobolev-type regularity between the manifolds > and
M:; we’ll restrict our attention to the case kp > 2, so that all such maps are contin-
uous. It was already remarked that the space W}if(E, M) can be defined naturally
by expressing maps > — M in local charts, though since it isn’t a vector space, the
question of precisely what structure this space has is a bit subtle. Intuitively, we
expect spaces of maps ¥ — M to be manifolds, and this motivates the following

definition.
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DEFINITION 3.1.4. For any k£ € N and p > 1 such that kp > 2, choose any smooth
connection on M, and for any smooth map f € C*(%, M), choose a neighborhood
Uy of the zero section in f*T'M such that for all z € X, the restriction of exp to
TpyM NU; is an embedding. Then we define the space of WHP-smooth maps from
Y to M by

WEP(S, M) = {u e CUS, M) | u= exp; 7 for some f € C*(%, M) and
n € WrEP(f*TM) with n(X) C Uy}

We've not yet assigned a topology to W*P(3, M), but a topology emerges nat-
urally from the nontrivial observation that our definition gives rise to a smooth
Banach manifold structure. Indeed, the charts are the maps exp,n — n which take
subsets of W*P(3, M) into open subsets of Banach spaces, namely

W P(Uy) = {n € WEP(f*TM) | n(%) C Us}.

Since the exponential map is smooth, a slight generalization of Lemma shows
that the resulting transition maps are smooth—this depends fundamentally on the
same three properties of W*? that were listed in the lemma: it embeds into C?, it
is a Banach algebra, and it behaves continuously under composition with smooth
functions. In the same manner, one shows that the transition maps arising from
different choices of connection on M are also smooth, thus the smooth structure of
WkP(3, M) doesn’t depend on this choice. The complete details of these arguments
(in a very general context) are carried out in [EIi67]. The same paper also shows
that the tangent spaces to W*P(X, M) are canonically isomorphic to exactly what
one would expect:
TWEP(S M) = WP (w*T M).

Note that in general, u*T'M — ¥ is only a bundle of class W*? but the resulting
Banach space of sections is well defined due to Exercise above.

EXERCISE 3.1.5. Assuming kp > 2 as in the above discussion, show that for any
chosen point zy € 3, the natural evaluation map

WHEP(S, M) — M = u v+ u(z)

is smooth. Hint: This depends essentially on the fact that (1) the exponential map
on M is smooth, and (2) for any smooth vector bundle E — Y, the inclusion of W*»
into C° implies that W*?P(E) — E,, : n+ n(zo) defines a bounded linear operator.

EXERCISE 3.1.6. Show that the map W*P(X, M) x ¥ — M : (u,2) — u(z) is
not smooth.

The definition of Banach manifold that we have been using thus far is absurdly
general: indeed, a topological space with an atlas of smoothly compatible charts gen-
erally need not be either Hausdorff or paracompact (see [Lan99]). It will be useful
to note that the particular Banach manifolds we are considering are topologically
not nearly so exotic.

PROPOSITION 3.1.7. The Banach manifold W*?(3, M) defined above is metriz-
able and separable.
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PRrROOF. Choose a smooth embedding of M into RY for some sufficiently large
N € N. Using [Eli67, Theorem 5.3|, one can show that this induces a smooth
embedding of W*P(X, M) into the linear Banach space W"?(X,RY) as a smooth
submanifold. The latter is metrizable and separable, so we conclude the same for

Wke(s3, M). 0

One can take these ideas further and speak of vector bundles whose fibers are
Banach spaces: a Banach space bundle of class C* is defined by a system of local
trivializations whose transition maps are of class C* from open subsets of the base
to the Banach space of bounded endomorphisms .Z(X) on some Banach space X.
Note that if g : U — Z(X) is a transition map and z € U, = € X, it is not enough
to require continuity or smoothness of the map (z, x) — g(2)z; that is a significantly
weaker condition in infinite dimensions. We refer to [Lan99] for more on the general
properties of Banach space bundles.

For our purposes, it will be important to consider the Banach manifold

B*P = WhP (S, M)
with a Banach space bundle £¥~12 — B*P whose fiber at u € B*? is
EFLP = WELP (Home (TS, u*TM)).

You should take a moment to convince yourself that for any u € B*P, it makes sense
to speak of sections of class W*~1? on the bundle Home (TY, u*TM) — . As it
turns out, the general framework of [EIT67] implies that £¥~17 — BfP admits the
structure of a smooth Banach space bundle such that

y B = EMP s Tu+ JoTuo

is a smooth section. Note that in the last observation, we are using the assumption
that J is smooth, as the question can be reduced to yet another application of
Lemma P I25t the section 0, contains the map WP — WFP . 4 s J o u, which
has only as many derivatives as J (minus some constant). For this reason, we will
assume whenever possible from now on that J is smooth.

The zero set of J; is the space of solutions (B.LT]), and as we already observed,
the topology of this solution space will have no dependence on k or p. To show
that 3}1(0) has a nice structure, we want to apply the infinite-dimensional bundle
version of the implicit function theorem, which will apply near any point u € 5}1(0)
at which the linearization

D, := D;(u) : T,B*? — g1

is surjective and has a bounded right inverse. Here D, is the operator we derived
in §2.4k at the time we were assuming everything was smooth, but the result clearly
extends to a bounded linear operator

D, : WEP(w*TM) — WP (Home (TS, u*TM))
n= Vn+J(u)oVnoj+ (VyJ)Tuo j,

where V is an arbitrary symmetric connection on M, and this operator must be
identical to DJ;(u) since C* is dense in all the spaces under consideration.
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The condition that D, have a bounded right inverse will turn out to be trivially
satisfied whenever D, is surjective, because ker D,, is finite dimensional. This is an
important new feature of the global setting that did not exist locally, and we will
spend the rest of this chapter proving it and computing the dimension. The main
result can be summarized as follows.

THEOREM 3.1.8. For any u € 9;'(0), D, is a Fredholm operator with index
ind(D,) = nx(%) + 2(cs(TM), [u]),

where [u] = u,[X] € Hy(M) and ci(TM) € H*(M) is the first Chern class of the
complex vector bundle (T'M, J).

Recall that a bounded linear operator D : X — Y between Banach spaces is
called Fredholm if both ker D and Y/im D are finite dimensional; the latter space
is called the cokernel of D, often written as coker D. The Fredholm index of D
is then defined to be

ind(D) = dimker(D) — dim coker(D).

Fredholm operators have many nice things in common with linear maps on finite-
dimensional spaces. Proofs of the following standard facts may be found in e.g. [Tay96

Appendix A] and [AA02] §4.4].

PROPOSITION 3.1.9. Assume X andY are Banach spaces, and let Fred(X,Y) C
Z(X,Y) denote the space of Fredholm operators from X to'Y.

(1) Fred(X,Y) is an open subset of L (X,Y).

(2) The map ind : Fred(X,Y) — Z is continuous.

(3) If D € Fred(X,Y) and K € Z(X,Y) is a compact operator, then D+ K €
Fred(X,Y).

(4) If D € Fred(X,Y) then im D is a closed subspace of Y, and there exists a
closed linear subspace V- C X and finite-dimensional subspace W C'Y such
that

X =ker(D)a@V, Y =im(D)® W,

and DIy : V' — im(D) is a Banach space isomorphism.

Note that the continuity of the map ind : Fred(X,Y) — Z means it is locally
constant, thus for any continuous family of Fredholm operators {D;}icjo,1], ind(Dy)
is constant. This fact is extremely useful for index computations, and is true de-
spite the fact that the dimensions of ker D, and Y/im D, may each change quite
drastically. As a simple application, this implies that for any compact operator K,
ind(D+ K) = ind(D), as these two are connected by the continuous family D+t K.

EXERCISE 3.1.10. The definition of a Fredholm operator D : X — Y often
includes the assumption that im D is closed, but this is redundant. Convince yourself
that for any D € Z(X,Y), if Y/im D is finite dimensional then im D is closed. If
you get stuck, see [AAA02, Corollary 2.17].

Theorem [3.1.§] is of course most interesting in the case where D, is surjective,
as then the implicit function theorem yields:
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COROLLARY 3.1.11. Ifu € 971(0) and D, is surjective, then a neighborhood of
u n 8}1(0) admits the structure of a smooth finite-dimensional manifold, with

dim 9;1(0) = nx () + 2(cs (TM), [u]).

3.2. Formal adjoints

The Fredholm theory for the operator D, fits naturally into the more general
context of Cauchy-Riemann type operators on vector bundles. For the next three
sections, we will consider an arbitrary smooth complex vector bundle (E, J) — (X, j)
of (complex) rank n, where (¥,j) is a closed connected Riemann surface unless
otherwise noted. We will often abbreviate the first Chern number of (E,J) by
writing

a(E):={c(E,J),[X]) € Z.
Let D : I'(E) — I'(Homg(TY, E)) denote a (real- or complex-) linear Cauchy-
Riemann type operator. In order to understand the properties of this operator, it
will be extremely useful to observe that it has a formal adjoint,

D* : T'(Homg (TS, E)) — T'(E),

which will turn out to have all the same nice properties of a Cauchy-Riemann type
operator. We'll use this in the next section to understand the cokernel of D, which
turns out to be naturally isomorphic to the kernel of D*.

Choose a Hermitian bundle metric (, ) on £, and let (, ) denote its real part,
which is a real bundle metric that is invariant under the action of J. Choose also a
Riemannian metric g on ¥ that is compatible with the conformal structure defined
by j; this defines a volume form p, on ¥, and conversely (since dimg ¥ = 2), such
a volume form uniquely determines the compatible metric g via the relation

pg(X,Y) = 9(jX,Y).

These choices naturally induce a bundle metric (, ), on Hom¢ (7Y, E)), and both
I'(E) and T'(Homc (7Y, E)) now inherit natural L? inner products, defined by

(€1 = / EM i Bz = / (@, B)q g

for &,m € T(E) and o, € I'(Home(TX, E)). We say that an operator D* :
['(Hom¢(TX, E)) — I'(F) is the formal adjoint of D if it satisfies

(3.2.1) <a,D7]>L2 = <D*a,7]>L2.

for all smooth sections € T'(E) and « € I'(Home (T, E)). The existence of such
operators is a quite general phenomenon that is easy to see locally using integration
by parts: roughly speaking, if D has the form D = 0+ A in some local trivialization,
then we expect D* in the same local picture to take the form —@ + AT. One sees
also from this local expression that D* is almost a Cauchy-Riemann type operator;
to be precise, it is conjugate to a Cauchy-Riemann type operator. The extra minus
sign can be removed by an appropriate bundle isomorphism, and one can always
transform 0 = 9, — i0; into 0 = J, + i0, by reversing the complex structure on the
bundle. Globally, the result will be the following.
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PROPOSITION 3.2.1. For any choice of Hermitian bundle metric on (E,J) —
(3,7) and Riemannian metric g on ¥ compatible with j, every linear Cauchy-
Riemann type operator D : T'(E) — I'(Home(T'Y, E)) admits a formal adjoint

D* : T(Home (TS, E)) — T'(E)

which 1s conjugate to a linear Cauchy-Riemann type operator in the following sense.
Defining a complex vector bundle (E,J) over ¥ by

(E, J) == (Home(TS, E), —J),
there exist smooth real-linear vector bundle isomorphisms
®: E — Home(TS, E),  W:FE — Home(TS, E)
such that Vo D* o @ is a linear Cauchy-Riemann type operator on E.

We will prove this by deriving a global expression for D*. One can construct
it by a generalization of the same procedure by which one constructs the formal
adjoint of d on the algebra of differential forms, so let us recall this first. If M is
any smooth oriented manifold of real dimension m with a Riemannian metric g, let
g denote the induced volume form, and use g also to denote the natural extension
of g to a bundle metric on each of the skew-symmetric tensor bundles A*T*M for
k=0,...,m. We will denote Q*(M) := I'(A*T*M), i.e. this is simply the vector
space of smooth differential k-forms on M. Now for each kK = 0,...,m, there is a
unique bundle isomorphism,

* AFT*M — AR M
the Hodge star operator, which has the property that for all a, 3 € Q*(M),
(3.2.2) 9l ) pg = a N xf.

One can easily show that * is a bundle isometry and satisfies *> = (—1)(m=%)  With
this, one can associate to the exterior derivative d : Q¥(M) — QL1 (M) a formal
adjoint

d*: QM (M) — Q"1 (M),

d* = (_1)m(k+1)+1 *d*,
which satisfies

/ g(ov, df) pg = / g(d o, B) g
M M

for any o € QF(M) and g € Q¥ 1(M) with compact support. The proof of this
relation is an easy exercise in Stokes’ theorem, using (3.2.2).

We can extend this discussion to bundle-valued differential forms: given a real
vector bundle E — M, let Q%(M, F) := I'(A*T* M ® E), which is naturally identified
with the space of smooth k-multilinear antisymmetric bundle maps TM & ... ®
TM — E. Choosing a bundle metric (, ) on E, the combination of g and ( , )
induces a natural tensor product metric on A¥T*M ® E, which we’ll denote by ( , ) g-
There is also an isomorphism of E to its dual bundle £* — M, defined by

E—=FE:v—v:=(v,-),
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which extends naturally to an isomorphism

NT*"M®FE — ANT*"M® E*:aw a.
There is no natural product structure on A*T*M ® E, but the wedge product does
define a natural pairing

(NT"M@E*)® (N'T"M @ FE) - N"T"M : (a®@ X\, f@v) = Av)-aAp,
as well as a fiberwise module structure,
AT*M @ (MT*"M ®E) = A" T*M @ E : (a, ) — a A B,
so that in particular Q*(M, F') becomes an Q*(M )-module.

Now if V : T'(E) — I'(Hom(TM, E)) = Q'(M, E) is a connection on £ — M,
this has a natural extension to a covariant exterior derivative, which is a degree 1
linear map dy : Q*(M, E) — Q*(M, E) satisfying the graded Leibniz rule

dy(a A B)=daA B+ (—1)fandyp
for all @« € QF(M) and 8 € QYM,FE). This also has a formal adjoint d% :
O (M, E) — Q*(M, FE), which is a linear map of degree —1. We can write it down
using a slight generalization of the Hodge star operator:
« : ANT"MQFE - A" "I MQE:a® v xaQw,

in other words for any p € M, a € AkTI;k M and v € E,, the product av defines a
skew-symmetric k-form on 7, M with values in E,, and we define *(av) to be (xa)wv.
This map has the property that for all a, 3 € Q¥(M, E),

(@, B)g p1g = @ N P,
and it is then straightforward to verify that
ds - QF(M,E) — Q" (M, E),
Ao = (—1)mFFDHL y dox

has the desired property, namely that

(3:2.4) [ (avdstlym = [ (da.s),m,

for all a € QF(M, E) and 3 € Q**(M, E) with compact support.

Let us now extend some of these constructions to a complex vector bundle (E, J)
of rank n over a complex manifold (X, j) of (complex) dimension m. Here it becomes
natural to split the space of bundle-valued 1-forms Q(%, E) into the subspaces
of complex-linear and antilinear forms, often called (1,0)-forms and (0, 1)-forms
respectively,

(3.2.3)

0L, B) = 019(S, B) & 9 (5, B),
where by definition Q1°(3, F) = I'(Home (TS, E)) and QY(X, E) = T'(Home (T, F)).

Choosing holomorphic local coordinates (z1,...,2™) on some open subset of 3, all

the (1,0)-forms can be written on this subset as

m
o= E o dz?
=1
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for some local sections «; of E, and the (0, 1)-forms likewise take the form

m
o= E a; dz’.
j=1

The space of bundle-valued k-forms then splits into subspaces of (p, q)-forms for
p+aq=Fk,
N, E) = @ (S, E),
pt+q=k
where any a € QP4(%, F) can be written locally as a linear combination of terms of
the form
Az A ANdEP NAEM A LA dER

multiplied with local sections of E. The (p, q)-forms are sections of a vector bundle
APAT* Y @ E,
which is a subbundle of APTT*Y, @ E.

As a special case, let QP7(3) := QP9(X, X x C) denote the space of complex-
valued (p,q)-forms. Then the image of the exterior derivative on Q%(3) splits
naturally:

d: QP(X) — QFrhy(n) @ QPatl(n),
and with respect to this splitting we can define linear operators
0 QPUY) — QPrha(y)), 0 : QX)) — QPatl(y)
such that d = 0 + 0. The restriction to Q%(X) = C>(X, C) gives (up to a factor of
two)El the usual operators 0 and 0 on smooth functions f : ¥ — C, namely

1 . . = 1 . .
of =5(df —idfoj),  Bf = S(df +idf o).
It follows now almost tautologically that @ and O satisfy graded Leibniz rules,
AaAB)=0aANB+ (=1 a A dB,
I aAB)=0anB+(=1)"andB
for a € QP4(X) and § € Q™ (X).

Choosing a Hermitian metric on the bundle (£, J) — (X, ), we can similarly
split the derivation dy : QF(3, E) — QF1(X) E) defined by any Hermitian connec-
tion, giving rise to complex-linear operators

Oy : QP(S, B) — QPP ),
Oy : P98, E) — QPITH(Y E)
which satisfy similar Leibniz rules,
Ov(aAB)=0aA B+ (—1)P"a A dyf,

(3.2.5) Ov(aAB)=0aA B+ (=1 a A dyf

IFor this section only, we are modifying our usual definition of the operators @ and 0 on
C>(%,C) to include the extra factor of 1/2. The difference is harmless.
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for o € QP9(X) and B € Q™*(X, E). In particular, this shows that Oy : QP9(X2, E) —
QPatL(Y) F) can be regarded as a complex-linear Cauchy-Riemann type operator on
the bundle AP9T*Y, ® E, where we identify Home (TS, APIT*Y ® E) naturally with
APIHIT*Y, @ E. Restricting to Q°0(X, ) = T'(E), 0y : ['(E) — Q%Y(X, E) has the
form

= 1
8v:§(V+JOVOj).

We are now almost ready to write down the formal adjoint of this operator. For
simplicity, we restrict to the case where ¥ has complex dimension one, since this
is all we need. Observe that the Hodge star then defines a bundle isomorphism of
AYT*Y] to itself, whose natural extension to A'T*Y ® E is complex-linear.

EXERCISE 3.2.2.
(a) Show that for any choice of local holomorphic coordinates z = s + it on X,
xds = dt and xdt = —ds.
(b) Show that for any o € T*Y, xav = —«v 0 j.
(c) Show that for any a € AMT*YQFE, *a = —Ja and for any o € AY'T*YQF,
xa = Ja. In particular, * respects the splitting Q'(X%, F) = QY(2, F) @
QONSE).

We claim now that the formal adjoint of Oy is defined by a formula analogous
to the operator d% of (8.2.3]), namely

(3.2.6) 0% = —* Oy : Q"(BD, E) — Q°(%, B).

In fact, this is simply the restriction of d% to Q%(X, E), as we observe that dy maps
QL3 E) to Q%%(%, E), which is trivial since 3 has only one complex dimension.
Thus the claim follows easily from (3.2.4]) and the following exercise.

EXERCISE 3.2.3. Show that AYT*Y ® E and A%'T*Y ® E are orthogonal sub-
bundles with respect to the metric (, ), on A'T*Y ® E.

It is now easy to write down the formal adjoint of a more general Cauchy-
Riemann type operator.

Proor or Prop. [B.2.1]l Choosing any Hermitian connection V on E, Exer-

cise 2.3.4 allows us to write
D =0y + A,
where A : E — Homg¢(TY, E) is a smooth real-linear bundle map. (Note that
Exercise 2.3.4] dealt only with the complex-linear case, but the generalization to the
real case is obvious.) Extending a well-known fact from linear algebra to the context
of bundles, there is a unique smooth real-linear bundle map A” : Hom¢ (7%, E) — E
such that
(v, An)g = (A", )
forall z€ ¥, n€ E, and a € A»' TS ® E,. Then the desired operator D* is given
by
D* =05 + AT,
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From ([B.2.0]), we see that D* is conjugate to an operator of the form
Dl = av -+ A1 : QO’I<E, E) — Ql’l<2, E),

where A; : A" T*Y @ E — AM'T*Y @ E is some smooth bundle map, i.e. a “zeroth
order term.” By (B:ZH), this satisfies the Leibniz rule,

(3.2.7) Di(fa) = (0f)a+ fD1«

for all smooth functions f : ¥ — C. We can turn this into the Leibniz rule for an
actual Cauchy-Riemann type operator on the bundle,

(E,J) = (Home (TS, E), —J).

Indeed, the identity = — Home (TS, E) is then a complex-antilinear bundle isomor-
phism, and there are canonical isomorphisms

~

AMT*Y @ E = Home (TS, A% T*Y ® E) = Home(TY, ),
so that D; is now conjugate to an operator
D, : T(E) — I'(Home (TS, E))
which satisfies Do(fB3) = (0f)B + fD2f3 due to [B.27). O
EXERCISE 3.2.4. Show that the bundle (E\, j), as defined in Prop. B.21] satisfies

(E) = = (A" T*S ® E) = —c1(E) — nx(%).

REMARK 3.2.5. It’s worth noting that if (X, j) is a general complex manifold
with a Hermitian vector bundle (E,J) — (X,j) and Hermitian connection V, the
resulting complex-linear Cauchy-Riemann type operator

Ov : I(E) — I'(Home (TS, E))

does not necessarily define a holomorphic structure if dime 3 > 2. It turns out that
the required local existence result for holomorphic sections is true if and only if the
map

by 0 v : T(E) — Q°2(3, E)

is zero. It’s easy to see that this condition is necessary, because if there is a holomor-
phic structure, then dy looks like the standard O-operator in a local holomorphic
trivialization and 9 o = 0 on Q*(3, E). The converse is, in some sense, a complex
version of the Frobenius integrability theorem: indeed, the corresponding statement
in real differential geometry is that vector bundles with connections locally admit
flat sections if and only if dy o dy = 0, which means the curvature vanishes. A
proof of the complex version may be found in [DK90, § 2.2.2], and the first step in
this proof is the local existence result for the case dim¢ ¥ = 1 (our Theorem [2Z77.7).
Observe that the integrability condition is trivially satisfied when dim¢ > = 1, since
then Q%%(%, E) is a trivial space.
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3.3. The Fredholm property

For the remainder of this chapter, (X, j) will be a closed Riemann surface and
(E,J) — (3, 7) will be a complex vector bundle of rank n with a real-linear Cauchy-
Riemann operator D. We shall now prove the Fredholm property for the obvious
extension of D to a bounded linear map

(3.3.1) D : WFP(E) — WrL2 (),
with k € N and p € (1, 00), where
F :=Hom¢ (T3, E).

THEOREM 3.3.1. The operator D of [B31)) is Fredholm, and neither ker D nor
ind(D) depends on the choice of k and p.

This result depends essentially on three ingredients: first, the main elliptic esti-
mate of §2.6] gives a bound for ||n||y s in terms of || Dnl|yr-1., from which we will
be able to show quite easily that ker D is finite dimensional. The second ingredient
is the formal adjoint D* that was derived in the previous section: since D* is also
conjugate to a Cauchy-Riemann type operator, the previous step implies that its
kernel is also finite dimensional. The final ingredient is elliptic regularity, which we
can use to identify the cokernel of D with the kernel of D*. The regularity theory
also implies that both of these kernels consist only of smooth sections, and are thus
completely independent of k and p.

As sketched above, the first step in proving Theorem B.3.1lis an a priori estimate
that follows from the linear regularity theory of §2.6l In particular, Theorem 2.6.1]
and Exercise 2Z.6.3) give

(3.3.2) nllwre < cl|On|lwr-1s for all n € WEP(B,C").

To turn this into a global estimate for D acting on sections of E, fix the following
data:

(1) A finite open covering {U;} ;e of ¥;

(2) Holomorphic coordinate charts identifying each of the subsets U; C ¥ with

the unit ball B C C;

(3) Smooth complex trivializations for each j € I identifying E|, with BxC™;

(4) A smooth partition of unity {p;},e; subordinate to {{;};c;.
Observe that the combination of the coordinate chart and trivialization on each
U; C ¥ naturally induces a trivialization of F;, identifying it with B x C™. For
any global sections n € ['(F), £ € I'(F) and any j € I, let us denote by

’I]jIB—>Cm, SjZB—)(Cm

the expressions of these sections in the chosen coordinates and trivializations over U;;
we shall also abuse notation and write p; : B — [0, 1] for the composition of p; : U; —
0, 1] with the corresponding inverse coordinate chart B — ;. In this notation, the
global Sobolev norms introduced in §3.1] can be written as

Il were) = Z lo5mllwee(s) [€llwr—rer) = Z 1058 lwr—10(B)
jeI jel
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and the Cauchy-Riemann type operator D : ['(E) — I'(F') takes the local form

(Dn); = (0 + Aj)ny,
where 0 = 0, + 10, as usual and we associate to each j € I some smooth real-linear
zeroth order term A; : B — Endg(C™). Putting all this together and applying the
local estimate (B.:3.2]), we have for any n € WkP(E),

Inllwerizy = Y lpmillweos) < ¢ 100sm)llwe-oes)

jeI jel
=cC Z I (5Pj)77j + Pj5Uj||Wk—1,p(B)
jel
< e N@pnllwerosy + ¢l [(Dn); = Aym] lwe-ro05)
jel jel
< Elnllwirom + e Y oy (DOn);llws-roes)
jel

= Inllwr-1o(m) + cllDnllwe-ro(m),

where in the penultimate line we've used the fact that dp; and A; are smooth and
[7;l[wr-10(8) < ¢jllnllwe-10(g) for suitable constants ¢; > 0. We’ve proved:

LEMMA 3.3.2. For each k € N and p € (1,00), there exists a constant ¢ > 0 such
that for every n € WhP(E),

||n||W‘W(E) < CHDnHW‘“*l»P(F) + CHUHW’“*LP(E)-
O

Observe that the inclusion W*P(E) — W 1P(E) is compact. This will allow
us to make use of the following general result.

PROPOSITION 3.3.3. Suppose X, Y and Z are Banach spaces, A € L (X,Y),
K € Z(X,Z) is compact, and there is a constant ¢ > 0 such that for all z € X,

(3.3.3) |zl x < c||Az|ly + || Kx|| 2.
Then ker A is finite dimensional and im A is closed.

PROOF. A vector space is finite dimensional if and only if the unit ball in that
space is a compact set, so we begin by proving the latter holds for ker A. Suppose
x € ker A is a bounded sequence. Then since K is a compact operator, Kx; has
a convergent subsequence in Z, which is therefore Cauchy. But (8:33]) then implies
that the corresponding subsequence of x; in X is also Cauchy, and thus converges.

Since we now know ker A is finite dimensional, we also know there is a closed
complement V' C X with ker A @V = X. Then the restriction A|y has the same
image as A, thus if y € im A, there is a sequence x; € V such that Az, — y. We
claim that zj is bounded. If not, then A(xy/||zklx) — 0 and K(zy/||xk||x) has
a convergent subsequence, so ([B33)) implies that a subsequence of zy/|xy||x also
converges to some =, € V with [[z.|| =1 and Az, = 0, a contradiction. But now
since x, is bounded, Kz}, also has a convergent subsequence and Axj converges by



138 CHRr1S WENDL

assumption, thus ([33.3]) yields also a convergent subsequence of z, whose limit x
satisfies Ax = y. This completes the proof that im A is closed. O

The above implies that every Cauchy-Riemann type operator has finite-dimensional
kernel and closed image; operators with these two properties are called semi-
Fredholm. Note that by elliptic regularity, ker D only contains smooth sections,
and is thus the same space for every k and p.

By Prop. B2 the same results obviously apply to the formal adjoint, after
extending it to a bounded linear operator

D* - WFP(F) — WHLP(E).

PROPOSITION 3.3.4. Using the natural inclusion W*? — W*=LP to inject ker D
and ker D* into W*=1P_ there are direct sum splittings

WHELP(F) =im D @ ker D*
WHELP(E) = im D* @ ker D.

Thus the projections along im D and im D* yield natural isomorphisms coker D =
ker D* and coker D* = ker D.

ProOOF. We will prove only the first of the two splittings, as the second is entirely
analogous. We claim first that im D Nker D* = {0}. Indeed, if a € W* 1P(F) with
D*a = 0, then since D* is conjugate to a Cauchy-Riemann type operator via smooth
bundle isomorphisms, elliptic regularity implies that « is smooth. Then if a = Dn
for some n € W*P(E), n must also be smooth, and we find

0= (D", n)r2 = (&, D)2 = ||| .

To show that im D + ker D* = W*=LP(F), it will convenient to address the case
k = 1 first. Note that im D + ker D* is a closed subspace since im D is closed
and ker D* is finite dimensional. Then if it is not all of L?, there exists a nonzero
a € LI(F), where % + % = 1, such that

(o, Dn) 2 = 0 for all n € WHP(E),
(v, BYyr2 = 0 for all 5 € ker D*.

The first relation is valid in particular for all smooth 7, and this means that « is
a weak solution of the equation D*a = 0, so by regularity of weak solutions (see
Corollary 2Z6.2]), « is smooth and belongs to ker D*. Then we can plug 8 = « into
the second relation and conclude o = 0.

Now we show that im D + ker D* = W* 'P(F) when k > 2. Given a €
WHF-LP(F), « is also of class LP and thus the previous step gives n € WP(E)
and (8 € ker D* such that

Dn+ 6 =a.
Then f3 is smooth, and Dn = a— 3 is of class W*~1P  so regularity (Corollary 2.6.28
again) implies that n € W*P(E), and we are done. O

We are now finished with the proof of Theorem B3] as we have shown that
both ker D and ker D* = coker D are finite-dimensional spaces consisting only of
smooth sections, which are thus contained in W*» for all k£ and p.
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EXERCISE 3.3.5. This exercise is meant to convince you that “boundary condi-
tions are important.” Recall that the elliptic estimate ||u||y1.» < c||Oul| s is valid for
smooth C"-valued functions u with compact support in the open unit ball B C C.
Show that this inequality cannot be extended to functions without compact support;
in fact there is not even any estimate of the form

lullwre < cllOullze + c|lull s

for general functions v € C*(B) N W'?(B). Why not? For contrast, see Exer-
cise [3.4.9] below.

3.4. The Riemann-Roch formula and transversality criteria

It is easy to see that the index of a Cauchy-Riemann type operator D : W*P(E) —
WH=LP(Home (TS, E)) depends only on the isomorphism class of the bundle (E, J) —
(2,7). Indeed, by Exercise 2.3.4], the difference between any two such operators D
and D’ on the same bundle defines a smooth real-linear bundle map A : £ —
Home (T, E) such that

D'n — Dn = An.

We often refer to this bundle map as a “zeroth order term.” It defines a bounded
linear map from W"?(E) to W*?(Home (T, E)), which is then composed with the
compact inclusion into W*=1?(Home(T'Y, E)) and is therefore a compact operator.
We conclude that all Cauchy-Riemann type operators on the same bundle are com-
pact perturbations of each other/ and thus have the same Fredholm index. Since
complex vector bundles over a closed surface are classified up to isomorphism by
the first Chern number, the index will therefore depend only on the topological type
of 3 and on ¢ (F). To compute it, we can use the fact that every complex bundle
admits a complez-linear Cauchy-Riemann operator (cf. Exercise 2.3.7]), and restrict
our attention to the complex-linear case. Then FE is a holomorphic vector bundle,
and ker D is simply the vector space of holomorphic sections. We’ll see below that
in some important examples, it is not hard to compute this space explicitly. The key
observation is that one can identify holomorphic sections on vector bundles over >
with complex-valued meromorphic functions on ¥ that have prescribed poles and/or
zeroes. The problem of understanding such spaces of meromorphic functions is a
classical one, and its solution is the Riemann-Roch formula.

THEOREM 3.4.1 (Riemann-Roch formula). ind(D) = nx(X) + 2¢,(E).

We should emphasize, especially for readers who are more accustomed to alge-
braic geometry, that this is the real index, i.e. the difference between dim ker D and
dim coker D as real vector spaces—these dimensions may indeed by odd in general
since we'll be interested in cases where D is not complex-linear, but ind(D) will
always be even, a nontrivial consequence of the fact that D is always homotopic to
a complex-linear operator. We will later see cases (on punctured Riemann surfaces
or surfaces with boundary) where ind(D) can also be odd.

>This statement is false when ¥ is not compact: we’ll see when we later discuss Cauchy-
Riemann type operators on domains with cylindrical ends that the zeroth order term is no longer
compact, and the index does depend on the behavior of this term at infinity.
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A complete proof of the Riemann-Roch formula may be found in [MS04] Ap-
pendix C] or, from a more classical perspective, any number of books on Riemann
surfaces. Below we will explain a proof for the genus 0 case and give a heuristic
argument to justify the rest. An important feature will be the following “transver-
sality” criterion, which will also have many important applications in the study of
J-holomorphic curves. It is a consequence of the identification ker D = coker D*,
combined with the similarity principle (recall §2.8]).

THEOREM 3.4.2. Suppose n =1, i.e. (E,J)— (X,7) is a complex line bundle.
o Ifc1(F) <0, then D is injective.
o Ifc1(E) > —x(X), then D is surjective.

PRrROOF. The criterion for injectivity is an easy consequence of the similarity
principle, for which we don’t really need to know anything about D except that it’s
a Cauchy-Riemann type operator. If E — ¥ has complex rank 1 and ker D contains
a nontrivial section 7, then by the similarity principle, n has only isolated (and thus
finitely many) zeroes, each of which counts with positive order. The count of these
computes the first Chern number of E, thus ¢;(F) > 0, and D must be injective if
C1 (E) < 0.

The second part follows now from the observation that D is surjective if and only

if D* is injective, and the latter is guaranteed by the condition ¢;(E) < 0, which by
Prop. B2 and Exercise B2l is equivalent to ¢;(£) > —x(X). O

Observe that we did not need to know the index formula in order to deduce the
last result. In fact, this already gives enough information to deduce the index formula
in the special case ¥ = S2, which will be the most important in our applications.

PROOF OF THEOREM [B.4T] IN THE CASE X = S?. We assume first that n = 1.
In this situation, at least one of the criteria ¢;(F) < 0 or ¢1(E) > —x(2) = —2 from
Theorem is always satisfied, hence D is always injective or surjective; in fact if
c1(F) = —1 it is an isomorphism. By considering D* instead of D if necessary, we
can restrict our attention to the case where D is surjective, so ind D = dim ker D.
We will now construct for each value of ¢;(F) > 0 a “model” holomorphic line
bundle, which is sufficiently simple so that we can identify the space of holomorphic
sections explicitly.

For the case ¢;(F) = 0, the model bundle is obvious: just take the trivial line
bundle S?xC — S2, so the holomorphic sections are holomorphic functions S? — C,
which are necessarily constant and therefore dim ker D = 2, as it should be. A more
general model bundle can be defined by gluing together two local trivializations: let
E® and E® denote two copies of the trivial holomorphic line bundle C x C — C,
and for any k € Z, define

E, = (E(l) L E(Q))/(z,v) ~ Op(z,0),
where @5 : EW|c\ 10 — E@|c\(oy is a bundle isomorphism covering the biholomor-
phic map z +— 1/z and defined by ®(z,v) = (1/z, gx(2)v), with
1

gr(2)v = v
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The function gx(z) is a holomorphic transition map, thus Ej has a natural holomor-
phic structure. Regarding a function f : C — C as a section of £, we have

®i(1/2, f(1/2)) = (2,2 f(1/2)),

which means that f extends to a smooth section of E} if and only if the function
g(z) = 2¥f(1/z) extends smoothly to z = 0. It follows that ¢,(E}) = k, as one
can choose f(z) =1 for z in the unit disk and then modify g(z) = 2* to a smooth
function that algebraically has k zeroes at 0 (note that an actual modification is
necessary only if & < 0). Similarly, the holomorphic sections of Fj, can be identified
with the entire functions f : C — C such that zFf(1/2) extends holomorphically
to z = 0; if £ < 0 this implies f = 0, and if £ > 0 it means f(z) is a polynomial
of degree at most k, hence dimker D = 2 + 2k. The proof of the index formula for
¥ = S? and n = 1 is now complete.

The case n > 2 can easily be derived from the above. It suffices to prove that
ind(D) = 2n + 2¢1(F) for some model holomorphic bundle of rank n with a given
value of ¢1(E). Indeed, for any k € Z, take F to be the direct sum of n holomorphic
line bundles,

EZ:Efl@...EBEfl@Ek7

which has ¢;(F) = k—(n—1). By construction, the natural Cauchy-Riemann opera-
tor D on E splits into a direct sum of Cauchy-Riemann operators on its summands,
and it is an isomorphism on each of the E_; factors, thus we conclude as in the line
bundle case that D is injective if k& < 0 and surjective if k& > 0. By replacing D
with D* if necessary, we can now assume without loss of generality that & > 0 and
D is surjective. The space of holomorphic sections is then simply the direct sum
of the corresponding spaces for its summands, which are trivial for F_; and have
dimension 2 + 2k for E),. We therefore have

ind(D) = dimker D =2+ 2k = 2n+ 2[k — (n — 1)] = nx(X) + 2¢1(E).
UJ

One should not conclude from the above proof that every Cauchy-Riemann type
operator on the sphere is either injective or surjective, which is true on line bundles
but certainly not for bundles of higher rank—above we only used the fact that
for every value of ¢;(FE), one can construct a bundle that has this property. The
proof is not so simple for general Riemann surfaces because it is less straightforward
to identify spaces of holomorphic sections. One lesson to be drawn from the above
argument, however, is that holomorphic sections on a line bundle with ¢;(E) = k can
also be regarded as holomorphic sections on some related bundle with ¢;(E) = k+1,
but with an extra zero at some chosen point. This suggests that an increment in
the value of ¢;(F) should also enlarge the space of holomorphic sections by two
real dimensions, because one can add two linearly independent sections that do not
vanish at the chosen point. What’s true for line bundles in this sense is also true
for bundles of higher rank, because one can always construct model bundles that
are direct sums of line bundles. We will not attempt to make this argument precise,
but it should give some motivation to believe that ind(D) scales with 2¢;(F): to be
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exact, there exists a constant C' = C'(X, n) such that
ind(D) = C(X,n) + 2¢1(E).

If you believe this, then we can already deduce the general Riemann-Roch formula
by comparing D with its formal adjoint. Indeed, D* has index

ind(D*) = C(S,n) + 2¢1(E) = C(3,n) — 2¢1(E) — 2ny (%)
according to Exercise B2 and since coker D = ker D* and vice versa, ind(D*) =
—ind(D). Thus adding these formulas together yields

0=2C(%,n) —2nx(2).

We conclude C'(X,n) = nx(X), and the Riemann-Roch formula follows.

With the index formula understood, we can derive some alternative formulations
of the transversality criteria in Theorem which will often be useful. First,
compare the formulas for ind(D) and ind(D*):

ind(D) = x(2) + 2¢1(F),
ind(D*) = x(2) + 201(5)7

where E is the line bundle constructed in the proof of Prop. B2l Since ind(D) =
—ind(D*), subtracting the second formula from the first yields

ind(D) =1 (F) — Cl(E)a

and thus ¢;(F) < 0 if and only if ind(D) > ¢;(E), which implies by Theorem
that D* is injective and thus D is surjective. We state this as a corollary.

COROLLARY 3.4.3. Ifn =1 and ind(D) > ¢, (F), then D is surjective.

EXERCISE 3.4.4. Show that another equivalent formulation of Theorem [3.4.2] for

Cauchy-Riemann operators on complex line bundles is the following:

e If ind(D) < x(X) then D is injective.

o If ind(D) > —x(X) then D is surjective.
This means that for line bundles, D is always surjective (or injective) as soon as its
index is large (or small) enough. Observe that when 3 = S?, one of these conditions
is always satisfied, but there is always an “interval of uncertainty” in the higher
genus case.

A different approach to the proof of Riemann-Roch, which is taken in [MS04], is
to cut up E — Y into simpler pieces on which the index can be computed explicitly,
and then conclude the general result by a “linear gluing argument”. We’ll come back
to this idea in a later chapter when we discuss the generalization of the Riemann-
Roch formula to open surfaces with cylindrical ends. The proof in [MS04] instead
considers Cauchy-Riemann operators on surfaces with boundary and totally real
boundary conditions: the upshot is that the problem can be reduced in this way to
the following exercise, in which one computes the index for the standard Cauchy-
Riemann operator on a closed disk.
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EXERCISE 3.4.5. Let D C C denote the closed unit disk and E the trivial bundle
D x C — ID. For a given integer p € Z, define a real rank 1 subbundle ¢, C E|ap by

(€,)ei0 = ™R C C.
We call £, in this context a totally real subbundle of D x C at the boundary, and
the integer u is its Maslov index. Let 0 = 05 + i0;, and for kp > 2 consider the
operator B
0: WD, C) — W (D,C),
where the domain is defined by
Wy (D,C) = { € W*(D,C) | n(0D) C ¢,}.

Show that as an operator between these particular spaces, ker O has dimension 1 +
pw=x(D) + pif g > —1, and 9 is injective if p < —1. (You may find it helpful to
think in terms of Fourier series.) By constructing the appropriate formal adjoint of
0 in this setting (which will also satisfy a totally real boundary condition), one can
also show that 0 is surjective if ;1 > —1, and one can similarly compute the kernel
of the formal adjoint if < —1, concluding that 0 is in fact Fredholm and has index

ind(0) = x(D) + p. By considering direct sums of line bundles with totally real
boundary conditions, this generalizes easily to bundles of general rank n € N as

ind(9) = nx(D) + p.
One should think of this as another instance of the Riemann-Roch formula, in which
the Maslov index now plays the role of 2¢;(FE). The details are carried out in

[MS04], Appendix C].

REMARK 3.4.6. The Fredholm theory of Cauchy-Riemann operators gives a new
proof of a local regularity result that we made much use of in Chapter[2} the standard
0-operator on the open unit ball B C C,

0 : WhP(B,C") — Wktr(B,C")

has a bounded right inverse (see Theorem 2.6.27]). This follows from our proof of
Theorem B.ZT]in the case ¥ = S?, because any f € W*~1P(B, C") can be extended
to a section in W*=1P(Home¢(T'S?, 5% x C")), and we can then use the fact that the
standard Cauchy-Riemann operator on the trivial bundle S% x C" is a surjective
Fredholm operator, its kernel consisting of the constant sections. Alternatively, one
can use the fact established by Exercise (.45 that the restriction of d to the domain
ngf)’p (D, C™) of functions with the totally real boundary condition n(9D) C R™ is a
surjective Fredholm operator with index n; its kernel is again the space of constant
functions.
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4.1. The moduli space of closed J-holomorphic curves

In the previous chapter we considered the local structure of the space of J-
holomorphic maps (X, j) — (M, J) from a fixed closed Riemann surface to a fixed
almost complex manifold of dimension 2n. From a geometric point of view, this is
not the most natural space to study: geometrically, we prefer to picture holomorphic
curves as 2-dimensional submanifoldd] whose tangent spaces are invariant under the
action of J. In the symplectic context in particular, this means they give rise to
symplectic submanifolds. From this perspective, the interesting object is not the
parametrization u but its image u(X), thus we should regard all reparametrizations
of u to be equivalent. Moreover, the choice of parametrization fully determines
7 = u*J, thus one cannot choose j in advance, but must allow it to vary over the
space of all complex structures on Y. The interesting solution space is therefore the
following.

DEFINITION 4.1.1. Given an almost complex manifold (M, J) of real dimension
2n, integers g,m > 0 and a homology class A € Hy(M), we define the moduli

IThis description is of course only strictly correct for holomorphic curves that are embedded,
which they need not be in general—though we’ll see that in many important applications, they
are.

145



146 CHRr1S WENDL

space of J-holomorphic curves in M with genus ¢ and m marked points
representing A to be

My (1) ={(E, 4, u, (21, 2m)) } ]~

where (X, 7) is any closed connected Riemann surface of genus g, u : (X, j) — (M, J)
is a pseudoholomorphic map with [u] := u.[X] = A, and (21,..., z,) is an ordered
set of distinct points in 3, which we’ll often denote by

@:(21,...72m).

We say (X, j,u,0) ~ (3, j/,u/,©) if and only if there exists a biholomorphic diffeo-
morphism ¢ : (X, 7) — (X', ') such that u = v’ oy and ¢(0) = ©" with the ordering
preserved.

We will often abbreviate the union of all these moduli spaces by

M) = | M),

g,m,A

Elements of M(J) are sometimes called unparametrized J-holomorphic curves,
since the choice of parametrization u : ¥ — M is considered auxiliary. We will
nonetheless sometimes abuse the notation by writing an equivalence class of tuples
(2, 7,u,O)] simply as (3, j,u, ©) or u € M(J) when there is no danger of confusion.
The significance of the marked points © = (z1,..., z,,) is that they give rise to a
well-defined evaluation map

(4.1.1) ev=(evi,...,evy) : M} (J) = M x...x M,

where ev; takes [(X, 7, u,O)] to u(z;) € M for each ¢ = 1,...,m. One can use this
to find relations between the topology of M and the structure of the moduli space,
which will be important in later applications to symplectic geometry.

A natural topology on M(J) can be defined via the following notion of conver-
gence: we say [(Xg, jk, uk, O)] — [(2, j, u, ©)] if for sufficiently large k, the sequence
has representatives of the form (X, ji, u}, ©) such that j, — j and uj, — w in the
C*-topology. In particular, ¥, must be diffeomorphic to > and have the same num-
ber of marked points for sufficiently large k; observe that when this is the case, one
can always choose a diffeomorphism to fix the positions of the marked points. In
this topology, M, (J) and M;‘/:m/(J) for distinct triples (g, m, A) and (¢',m/, A)
form distinct components of M(.J), each of which may or may not be connected.

The main goal of this chapter will be to show that under suitable hypotheses,
a certain subset of M(J) is a smooth finite-dimensional manifold, with various
dimensions on different components. Its “expected” or wirtual dimension on the
component containing a given curve u € Mﬁm(J ) is essentially a Fredholm index
with some correction terms, and depends on the topological data g, m and A. We’ll
use the convenient abbreviation,

c1(A) = {(c1(TM,J), A).
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DEFINITION 4.1.2. If dimg M = 2n, define the virtual dimension of the moduli
space M2, (J) to be the integer

(4.1.2) vir-dim M (J) = (n — 3)(2 — 2g) + 2¢;(A) + 2m.

For a curve u € M;{O(J ) without marked points, this number is also called the
index of u and denoted by

(4.1.3) ind(u) = vir-dim M }o(J) = (n — 3)(2 — 2g) + 2c1(A).

It is both interesting and important to consider the special case where M is a
single point: then M, (J) reduces to the moduli space of Riemann surfaces
with genus ¢ and m marked points:

My ={ 4, (21, -+, 2m))}/ ~,

with the equivalence and topology defined the same as above (all statements involv-
ing the map u are now vacuous). The elements (X, j, ©) € M, ,, are called pointed
Riemann surfaces, and each comes with an automorphism group

Aut(X, 5,0 {gp (32, 7) biholomorphic } ple = Id}
Similarly, a J-holomorphlc curve (Z, J,u,©) € M(J) has an automorphism group
Aut(u) := Aut(3, 7,0, u) := {p € Aut(%,,0) | u=uo p}.

It turns out that in understanding the local structure of M(J), a special role is
played by holomorphic curves with trivial automorphism groups. The following
simple result was proved as Theorem in Chapter [ and it implies (via Ex-
ercise below) that whenever any nontrivial holomorphic curves exist, one can
also find curves with trivial automorphism group.

PROPOSITION 4.1.3. For any closed, connected and nonconstant J-holomorphic
curve u : (X,j) — (M, J), there exists a factorization u = v o @ where
ev : (X5 — (M,J) is a closed J-holomorphic curve that is embedded

outside a finite set of critical points and self-intersections, and
o p: (X, 7)— (X,j") is a holomorphic map of degree deg(yp) > 1.

Moreover, v is unique up to biholomorphic reparametrization. O

DEFINITION 4.1.4. The degree of ¢ : ¥ — ¥ in Prop.[£1.3]is called the covering
number or covering multiplicity of w. If this is 1, then we say u is simple.

DEFINITION 4.1.5. Given a smooth map u : ¥ — M, a point z € X is called an
injective point for u if du(z) : T.X — T,,)M is injective and u™*(u(z)) = {z}.
The map u is called somewhere injective if it has at least one injective point.

Proposition [4.1.3] implies that a closed connected J-holomorphic curve is some-
where injective if and only if it is simple. (For a word of caution about this statement,
see Remark L.T.1T] below.) We denote by

M*(J) € M(J)
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the open subset consisting of all curves in M(J) that are somewhere injective. It
will also be useful to generalize this as follows: given an open subset U C M, define
the open subset

M (J) = {u € M(J) | uhas an injective point mapped into U}.

EXERCISE 4.1.6. Show that if v : (3,7) — (M, J) is somewhere injective then
Aut(u) is trivial (for any choice of marked points).

EXERCISE 4.1.7. Show that if u : (3, ) — (M, J) has covering multiplicity k£ € N
then for any set of marked points O, the order of Aut(X, 5,0, u) is at most k.

Recall that a subset Y in a complete metric space X is called a Baire subset or
said to be of second category if it is a countable intersection of open dense setsf]
The Baire category theorem implies that such subsets are also dense, and Baire
subsets are often used to define an infinite-dimensional version of the term “almost
everywhere,” i.e. they are analogous to sets whose complements have Lebesgue mea-
sure zero. It is common to say that a property is satisfied for generic choices of
data if the set of all possible data contains a Baire subset for which the property is
satisfied.

Since it is important for applications, we shall assume throughout this chapter
that M carries a symplectic structure w, and focus our attention on the space of
w-compatible almost complex structures J (M, w) that was defined in §2.2 see Re-
mark below on why this is not actually a restriction. We will also allow the
following generalization: given J% € J(M,w) and an open subset & C M, define

T(M,w; U, J*)={Jec T(M,w)|J=J%on M\U}.

If U has compact closure, then this space carries a natural C'*°-topology and is
a Fréchet manifoldd In the following sections we will prove several results which,
taken together, imply the following local structure theorem. Note that the important
special case U = M is allowed if M is compact, and in this case the choice of J* is
irrelevant.

THEOREM 4.1.8. Suppose (M,w) is a symplectic manifold without boundary,
U C M is an open subset with compact closure, and J™ € J(M,w). Then there
exists a Baire subset Jreg(M,w; U, J™) C T (M,w; U, J™) such that for every J €
Freg(M,w; U, J™), the space M;,(J) of J-holomorphic curves with injective points

2While this usage of the terms “Baire subset” and “second category” is considered standard
among symplectic topologists, the reader should beware that it is slightly at odds with the usage
in other fields. For instance, and other standard references define a subset Y C X to be
of second category (or nonmeager) if and only if it is not of first category (or meager), where the
latter means Y is a countable union of nowhere dense sets and thus is the complement of what we
are calling a Baire subset. Thus it would be better in principle to say comeager instead of “Baire”
or “second category”—but I will not attempt to change the habits of the symplectic community
single-handedly.

3We are not justifying the claim that it is a Fréchet manifold because we will not need to use
it, but this is not hard to prove using the local charts for J(C") defined in §2.2] together with a
bit of infinite-dimensional calculus from §2.121 In §£4.T] we will make use of certain related spaces
which are Banach manifolds.
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mapped into U naturally admits the structure of a smooth finite-dimensional mani-
fold, and the evaluation map on this space is smooth. The dimension of My, (J) N
Mﬁm(J) for any g,m > 0 and A € Hy(M) is precisely the virtual dimension of

M ().

Note that M in the above statement need not be compact, but &/ must have
compact closure. In the case where M is compact and U = M, we will denote the
space Jreg(M,w; U, J5™) simply by Jree(M, w).

REMARK 4.1.9. The above theorem and all other important results in this chap-
ter remain true if J(M,w) is replaced by the spaces of w-tame or general almost
complex structures J7(M,w) or J(M); in fact, the equivalence of these last two
variations is obvious since J7(M,w) is an open subset of J(M). The symplectic
structure will play no role whatsoever in the proofs except to make one detail slightly
harder (see Lemma [£.4.12), thus it will be immediate that minor alterations of the
same proofs imply the same results for tame or general almost complex structures.

One of the important consequences of Theorem is that for generic choices
of J, every connected component of the moduli space M*(J) must have nonneg-
ative virtual dimension, as a smooth manifold of negative dimension is empty by
definition. Put another way, if a somewhere injective curve of negative index exists,
then one can always eliminate it by a small perturbation of J:

COROLLARY 4.1.10. If J € Jreg(M,w; U, J™), then every curve u € M(J) that
maps an injective point into U satisfies ind(u) > 0.

REMARK 4.1.11. By Proposition A.1.3] a closed J-holomorphic curve u maps an
injective point into an open set U if and only if u is simple and intersects . It should
be noted however that the equivalence of “simple” and “somewhere injective” does
not always hold in more general contexts, e.g. for holomorphic curves with totally
real boundary [Laz00L[KOO0Q]; in such cases, Corollary LT.T0 generalizes in the form
stated.

An important related problem is to consider the space of J,-holomorphic curves,
where {J,} is a smooth homotopy of almost complex structures. Suppose {w;}scjo,1]
is a smooth homotopy of symplectic forms on a closed manifold M, and given J, €
J(M,wp) and J; € J(M,wy), define

J (M {ws} s Jo, 1)

to be the space of all smooth 1-parameter families {J;}scp0,1] connecting Jp to J; such
that J, € J(M,w;) for all s. One can similarly define the spaces J7(M,w; Jo, J1)
and J (M ; Jo, J1) of w-tame or general 1-parameter families respectively, or more
general spaces of structures that are fixed outside an open subset Y C M with
compact closure (in which case M need not be closed). All of these spaces have nat-
ural C'*-topologies. Given {J} € J(M,{ws}; Jo, J1), we define the “parametric”
moduli space,

M({Js}) = {(Svu) | ERS [07 1]7 u € M(Js)}a
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along with the corresponding space of somewhere injective curves M*({Js}) and
the components M2, ({J}) for each g,m >0, A € Hy(M). These also have natu-
ral topologies, and intuitively, we expect M*({.Js}) to be a manifold with boundary
M*(Jo) UM*(Jy). The only question is what should be the proper notion of “gener-
icity” to make this statement correct. Given a homotopy {Js} € J (M, {ws}; Jo, J1)
where Jy € Jreg(M,wp) and Ji € Freg(M,w1), it would be too much to hope that
one can always perturb {Js} so that Jy € Jreq(M,w;) for every s; by analogy with
the case of smooth Morse functions on a manifold, any two Morse functions are
indeed smoothly homotopic, but not through a family of Morse functions. What is
true however is that one can find “generic homotopies,” for which Js € Jreq(M, wy)
for almost every s € (0,1), and M*({J,}) is indeed a manifold. The following is a
special case of more general results we will prove in §4.5

THEOREM 4.1.12. Assume M is a closed manifold with a smooth 1-parameter
family {ws}sco1) of symplectic forms, Jo € Treg(M,wo) and Jy € Freg(M,w1). Then
there exists a Baire subset Jreg(M,{ws}; Jo, 1) C T (M,{ws}; Jo,J1) such that
for every {Js} € Treg(M, {ws}; Jo, J1), the parametric space of somewhere injective
curves M*({Js}) admits the structure of a smooth finite-dimensional manifold with
boundary

OM*({J:}) = ({0} x M*(Jo)) U ({1} x M*(1h)) .
Its dimension near any (s,u) € M*({J}) with u € M, (J,) is vir-dim M7}, (J,) +
1. Moreover, for each s € [0,1] at which Js € Jreg(M,ws), s is a reqular value of
the natural projection M*({Js}) — [0,1] : (s,u) — s.

COROLLARY 4.1.13. For generic homotopies of compatible almost complex struc-
tures {Js} € Treg(M,{ws}; Jo, J1) in the setting of Theorem[{.1.13, every somewhere
injective curve u € M(Js) for any s € [0, 1] satisfies ind(u) > —1.

REMARK 4.1.14. The result of Corollary can actually be improved to
ind(u) > 0 due to the numerical coincidence that according to (I3, ind(u) is
always an even number. This observation is sometimes quite useful in applications,
but it fails to hold in more general settings, e.g. as we will see in later chapters,
moduli spaces of punctured holomorphic curves in symplectic cobordisms can have
odd dimension, in which case the natural generalization of Corollary L. I.T3] as stated
above is usually the best result possible.

REMARK 4.1.15. Obvious generalizations of Theorem [£T.12 and Corollary E.T.T3]
also hold for w-tame or general almost complex structures, and for structures fixed
outside an open precompact subset U (with curves required to have injective points
in U). This generalization requires no significantly new ideas outside of what we
will describe in the proof of Theorem

The intuition behind Theorems and is roughly as follows. As we've
already seen, spaces of J-holomorphic curves typically can be described, at least
locally, as zero sets of sections of certain Banach space bundles, and we’ll show in
§4.3] precisely how to set up the appropriate section

5J18—>€
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whose zero set locally describes M2, (J). The identification between 9;'(0) and
M (J) near a given curve u € M (J) will in general be locally k-to-1, where
k is the order of the automorphism group Aut(u), and this means that even if
9;'(0) is a manifold, M (J) is at best an orbifold. This is a moot point of
course if u is somewhere injective, since it then has a trivial automorphism group
by Exercise Thus once the section J; is set up, the main task is to show that
generic choices of J make 0;'(0) a manifold (at least near the somewhere injective
curves), which means showing that the linearization of d; is always surjective. This
is a question of transversality, i.e. if we regard 0; as an embedding of B into the
total space £ and denote the zero section by Z C &, then 9;'(0) is precisely the
intersection,

2;(B)N Z,

and it will be a manifold if this intersection is everywhere transverse. Intuitively,
one expects this to be true after a generic perturbation of d;, and it remains to check
whether the most geometrically natural perturbation, defined by perturbing .J, is
“sufficiently generic” to achieve this.

The answer is yes and no: it turns out that perturbations of J are sufficiently
generic if we only consider somewhere injective curves, but not for multiple covers.
It’s not hard to see why transversality must sometimes fail: if @ is a multiple cover
of u, then even if M(J) happens to be a manifold near u, there are certain obvious
relations between the components of M(.J) containing v and @ that will often cause
the latter to have “the wrong” dimension, i.e. something other than ind(a). For
example, suppose n = 4, so M is 8-dimensional, and for some J € Jee(M,w)
there exists a simple J-holomorphic sphere u € Mg (J) with ¢;(A) = —1. Then
by (@I13), ind(u) = 0, and Theorem implies that the component of M*(J)
containing u is a smooth 0-dimensional manifold, i.e. a discrete set. In fact, the
implicit function theorem implies much more (cf. Theorem 3.]): it implies that
for any other J. € J(M,w) sufficiently close to J, there is a unique J.-holomorphic
curve u, that is a small perturbation of u. Now for each of these curves and some
k € N, consider the k-fold cover

G0 8% = M : 2+ u(25),

where as usual S? is identified with the extended complex plane, so that z + 2*
defines a k-fold holomorphic branched cover S? — S%. We have [a] = k[u] = kA,
and thus

ind(@.) = (n — 3)x(5?%) + 2¢;,(kA) = 2 — 2k,

so if k > 2 then u, are J.-holomorphic spheres with negative index. By construction,
these cannot be “perturbed away”: they exist for all J. sufficiently close to J, which
shows that perturbations of J do not suffice to make M(J) into a smooth manifold
of the right dimension near . In this situation it is not even clear if M(J) is a
manifold near @ at all—in a few lucky situations one might be able to prove this,
but it is not true in general.

The failure of Theorems and for multiply covered J-holomorphic
curves is one of the great headaches of symplectic topology, and the major reason
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why fully general definitions of the various invariants based on counting holomor-
phic curves (Gromov-Witten theory, Floer homology, Symplectic Field Theory) are
often so technically difficult as to be controversial. There have been many sug-
gested approaches to the problem, most requiring the introduction of complicated
new structures, e.g. virtual moduli cycles, Kuranishi structures, polyfolds. In some
fortunate situations one can avoid these complications by using topological con-
straints to rule out the appearance of any multiple covers in the moduli space of
interest—we’ll see examples of this in our applications, especially in dimension four.

REMARK 4.1.16. As indicated above, we normally will not need to assume M
is compact in this discussion, but the region & where we permit perturbations of
the almost complex structure is required to have compact closure. This restriction
is useful for various technical reasons, e.g. it makes it relatively straightforward to
define Banach manifolds in which the perturbed almost complex structures live;
without this assumption, one can still do something, but it requires considerably
more care.

Here is an important class of examples where M is noncompact: suppose M is a
symplectic cobordism with cylindrical ends, in which case it can be decomposed as

M = ((—00,0] x V_)U My U (]0,00) x V),

where V. are closed manifolds and M, is compact with OM, = V_ U V,. One can
then restrict attention to a space of almost complex structures that are fixed on the
cylindrical ends, but can vary on the compact subset My, and a generic subset of
this space ensures regularity for all holomorphic curves in M that send an injective
point to the interior of M. For curves that live entirely in the cylindrical ends, one
can exploit the fact that V. is compact and argue separately that a generic choice of
R-invariant almost complex structure on the ends achieves transversality. We will
come back to this in a later chapter.

4.2. Classification of pointed Riemann surfaces

4.2.1. Automorphisms and Teichmiiller space. In order to understand the
local structure of the moduli space of J-holomorphic curves, we will first need to
consider the space of pointed Riemann surfaces, which appear as domains of such
curves. In particular, we will need suitable local parametrizations of M, ,,, near any
given complex structure on Y. The discussion necessarily begins with the following
classical result, which is proved e.g. in [FK92].

THEOREM 4.2.1 (Uniformization theorem). FEvery simply connected Riemann
surface is biholomorphically equivalent to either the Riemann sphere S* = CU {0},
the complex plane C or the upper half plane H = {Im z > 0} C C.

We will always use ¢ to denote the standard complex structure on the Riemann
sphere S? = C U {occ} = CP! or the plane C. The pullback of i via the diffeomor-
phism

(4.2.1) R x S* — C\ {0} : (s,1) s 2T
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yields a natural complex structure on the cylinder R x S, which we’ll also denote
by i; it satisfies 10y = 0.

The uniformization theorem implies that every Riemann surface can be presented
as a quotient of either (S52,4), (C,1) or (H, 1) by some freely acting discrete group of
biholomorphic transformations. We will be most interested in the punctured surfaces
(3, 7) where (X, §,0) is a pointed Riemann surface and ¥ = ¥\ ©. The only surface
of this form that has S? as its universal cover is S? itself. It is almost as easy to see
which surfaces are covered by C, as the only biholomorphic transformations on (C, 7)
with no fixed points are the translations, so every freely acting discrete subgroup of
Aut(C, i) is either trivial, a cyclic group of translations or a lattice. The resulting
quotients are, respectively, (C,i), (R x S*,i) = (C\ {0},4) and the unpunctured tori
(T2, 7). All other punctured Riemann surfaces have (H, i) as their universal cover,
and not coincidentally, these are precisely the cases in which x(X\ ©) < 0.

PROPOSITION 4.2.2. There exists on (H, i) a complete Riemannian metric gp of
constant curvature —1 that defines the same conformal structure as i and has the
property that all conformal transformations on (H, i) are also isometries of (H, gp).

Proor. We define gp at z = x + iy € H by

1
gp = — 9K,
)

where gg is the Euclidean metric. The conformal transformations on (H, 7) are given
by fractional linear transformations

Aut<H,z'>={so<z>=“jz a.bc.d R, ad—bczl}/{il}
(674

— SL(2,R)/{=1} =: PSL(2,R),

and one can check that each of these defines an isometry with respect to gp. One
can also compute that gp has curvature —1, and the geodesics of gp are precisely
the lines and semicircles that meet R orthogonally, parametrized so that they exist
for all forward and backward time, thus gp is complete. For more details on all of

this, the book by Hummel [Hum97] is highly recommended. O

By lifting to universal covers, this implies the following.

COROLLARY 4.2.3. For every pointed Riemann surface (X, j,©) such that x(3\
©) < 0, the punctured Riemann surface (X \ O, j) admits a complete Riemannian
metric gp of constant curvature —1 that defines the same conformal structure as j,
and has the property that all biholomorphic transformations on (X \ ©,j) are also
isometries of (X\ ©, gp).

The metric gp in Prop. and Cor. is often called the Poincaré metric.

The above discussion illustrates a general pattern in the study of pointed Rie-
mann surfaces: it divides naturally into the study of punctured surfaces with nega-
tive Euler characteristic and finitely many additional cases.

DEFINITION 4.2.4. A pointed surface (3, ©) is said to be stable if x(X\©) < 0.
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LEMMA 4.2.5. If (X,4,0) is a pointed Riemann surface with x(X\ ©) < 0 and
v € Aut(X, j,0) is not the identity, then ¢ is also not homotopic to the identity.

PrOOF. By assumption ¢ # Id, thus by a simple unique continuation argument,
it has finitely many fixed points, each of which counts with positive index since ¢
is holomorphic. The algebraic count of fixed points is thus at least m = #0. But if
¢ is homotopic to Id, then this count must equal x(X) by the Lefschetz fixed point
theorem, contradicting the assumption y(X) < #0. OJ

The lemma implies that Aut(X, j, ©) is always a discrete group when (X, ©) is
stable. In fact more is true:

PROPOSITION 4.2.6. If (X, 7,0) is a closed pointed Riemann surface with either
genus at least 1 or #O© > 3, then Aut(X, j, ©) is compact.

COROLLARY 4.2.7. If (3, 0) is stable then Aut(X, j, ©) is finite.

Prop. follows from the more general Lemma below, which we’ll use
to show that M, ,, is Hausdorff, among other things. We should note that the
corollary can be strengthened considerably, for instance one can find a priori bounds
on the order of Aut(X, ) in terms of the genus, cf. [SS92] Theorem 3.9.3]. For our
purposes, the knowledge that Aut(X, j, ©) is finite will be useful enough. As we’ll
review below, automorphism groups in the non-stable cases are not discrete and
sometimes not even compact, though they are always smooth Lie groups.

It will be convenient to have an alternative (equivalent) definition of M, ,,, the
moduli space of Riemann surfaces. Fix any smooth oriented closed surface 3 with
genus g and an ordered set of distinct points © = (z1, ..., 2,) C X. Then M, ,, is
homeomorphic to the quotient

M(E,0) := J(S)/ Difl 4 (S, ©),

where J (%) is the space of smooth almost complex structures on ¥ and Diff ; (3, ©)
is the space of orientation-preserving diffeomorphisms ¢ : 3 — ¥ such that ¢|g = Id.
Here the action of Diff (X, 0) on J(X) is defined by the pullback,

Diff, (¥,0) x T () = T(¥) : (¢,4) = ¢"J.

Informally speaking, J(X) is an infinite-dimensional manifold, and we expect
M(X, 0) also to be a manifold if Diff { (X, ©) acts freely and properly. The trouble is
that in general, it does not: each j € J (%) is preserved by the subgroup Aut(%, j, ©).
A solution to this complication is suggested by Lemma [L.2.5 if we consider not the
action of all of Diff; (3, ©) but only the subgroup

Diffy(X,0) = {p € Diff (X, 0) | ¢ is homotopic to Id},
then at least in the stable case, the group acts freely on J(X). We take this as
motivation to study, as something of an intermediate step, the quotient

This is the Teichmiiller space of genus g, m-pointed surfaces. It is useful mainly
because its local structure is simpler than that of M(X, ©)—we’ll show below that it
is always a smooth finite-dimensional manifold, and its dimension can be computed
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using the Riemann-Roch formula. The actual moduli space of Riemann surfaces can
then be understood as the quotient of Teichmiiller space by a discrete group:

M(E,0) =T(%,0)/M(%,0),
where M (X, ©) is the mapping class group,
M(%,0) = Diff  (3,0)/ Diffy (%, ©).

Recall that a topological group G acting continuously on a topological space X
is said to act properly if the map G x X — X x X : (g,2) — (gz,z) is proper:
this means that for any sequences g, € G and z,, € X such that both z, and g,z,
converge, ¢, has a convergent subsequence. This is the condition one needs in order
to show that the quotient M /G is Hausdorff. Thus for the action of Diff , (X, ©) or
Diffy(X, ©) on J(X), we need the following compactness lemma, which also implies
Prop. We'll state it for now without proof, but will later be able to prove it
using a simple case of the “bubbling” arguments in the next chapter.

LEMMA 4.2.8. Suppose either > has genus at least 1 or #0© > 3. If ¢, €
Diff , (X,0) and j, € J(X) are sequences such that j, — j and pijx — j' in the
C>-topology, then . has a subsequence that converges in C* to a diffeomorphism
v € Diff (3, 0) with p*j = j'.

This implies that both Diff | (3, 0) and Diffy(3, ©) act properly on J(3), so
M(2,0) and T(X,0) are both Hausdorff. This is also trivially true in the cases
g =0, m < 2, as then Diffy(5?,©) = Diff, (5?,0) and the uniformization theorem
implies that M(S?,0) = T(S?,0) is a one point space.

We now examine the extent to which the discrete group M (%, ©) does not act
freely on T(X,0).

EXERCISE 4.2.9. Show that for any stable pointed Riemann surface (3,7, ©),
the restriction to Aut(2, 7, ©) of the natural quotient map Diff , (X,0) — M (X, ©)
defines an isomorphism from Aut(X, 7, ©) to the stabilizer of [j] € T (3, ©) under
the action of M (X, O).

Combining Exercise with Corollary 2.7 above, we see that every point in
Teichmiiller space has a finite isotropy group under the action of the mapping class
group; we'll see below that this is also true in the non-stable cases. This gives us the
best possible picture of the local structure of M, ,,: it is not a manifold in general,
but locally it looks like a quotient of Euclidean space by a finite group action.
Hausdorft topological spaces with this kind of local structure are called orbifolds.
The curious reader may consult the first section of [FO99] for the definition and
basic properties of orbifolds, which we will not go into here, except to state the
following local structure result for M ,,.

THEOREM 4.2.10. My, is a smooth orbifold whose isotropy subgroup at (3, j,0) €
M is Aut(X, 7, 0); in particular, Mgy, is a manifold in a neighborhood of any
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pointed Riemann surface (3,7, 0) that has trivial automorphism group. Its dimen-
sion is
6g—6+2m if 29 +m > 3,
dim Mg, = ¢ 2 ifg=1and m =0,

0 otherwise.

Note that the inequality 2g + m > 3 is precisely the stability condition for a
genus ¢ surface with m marked points.

The main piece of hard work that needs to be done now is proving that Te-
ichmiiller space really is a smooth manifold of the correct dimension, and in fact
it will be useful to have local slices in J(X) that can serve as charts for 7(3, ©).
To that end, fix a pointed Riemann surface (3,7, 0) and consider the nonlinear
operator

d; B = E o Tp+joTpoy,
where p > 2,
Bg" = {p € W'(S,%) | ple = 1d},
and £°7 — WP(X, %) is the Banach space bundle with fibers
EYP = LP(Home (TS, *TY)).

The zeroes of 5j are the holomorphic maps from ¥ to itself that fix the marked
points, and in particular a neighborhood of Id in 6;1(0) gives a local description of
Aut(%, 7,0). We have

TBg? = WP (TE) == {X € W'P(TY) | X(©) = 0},
which is a closed subspace of W1P(T'Y) with real codimension 2m. The linearization
Do) = DI;(Id) : WSP(TY) — LP(Endc(TY))

is then the restriction to Wé’p (T'Y) of the natural linear Cauchy-Riemann operator
defined by the holomorphic structure of (7%, ). By Riemann-Roch, the latter has
index x(3) + 2¢1(T%) = 3x(X), thus D(;e) has index

(4.2.2) ind(D;e)) = 3x(X) — 2m.

EXERCISE 4.2.11. Show that if A: X — Y is a Fredholm operator and X, C X
is a closed subspace of codimension N, then A|x, is also Fredholm and has index
ind(A) — N.

PROPOSITION 4.2.12. If x(X \ ©) < 0 then Dyje) is injective.

PROOF. By the similarity principle, any nontrivial section X € ker D(;e) has
finitely many zeroes, each of positive order, and there are at least m of them since
X|e = 0. Thus x(X) = ¢;(T%Y) > m, which contradicts the stability assumption. [

Observe that Prop. 212 provides an alternative proof of the fact that Aut(%, j,©)
is always discrete in the stable case.
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The target space of D(; e contains I'(End¢(7'Y)), which one can think of as the
“tangent space” to J(X) at j. In particular, any smooth family j, € J(3) with
Jo =7 has

tht|t:0 S F(End(c(TZ))
We shall now use D(;e) to define a special class of smoothly parametrized families

in J(2).

DEFINITION 4.2.13. For any j € J(X), a Teichmiiller slice through j is a
smooth family of almost complex structures parametrized by an injective map

O—->JX): 7,
where O is a neighborhood of 0 in some finite-dimensional Euclidean space, with
Jo = j and the following transversality property. If 7;7 C I'(Endc(7%)) denotes the

vector space of all “tangent vectors” 0,7 ()|i=o determined by smooth paths 7(t) € O
through 7(0) = 0, then
Lp(EndC(TZ)) =im D(j@) @D T]T
We will typically denote a Teichmiiller slice simply by the image
T = {j. |1 €0} c I(),

and think of this as a smoothly embedded finite-dimensional submanifold of 7 (X)
whose tangent space at j is 7;7. Note that the definition doesn’t depend on p; in
fact, one would obtain an equivalent definition by regarding D;e) as an operator
from Wg’p to WF=LP for any k € N and p > 2.

It is easy to see that Teichmiiller slices always exist. Given j € J(X), pick
any complement of imD; ey, i.e. a subspace C' C LP(Endc(TY)) of dimension
dim coker D(; gy whose intersection with im D; gy is trivial. By approximation, we

may assume every section in C'is smooth. We can then choose a small neighborhood
O C C of 0 and define the map

2

which has the properties jo = j and 0 jiy |10 = v, thus it is injective if O is sufficiently
small. This family is a Teichmiiller slice through j.
Let mo : J(X) = T(%,0) : j — [j] denote the quotient projection.

1 1.\!
(4.2.3) O—=JE):ym—j,= (1 + 5]?/) J (]1 + —j?/) )

THEOREM 4.2.14. T (3,0) admits the structure of a smooth finite-dimensional
manifold, and for any (3, 7,0) there are natural isomorphisms

Tia Aut(Z, 7,0) = ker D(j ), Tij T (2, 0) = coker Dj o).

In particular,

(4.2.4) dim 7(%,0) — dim Aut(X, 5,0) = —ind Dj ey = 69 — 6 + 2m.
Moreover for any Teichmiiller slice T C J(X) through j, the projection
(4.2.5) 7T@|T T — T(Z, @)

s a local diffeomorphism near j.
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We’ll prove this in the next few sections separately for the non-stable and stable
cases. Observe that in the stable case, dim Aut(X, j,0) = 0 and thus ([AL2.4) gives
6g — 6 + 2m as the dimension of Teichmiiller space.

It should be intuitively clear why kerD(;e) is the same as Tiq Aut(, j, ©),
though since D; gy will usually not be surjective, we still have to do something—it
doesn’t follow immediately from the implicit function theorem. The relationship
between 77,7 (X, ©) and coker D; gy is also not difficult to understand, though here
we'll have to deal with a few analytical subtleties. Intuitively, 77,7 (X, ©) should
be complementary to the tangent space at j € J(X) to its orbit under the action of
Diffy (X, ©). Without worrying about the analytical details for the moment, consider
a smooth family of diffeomorphisms ¢, € Diffy(X, ©) with ¢q = Id and

8TSOT|T:O - X7

a smooth vector field that vanishes at the marked points ©. Then choosing a sym-
metric complex connection on ¥ and differentiating the action (¢, j) — ©j, a short
computation yields

0 0

5| 87[( ¢r) lojo <p}7:0 oj+jo

= (VX +joVXoj).

Note that V can be chosen to be the natural connection in some local holomorphic
coordinates, in which case the last expression in parentheses above is simply the
natural linear Cauchy-Riemann operator on T with complex structure j. Since
this operator is complex-linear, its image is not changed by multiplication with j,
and we conclude that the tangent space to the orbit is precisely the image of Dy; ey,
acting on smooth vector fields that vanish at the marked points.

(4.2.6)

4.2.2. Spheres with few marked points. A pointed surface (3, ©) of genus g
with m marked points is stable whenever 2g+m > 3. The alternative includes three
cases for g = 0, and here uniformization tells us that (52, 7) is equivalent to (S?,7)
for every possible j. Further, one can choose a fractional linear transformation to
map up to three marked points to any points of our choosing, thus M, ,, is a one
point space in each of these cases. We can now easily identify the automorphism
groups for each.

e g =0 m=0: (2,7) =~ (5%1), and Aut(S5?% i) is the real 6-dimensional
group of fractional linear transformations,

_az—i—b

Aut(S?)i) = {go(z) —adl® byc,de C, ad—bc= 1} /{:I:l}
= SL(2,C)/{x1} =: PSL(2,C).

These are also called the Mobius transformations.
e g=0,m=1:(%,7,0) = (5%1,(c0)) and

Aut(S?,4, (00)) = Aut(C,i) = {¢(z) =az +b | a, b C},

a real 4-dimensional group.
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e g=0,m=2:(3,750)=(5%110,00)) and
Aut(S2,4,(0,00)) = {p(2) = az | a € C},

a real 2-dimensional group. Using the biholomorphic map (#21]), one can
equivalently think of this as the group of translations on the standard cylin-
der (R x S1,i).

PROPOSITION 4.2.15. For each (S%,1,0) € My, withm < 2, Dy; oy is surjective
and dimker D(; gy = dim Aut(5?, 7, ©).

ProoF. From @22), ind(D;e)) = 3x(X) — 2m = 6 — 2m = dim Aut(S?,4,0),
so it will suffice to prove that dimker D(; g) is not larger than 6 — 2m. To see this,
pick 3 — m distinct points (1, ...,(3_, € X\ O and consider the linear map

®:kerDyoy) = TL,5G ... B Te X X 5 (X(G), ..o, X(Goom))-

The right hand side is a vector space of real dimension 6 — 2m, so the result will
follow from the claim that ® is injective. Indeed, if n € ker D(; ¢y and ®(n) = 0,
then the similarity principle implies that each zero counts positively, and the points
iy -+, (3 combined with © imply ¢;(T'S?) > 3—m+m = 3, giving a contradiction
unless X = 0. 0]

By the above proposition, the implicit function theorem defines a smooth man-
ifold structure on 9;'(0) C Bg? near Id and yields a natural isomorphism

ﬂd Allt(SQ, i, @) = ker D(L@).

EXERCISE 4.2.16. Show that for m > 3, Aut(S?,4, ©) is always trivial and M,
is a smooth manifold of real dimension 2(m — 3).

4.2.3. The torus. The remaining item on the list of non-stable pointed sur-
faces is the torus with no marked points, and this is the one case where both the
automorphism groups and the Teichmiiller space have positive dimension. Thus
we'll see that D(; e is neither surjective nor injective, but fortunately the torus is a
simple enough manifold so that everything can be computed explicitly.

The universal cover of (T2, 7) is the complex plane, which implies that (772, j)
is biholomorphically equivalent to (C/A, ) for some lattice A C C. Without loss of
generality, we can take A = Z + M\Z for some A € H. Then choosing a real-linear
map that sends 1 to itself and A to 4, we can write T? = C/(Z + iZ) and identify

(C/A4) = (T, 1),

where j, is some translation invariant complex structure on C that is compatible
with the standard orientation. Conversely, every such translation invariant complex
structure can be obtained in this way and descends to a complex structure on 72

PROPOSITION 4.2.17. [j\] = [jx] in T(T?) if and only if A = X,

PROOF. If jy = ¢*jy for some ¢ € Diffy(T?), then ¢ can be lifted to a diffeomor-
phism of C that (after composing with a translation) fixes the lattice Z + iZ. Now
composing with the linear map mentioned above, this gives rise to a biholomorphic
map ¢ : C — C such that (0) =0, (1) = 1 and ¢»(\) = X'. But all biholomorphic
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maps on C have the form ¢ (z) = az + b, and the conditions at 0 and 1 imply b = 0
and a = 1, thus A = \. O

This shows that 7(7?) is a smooth 2-manifold that can be identified naturally
with the upper half plane H, and the set of translation invariant complex structures

T :={jy € J(T?) | A € H}
defines a global parametrization. We'll see below that it is also a Teichmiiller slice
in the sense of Definition L.2.13]
To understand the action of M(T?) = Diff, (T?)/ Diffo(T?) on T (T?), note that
every element of M(T?) can be represented uniquely as a matrix A € SL(2,Z),

which is determined by its induced isomorphism on H;(7?) = Z*. Then A*j, is
another translation invariant complex structure jy for some X € H, and

[A] - [a] = [A%5a] = [iv]-
Thus the stabilizer of [j,] under this action is the subgroup
G)\ = {A € SL(Q,Z) | A*j)\ = j)\}

This is also a subgroup of Aut(7?,j,), and a complementary (normal) subgroup is
formed by the intersection Aut(7?, j\) N Diffo(7?).

PROPOSITION 4.2.18. Every ¢ € Aut(T?, ) that fizes (0,0) € T? belongs to
Gy, and every ¢ € Aut(T?, j\) N Diffy(T?) is a translation p(z) = z + ( for some
CeT

PrOOF. The first statement follows by a repeat of the argument used in the
proof of Prop. 21T above: if ¢ € Aut(T?,j,) fixes (0,0), then regarding it as a
diffeomorphism on C/A, it lifts to a biholomorphic map on C which must be of the
form ¢(2) = cz for ¢ € C\ {0}, implying that ¢ is the projection to T? = C/Z?* of
a real-linear map on C which preserves the lattice Z + iZ, and thus ¢ € SL(2,Z).

The second statement follows because one can compose any ¢ € Aut(7?, j,) N
Diff(7?) with translations until it fixes (0, 0), and conclude that the composed map
is in SL(2,Z) N Diffo(T?) = {1}. O

Denoting the translation subgroup by 72 C Aut(T?,jy), we see now that the
total automorphism group is the semidirect product
Aut(TQ,j)\) = T2 X G)\,
and is thus a smooth 2-dimensional manifold.

PROPOSITION 4.2.19. For each [j;] € T(T?), Gy is finite.

PrOOF. The claim follows from the fact that G is compact, which we show
as follows. Choose a new real basis (é1,¢éy) for C = R? such that é; is a positive
multiple of e, é; = j\é; and the parallelogram spanned by é; and é; has area 1.
Expressing any matrix A € G, in this basis, A now belongs to both GL(1,C) and
SL(2,R), whose intersection

GL(1,C) N SL(2,R) = U(1)

is compact. 0
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By this result, Aut(7?,7) is always compact, as was predicted by Prop. E2.6
Moreover, the stabilizer of any element of 7(72) under the action of M(T?) is finite,
so we conclude that

Moo = T(T?)/M(T?) = H/SL(2,7Z)

is a smooth 2-dimensional orbifold, and is a manifold near any [j,] for which G, is
trivial.

EXERCISE 4.2.20. Show that G is trivial for all A in an open and dense subset
of H.

Let us now relate the above descriptions of 7(7?) and Aut(7?,j) to the natural
Cauchy-Riemann operator

D, : W'"(TT?) — LP(Endc(TT?))

on (TT?, 7). After an appropriate diffeomorphism we can assume without loss of
generality that j = j, € T for some A\ € H. Then identifying 772 with T? x C via
the natural global complex trivialization, D; is equivalent to the standard Cauchy-
Riemann operator

0 =0, +i0, : W'P(T?,C) — LP(T? C),

whose kernel is the real 2-dimensional space of constant functions, which is precisely
Tia Aut(T?, jy) since Aut(T?, jy) consists infinitessimally of translations. Meanwhile,
the formal adjoint D7 is equivalent to

0 =0, —i0, : W"P(T? C) — LF(T?,C),

whose kernel is again the space of constant functions, and this is precisely 7}, 7.

4.2.4. The stable case. Assume 2g +m > 3. We've already seen that in this
case Aut(X,7,0) is finite and Dy;e) is injective, so Theorem K214 now reduces
to the statement that 7(X,0) is a smooth manifold whose tangent space at [j] is
coker D; ¢y, and local charts are given by Teichmiiller slices. We argued informally
above that the tangent space at j € J(X) to its orbit under Diffy(X, ©) is the image
of Dy; e), which motivates the belief that 7(2, ©) should locally look like a quotient
of this image, i.e. the cokernel of D; e).

A naive attempt to make this precise might now proceed by considering Banach
manifold completions of J (%) and Diffy(X, ©) and arguing that the extension of

d : Diffo(2,0) x T(X) = T(2) : (¢, ) — ¢*j

to these completions defines a smooth Banach Lie group action that is free and
proper, so the quotient is a manifold whose tangent space is the quotient of the rel-
evant tangent spaces. But this approach runs into a subtle analytical complication:
the partial derivative of the map ® with respect to the first factor must have the
form

D ®(1d, j)X = jD;e)X,
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and if j is not smooth, then the right hand side will always be one step less smooth
than j. Indeed, D;e) is in this case a nonsmooth Cauchy-Riemann type opera-
tor, and we can see it more clearly by redoing the computation (£2.6]) in smooth
coordinates that are not holomorphic: this yields a local expression of the form

ﬁcpij = j(dX +jodX oj) + dj(X).

or 7=0
Since this involves the first derivative of j, the expression for D;®(Id, 7) X can never
lie in the appropriate Banach space completion of 7;7(X), but rather in a larger
Banach space that contains it. This means that ® is not differentiable—indeed,
this is another example (cf. Exercise 2. I2I]) of a natural map between infinite-
dimensional spaces that can never be differentiable in any conventional Banach
space setting. It is probably still true that one can make a precise argument out of
this idea, but it would require a significantly different analytical framework than just
smooth maps on Banach manifolds, e.g. one might attempt to use the category of sc-
smooth Banach manifolds (cf. [Hof]). Another alternative, using the correspondence
between conformal structures and hyperbolic metrics on stable Riemann surfaces, is
explained in [Tro92].

Instead of trying to deal with global Banach Lie group actions, we will prove
the theorem by constructing smooth charts directly via local Teichmiiller slices T C
J(X). We will indeed need to enlarge Diff;(3, ©) and J(X) to Banach manifolds
containing non-smooth objects, but the key observation is that since every object in
the slice T is smooth by assumption, the orbit of any j € 7 can still be understood
as a smooth Banach submanifold. The following argument was explained to me by
Dietmar Salamon, on a napkin.

PROOF OF THEOREM [, 2.T4] IN THE STABLE CASE. For k € N and p > 2, let
J*P(%) denote the space of WHP-smooth almost complex structures on 3, and for
k> 2, let

D" C WHP(2, D)
denote the open subset consisting of all ¢ € Wg’p (3, %) which are C'-smooth dif-
feomorphisms. Choose j, € J(X) and suppose T C J(X) is a Teichmiiller slice

through jo. This implies that 7,7 C I'(End¢(7'Y)) is complementary to the image
of

Djo.0) : WeP(TY) — WF1P(Ende(TY))

for all £ € N.
Since every j € T is smooth, the orbit of j under the natural action of Dg“’p is
in J%?(¥); in fact the map

(4.2.7) F D" x T —= TH(2) 1 (p,)) = ¢*J
is smooth and has derivative
dF(Id, jo) : WETP @ T, T — WHEP(Ende(TY))
(X,y) = joDoe) X + 4.
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This map is an isomorphism, thus by the inverse function theorem, F' is a smooth
diffeomorphism between open neighborhoods of (Id, jy) € Dgﬂ’p x T and jy €
JEP().

We claim now that after shrinking 7 if necessary, the projection mg : T —
T(%,0) is a bijection onto a neighborhood of [jo]. It is clearly surjective, since
every j € J(X) in some neighborhood of jj is in the image of F. To see that
it is injective, we essentially use the fact that Diffy(X, ©) acts freely and properly
on J(X). Indeed, we need to show that there is no pair of sequences jx # j. € T
both converging to jo, such that ji, = ¢jj; for some ¢, € Diffy(X, ©). If there are
such sequences, then by Lemma[1.2.8] ¢} also has a subsequence converging to some
v € Diffy(X,0) with ¢*jo = jo, thus ¢ = Id. But then ¢, is near the identity in
Dgﬂ’p for sufficiently large k, and F(py, j;.) = ji implies (¢, ji.) = (Id, ji) since F
is locally invertible.

Finally, we show that the bijection induced by any other choice of slice 7' through
Jo to a neighborhood of [jy] in T(X%,©) yields a smooth transition map 77 — T :
j' — 7. Indeed, this transition map must satisfy the relation

(p,j) =F o F'(¢, )

for any ¢, ¢’ € Dgﬂ’p, where F : Dgﬂ’p x T — J*P(¥) is the corresponding local
diffeomorphism defined for 77 as in (£27)). Explicitly then, j = pryoF ~to F'(Id, j'),
which is clearly a smooth map. O

EXERCISE 4.2.21. Using the Banach manifold charts constructed in the above
proof, show that for any j € J(X) and Teichmiiller slice 7 through 7, the projection

LP(Ende(TX)) — T;T

along im Dy; ) descends to an isomorphism coker D(; o) — T7;7 (X, ©) that is inde-
pendent of all choices.

4.3. Fredholm regularity and the implicit function theorem

With the local structure of M, ,,, understood, we now turn our attention back to
M(J), the moduli space of J-holomorphic curves. It is unfortunately not true that
M(J) is always locally a finite-dimensional manifold, nor even an orbifold. We need
an extra condition to guarantee this, called Fredholm reqularity. To understand it,
we must first set up the appropriate version of the implicit function theorem:.

The setup will be analogous to the case of M, ,, in the following sense. In the
previous section, we analyzed M, ., by first understanding the Teichmiiller space
T(32,0). The latter is a somewhat unnatural object in that its definition depends
on choices (i.e. the surface ¥ and marked points © C X), but it has the advantage
of being a smooth finite-dimensional manifold. Then the moduli space M,,, was
understood as the quotient of 7 (X, ©) by a discrete group action with finite isotropy
groups: in fact, locally near a given [j] € T(X,©), a neighborhood in M, ,, looks
like a quotient of 7(3, ©) by a finite group (Aut(X, j, ©) in the stable case), which
makes M, ,, an orbifold of the same dimension as 7 (3, ©).
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In the more general setup, we will be able to identify Mﬁm(J ) locally near a
curve (X, 7,0, u) with a quotient of the form

0;(0)/ Aut(u),

where 0 is a generalization of the nonlinear Cauchy-Riemann operator that we con-
sidered in Chapter [3] using local Teichmiiller slices to incorporate varying complex
structures on the domain. Its zero set thus contains all J-holomorphic curves in
some neighborhood of u, but it may also include seemingly distinct curves that are
actually equivalent in the moduli space, thus one must still divide by an appropriate
symmetry group, which locally turns out to be the finite group Aut(u). Thus 9;'(0)
in this context plays a role analogous to that of Teichmiiller space in the previous
section: it is a somewhat unnatural object whose local structure is nonetheless very
nice. Unlike with Teichmiiller space however, the nice local structure of 9;'(0)
doesn’t come without an extra assumption, as we need the linearization of d; to be
a surjective operator in order to apply the implicit function theorem. When this
condition is satisfied, the result will be a smooth orbifold structure for Mﬁm(J ),
with its dimension determined by the index of the linearization of 0. That’s the
general idea; we now proceed with the details.

Suppose (X, 7,0,u) € M7, (J), and choose a Teichmilller slice 7 C J(X)
through j. For any p > 2, denote

Bl = WS, A1),
and define a Banach space bundle £% — T x BY? whose fibers are

0,
gp

('

y=1L7 (Home (TS, 5'), (u')*TM, J))) .
This bundle admits the smooth section
Oy T x B = &% (j/ /) Tu + JoTu oj,
whose linearization at (j,u) is
(43.1) DOy (j,u) : T;T @ WHP(u*T M) — LP(Home (TS, uw*T M)),
h (y.m) = JoTuoy+ Dy,

where on the right hand side we take 7 to be the complex structure on the bundle
TY.

DEFINITION 4.3.1. We say that the curve (3,7,0,u) € M2, (J) is Fredholm
regular if the linear operator D;(j,u) of (3. is surjective.

The following lemma implies that our definition of Fredholm regularity doesn’t
depend on the choice of Teichmiiller slice. Observe that it is also an open condition:
if DO;y(j,u) is surjective then it will remain surjective after small changes in j, u

and J.
LEMMA 4.3.2. The image of DJ;(j,u) doesn’t depend on the choice of T.
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PROOF. Let L = DJ;(j,u) as in (@3.0)), and note that 7,7 is a subspace of

LP(Endc(7TY)), so L can be extended to
L: Lp(End(C(TE)) @D TuB — g(j,u),
(y,n)— JoTuoy+ Dyn.
We claim im L = im L. Indeed, note first that if D;e) denotes the natural linear
Cauchy-Riemann operator on (7%, j) and y = D)X € imD(;e) for some X €
WP(TY), then
L(y,0) = JoTuoy = Tu(jy) = Tu(D;e)(j X))

since u is J-holomorphic and D e) is complex-linear. Now the following relation
isn’t hard to show: for any smooth vector field X € I'(T'Y) vanishing on ©,
(4.3.2) D, (Tu(X)) = Tu(DeX).

By the density of smooth sections, this extends to all X € Wé’p (TY), and we
conclude

L(y,0) € im D,
whenever y € imD(; ). Since LP(Ende(TY)) = im D) ® 1,7, it follows that L
and L have the same image. 0

EXERCISE 4.3.3. Prove the relation ([A3.2]) for all smooth vector fields X €
['(TY). (Compare the proof of Lemma 24.G] )

Since T;7 is finite dimensional and D, is Fredholm, Dd;(j,u) is also Fredholm
and has index

ind DJ;(j,u) = dim 7(3, ©) + ind D,
= dim Aut(3, j,0) — ind D(; ¢y + ind D,,
= dim Aut (3, 7,0) — (3x(2) — 2m) + (nx(2) + 2¢1 (u*TM))
= dim Aut(%, j, ©) + vir-dim M}, (J),

where we've applied ([£.2.4]), the Riemann-Roch formula and the definition of the
virtual dimension.

(4.3.3)

LEMMA 4.3.4. For every j € J(X), one can choose a Teichmiiller slice T through
J that is invariant under the action of Aut(X, j,©).

PROOF. In the case (3,0) = (T2, (), one can assume after a diffeomorphism that
j is translation invariant, and 7 can then be taken to be the global Teichmiiller slice
defined in §4.2.3 consisting of all translation invariant complex structures compat-
ible with the orientation. In all other cases where 7 (X, ©) is nontrivial, (¥, 0) is
stable, thus the group G := Aut(%, j, ©) is finite. Using the construction of ([L23]),
it suffices to find a complement C' C LP(Endc (7)) of im Dy; ¢y that is G-invariant,
as one can then compute that

jgo*y = Qp*jy

for any ¢ € Aut(3,,0). To start with, we observe that imDy; e itself is G-
invariant, since ¢*j = j also implies D(je)(¢*X) = ¢*(De)X) for all X €
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WoP(TY). A G-invariant complement C' can then be defined as the L? orthogo-
nal complement of im D(;e) with respect to any G-invariant L? inner product on
the sections of End¢(T'Y); such a complement automatically contains only smooth
sections due to linear regularity for weak solutions (cf. Corollary 2.6.28)).

Since L? inner products on I'(Endg(TY)) arise naturally from j-invariant Rie-
mannian metrics on ¥, it suffices to find such a Riemannian metric g which is also
G-invariant. Recall from Corollary that 3\ © admits a complete j-invariant
Riemannian metric gp of constant curvature —1, the Poincaré metric, and it has the
convenient property that the biholomorphic transformations on X\ © are precisely
the isometries of gp. This is not the desired metric since it does not extend over the
marked points, but we can fix this as follows: by Exercise below, each z € ©
admits a G-invariant neighborhood U, which can be biholomorphically identified
with the unit ball B C C such that G acts by rational rotations. Thus on U,, the
Euclidean metric in these coordinates is also G-invariant, and we can interpolate
this with gp near each z € © to define the desired G-invariant metric on . OJ

EXERCISE 4.3.5. Suppose (2,7) is a Riemann surface and G is a finite group
of biholomorphic maps on (X, j) which all fix the point z € . Show that z has a
G-invariant neighborhood U, with a biholomorphic map v : (U,,j) — (B, i) such
that for every ¢ € G, 1) o p 0 1p~! is a rational rotation.

A quick remark about the statement of the next theorem: if (j,u) € 9;'(0) and
v € Aut(2, 4,0), then the natural action
12 (],U) = (]aUOSO)
preserves ;' (0). Linearizing this action at Id € Aut(%, j, ©), we obtain a natural
map of the Lie algebra aut(3, 5, ©) to ker DI, (j, u) of the form

aut(%, 7,0) — ker DI;(j,u) : X — (0, Tu(X)),
and this is an inclusion if u is not constant. Thus in the following, we can regard
aut(X, 7, ©) as a subspace of ker DI (j, u).
THEOREM 4.3.6. The open subset
M;,;f,fg(J) ={ue M;{m(t]) | w is Fredholm regular and not constant}
naturally admits the structure of a smooth finite-dimensional orbifold with
dim Me8(.J) = vir-dim M, ().

Its isotropy group at any (3,7,0,u) € M2r%(J) is isomorphic to Aut(u), so in
particular, it is a manifold near u if Aut(u) is trivial. There is then also a natural
isomorphism -

T M (J) = ker DO, (j,u) /aut(S, 4, ©).

Moreover, the evaluation map ev : Mﬁ;ffg(J) — M™ 1is smooth.

Proor. We shall prove this in the case where 29 +m > 3 and give some hints
how to adapt the argument for the non-stable cases, leaving the details as an exercise.
Suppose (%, jo, ©,up) € M, (J) is Fredholm regular and 7 is a Teichmiiller
slice through j, which is invariant under the action of Aut(X, jy,©), as supplied
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by Lemma @34 Then constructing the smooth section d; : T x B"”? — £%P ag
described above, the implicit function theorem gives

871(0) € T x B

near (jo,uo) the structure of a smooth submanifold with dimension ind Dd;(jo, ug).
The latter is equal to vir-dim M, (J) by ([3.3), since Aut(%, jo, ©) is in this case
discrete. Observe that if zy,...,2, € ¥ denote the marked points ©, then the
evaluation map

ev:0710) = M™: (j,u) = (u(21), ..., u(2m))

is smooth as a consequence of the fact that for each z;, the map B — M : u +— u(z;)
is smooth by Exercise B.1.5]

Since Aut (X, jo, ©) preserves 7 and acts by biholomorphic maps, it also acts on
07'(0) by

Aut(E, jo, ©) x J71(0) = 851(0) : (¢, (j, w) — (¢"j, uo ).

Clearly any two pairs related by this action correspond to equivalent curves in the
moduli space, and we claim in fact that the resulting map

(4.3.4) 951(0)/ Aut(, jo, ©) — M, (J)

is a local homeomorphism onto an open neighborhood of (3, jo, ©,ug). The proof
of this uses the fact that Diffy(X, ©) acts freely and properly on J(X).

Indeed, to see that (A3 is surjective onto a neighborhood, suppose we have a
sequence (X, jx, ©,u) € M, (J) with ji — jo and uy — ug. Then [ji] = [jo] in
T (%, 0), so for sufficiently large k there are unique diffeomorphisms ¢y, € Diffy(%, ©)
such that ¢}ji is a sequence in T approaching jo. Now by the properness of the
action (Lemma [L.2.8)), a subsequence of ¢, converges to an element of Aut(X, jy, ©)
which is homotopic to the identity, and therefore is the identity since the action is
also free (Lemma [£.2.0). It follows that ¢, — Id, thus u; o ¢r — ug and for large k,
(¢5jk, ug © ¢x) lies in an arbitrarily small neighborhood of (jo, ug) in 9;5'(0).

We show now that (£3.4) is injective on a sufficiently small neighborhood of
(Jo,up). From Exercise 29, Aut(X, jo, ©) is the stabilizer of [jy] under the action
of M(3,0) on T(%,0), thus the natural projection

T/ Aut(Z, jo, ©) = M(E,0) = J(X)/ Diff 1 (X, 0)

is a local homeomorphism near [jo]. Then for any two elements (j,u) and (j', u')
of 9;'(0) sufficiently close to (jo,ug) that define equivalent holomorphic curves,
7] = [J'] € M(X, ) implies that j and j" are related by the action of Aut(X, jo, O),
and this proves the claim.

We've shown that in a neighborhood of any regular (%, jo, ©,u0) € M, (J),
the moduli space admits an orbifold chart of the correct dimension. Its isotropy
group at this point is the stabilizer of (jo,ug) under the action of Aut(X, jo, ©) on
9;'(0), and this is precisely Aut(ug). In particular, M (J) is a manifold near ug
if Aut(ug) is trivial, and the implicit function theorem identifies its tangent space
at this point with ker D;(jo, uo).
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It remains to show that the transition maps resulting from this construction are
smooth: the zero sets 9;'(0) inherit natural smooth structures as submanifolds of
T x BY?, but we don’t yet know that these smooth structures are independent of
all choices. Put another away, we need to show that for any two equivalent curves
(33, 4o, ©,up) and (X', 5§, ©, uy) with corresponding Teichmiiller slices T, 7" and zero
sets 0;1(0), (9,)71(0), there is a smooth local diffeomorphism

95" (0) = (9;)7(0)
that maps (jo,u) + (j), uf) and maps each (j,u) € 9;'(0) smoothly to an equiv-
alent curve (j',u') € (95)71(0). Let us just consider the case where j, = j} and
uy = ug but the Teichmiiller slices differ, as the rest is an easy exercise. For this,
we can make use of the work we already did in constructing the smooth structure
of Teichmiller space: if 7 and 7' are two Teichmiiller slices through jo, then there
is a diffeomorphism
T—T:j—7

such that j* = 7 for some p; € Diffy(2, ©). In fact, the diffeomorphism ¢; depends
smoothly on j, as we already found a formula for it in the proof of Theorem K214

(5, 4) = F~1 o F/(Id, ),
where
F:Dg" x T —= J*(2): (¢,) = ¢,

F':Dg’ x T' = J7(D) : (¢,4) = ¢
are both smooth local diffeomorphisms near (Id, jp). From this formula it is clear
that 7' — Dé’p : '+ ; is a smooth map, thus in light of the diffeomorphism be-
tween T and T, so is T — Dg” : j + ;. Moreover, since each ; is a holomorphic
map (X, ;') — (X, j) with both j and j' smooth, elliptic regularity implies that ¢,
is also smooth. We can now define a map

971(0) = TOP(2) x B« (j,u) — (@}j,uo p;),

whose image is clearly in (9,)~*(0) and thus consists only of smooth pairs (j',u’)
which are equivalent to (j,u) in the moduli space. Moreover, this map is smooth
since u is always smooth, again by elliptic regularity. This is the desired local
diffeomorphism.

The proof is now complete for the case where (X, ©) is stable. Non-stable cases
come in two flavors: the simpler one is the case g = 0, for then Teichmiiller space
is trivial and we can fix j =i on S%. Several details then simplify, except that now
Aut(S?,4,0) has positive dimension—nonetheless it is straightforward to see that
(E34) is still a local homeomorphism, so the only real difference in the end is the
computation of the dimension,

dim M, (J) = ind D9 (j, u) — dim Aut(, j,©) = vir-dim M}, (J),

due to (@33). In the case of M{\(J), for which both Teichmiiller space and the
automorphism groups have positive dimension, we can use the specific global Te-
ichmiiller slice of §4.2.3] and combine ideas from the stable and genus 0 cases to
obtain the same result and same dimension formula in general. O
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EXERCISE 4.3.7. Work out the details of the proof of Theorem [4.3.6]in the non-
stable cases. (For a more detailed exposition of this in a more general context, see

[Wen10al §3.2], the proof of Theorem 0.)

The implicit function theorem gives more than just a manifold or orbifold struc-
ture for M;“,m(J ): it can also be used for perturbation arguments, in which the
existence of curves in M2, (J) gives rise to curves in M\ (J') as well, for any J'
sufficiently close to J. For example:

THEOREM 4.3.8. Suppose M is compact, and (3, jo, ©,ug) € M?’O(JO) is sim-
ple and Fredholm regular with ind(ug) = 0. Then for any sufficiently C'*°-small
neighborhood U C J (M) of Jy, there exists a continuous map

U — j(E) X COO(E,M) J = (jJ,UJ)
such that j;, = jo, ws, = uo and (3, 7;,0,u;) € M (J) for each J € U. Moreover,
this family is unique in the sense that for any C'*°-convergent sequence J, — Jy and
(3, s ©,u)) € M2 (J) with jj, — jo and uj, — ug in the C*-topology, we have
(Ea jlin @7 u;g) ~ (Eijku @7 qu)
for sufficiently large k.

PrOOF. As with Theorem [£3.6] we will focus on the stable case 2g > 3 and
leave the rest as an exercise.

Choose a Teichmiiller slice 7 through jy, and extend the previous functional
analytic setup as follows. Given m € N, let J" (M) denote the space of all C"-
smooth almost complex structures on M. Using the correspondence Y — Jy defined
in §2.9] (see (Z.2.1))), one can show that J™(M) is a smooth Banach manifold with

T3, J™(M) = C™(Endc(TM, Jy)).
Moreover, our previous Banach space bundle £%? — T x BYP has an obvious exten-
sion to a smooth bundle
EM — T x B x J™(M),
with fibers 5(0].’,’;7]) = L? (Homc((T'S, j), (u*TM, J))). The natural section,
0:T x B" x J™(M) — E% : (j,u,J) — Tu+ JoTuoj,

is not smooth in general since J € J™(M) is usually not smooth. But as we saw
at the local level in §2.13 (cf. Lemma B.I3.6), 0 will at least be of class C! if m is
sufficiently large; in fact there exists a fixed integer ¢, the exact value of which will
not concern us except that it is independent of m, such that 0 is C™ ‘-smooth on
T x BY? x J™(M). Let us therefore assume m > ¢ + 1 and examine the zero set
071(0) near (jo, uo, Jo). The linearization at this point is

DO (jo, uo, Jo)(y,n,Y) = DAy, (jo, uo)(y,m) +Y o Tug o jo,

which is surjective and has a bounded right inverse since Dy, (jo, uo) is an isomor-
phism by assumption. The implicit function theorem then provides a neighborhood
JoeU C J™(M) and a C™ “-smooth map

Z/I—>T><Bl’p:J>—>(jJ,uJ)



170 CHRr1S WENDL

which parametrizes a neighborhood of (jo, ug, Jo) in 97*(0). Restricting this map
to the dense space of smooth almost complex structures in & provides the desired
neighborhood in J (M) and continuous map: observe that while a priori the map
J + uy is continuous into WP(X, M), it is actually continuous into C*°(3, M) by
elliptic regularity (Theorem R2.TT.T]). O

The assumption that M is compact is not terribly important in the above result;
we used it in the proof so that J" (M) would be a Banach manifold, but this can be
relaxed with a little effort since ug has its image in a compact subset. More generally,
results of this kind can be stated for any Fredholm regular curve with nonnegative
index, and for any parametrized family of almost complex structures (cf. §45]). For
this reason, regular curves are also often referred to as unobstructed.

4.4. Transversality for generic J

In the previous section we proved that moduli spaces of J-holomorphic curves
are smooth wherever they are Fredholm regular. Since Fredholm regularity is in
general a very difficult condition to check, in this section we will examine ways of
ensuring regularity via generic perturbations of J, leading in particular to a proof
of Theorem

We assume throughout this section that (M, w) is a 2n-dimensional symplectic
manifold without boundary, and we focus on w-compatible almost complex struc-
tures, though all of our results have easily derived analogues for w-tame or general
almost complex structures (cf. Remark L.T.9). We will not assume that M is com-
pact unless specifically stated, but will fix an open subset &4 C M with compact
closure. Recall from §4.1] the definition of the space J(M,w; U, J%™) of compatible
almost complex structures that are fixed outside of U; here J™ € J(M,w) is an
arbitrary choice that we assume fixed in advance (which is irrelevant if U = M).
Fix also a pair of integers g, m > 0 and a homology class A € Hy(M).

DEFINITION 4.4.1. Let
Treg(M,w; U, J™; g,m, A) C T(M,w; U, J™)

denote the set of all J € J(M,w; U, J™) such that every curve u € M\ (J) with
an injective point mapped into U/ is Fredholm regular.

For applications involving the evaluation map ev : M7, (J) — M™, it will be
useful to generalize this definition given the additional data of a smooth submanifold
Z C M™ without boundary. The reader who is only interested in the proof of
Theorem and not the further applications in §4.6] is free in the following to
ignore all references to Z, or assume Z = M™, in which case all conditions involving
Z will be vacuous.

DEFINITION 4.4.2. Given the same data as in Definition B4l plus a smooth
submanifold Z C M™ without boundary, let

Toe(M,w; U, J™; g,m, A) € J(M,w; U, J™)
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denote the set of all J € J(M,w; U, J%™) such that every curve u € M, (J) that
satisfies ev(u) € Z and has an injective point mapped into U is Fredholm regular,
and the intersection of ev : M2 (J) — M™ with Z at u is transverse.

Here is the main result of this section.

THEOREM 4.4.3. Given (M,w) with the dataUd, J%, g, m, A and Z as described
above, jrfg(M,w; U, J%; g,m, A) is a Baire subset of J(M,w; U, J™).

Taking Z = M™, this result together with Theorem [£.3.6limplies Theorem L. 1.8
as we can take Jreg(M,w; U, Ji) to be the countable intersection

Treg(M, w5 U, J™) := (| Feee(Mw; U, J™; g,m, A).

g:m=>0, A€H>(M)

Some consequences of the case Z C M™ will be described in §4.61
The proof will proceed in two main steps, described in the next two subsections.

4.4.1. Regular almost complex structures are dense. In order to cut down
on cumbersome notation, let us assume for the remainder of §4.4 that the choices
UcM,J™ecJ(Mw),g>0 m>0,Ac Hy(M) and Z C M™ are all fixed, so
we can abbreviate

x7reg = \ng(Mvw; u7 Jﬁx; gamaA)-

We begin by proving a weaker version of Theorem [£.4.3] which nonetheless suffices
for most applications.

PROPOSITION 4.4.4. Jyeq is dense in J(M,w; U, J™).

Though certainly useful on its own, this statement is less beautiful than The-
orem and sometimes also less convenient, as countable intersections of dense
subsets are not generally dense (they may even be empty). It will be the purpose of
the next subsection to replace the word “dense” with “Baire,” using an essentially
topological argument originally due to Taubes.

Let us sketch the proof of Prop. .44 before getting into the details. One
must first choose a smooth Banach manifold of almost complex structures J. C
J(M,w; U, J%) in which to vary J. One can then define a (large) separable Ba-
nach manifold that contains all suitable holomorphic curves in all the moduli spaces
M,.(J) for J € T, called the universal moduli space,

wU(T)=A(u,J) | J e T, ue Mﬁm(J) maps an injective point into U},
along with its constrained variant
U3(T) = {(w,]) € %() | ev(u) € Z}.

It takes a bit of care to make sure these spaces really are Banach manifolds: as usual,
the main task will be to prove that a certain linear operator between Banach spaces
is surjective, and this is where the assumption of an injective point in ¢ will turn out
to be crucial. It will also require the domain to be sufficiently large—in particular,
J. will have to contain a certain set of Cj°-perturbations of a given J, and must
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therefore be infinite dimensional. Once the universal moduli space is understood,
we have a natural smooth projection map

U (T) = Tt (u,J) — J,

whose preimage 7~1(J) at any J € J, is precisely the set of all curves in u €
M,.(J) that map an injective point into U and satisfy ev(u) € Z. This will be a
smooth submanifold whenever J is a regular value of 7, i.e. the derivative dr(u, J)
is surjective for all (u,JJ) € 7#~'(J). In finite dimensions, Sard’s theorem would tell
us that this is true for almost every J, and in the present situation one can apply
the following infinite-dimensional version due to Smale [Sma65].

SARD-SMALE THEOREM. Suppose X andY are smooth Banach manifolds which
are separable and paracompact, and f : X — Y s a smooth map whose derivative
df (z) : T,X — Tye)Y for every x € X is Fredholm. Then the reqular values of f
form a Baire subset of Y.

The theorem can be stated more generally for nonsmooth maps f € C*(X,Y) if
k is sufficiently large, but we will not need this. A proof in the case where f maps
an open subset of a linear Banach space to another Banach space may be found in
[MS04, Appendix A.5]. The general case can be derived from this, with the aid of

the following exercise in general topology (cf. Proposition B.I.T).

EXERCISE 4.4.5. Show that any Banach manifold that is both separable and
paracompact admits a countable family of charts.

To apply the Sard-Smale theorem, we need to know that drn(u, J) is a Fredholm
operator. In the unconstrained case Z = M™, it turns out that dn(u,J) not only
is Fredholm but has the same index and the same kernel as the linearization (4.3.1))
that defines Fredholm regularity, thus every regular value of 7 belongs to Jes. A
similar argument works in the constrained case, and the Sard-Smale theorem will
thus imply that J., is dense, as claimed by Prop. £.4.4l

In fact, the argument implies that the set of regular almost complex structures
is a Baire subset of 7., and you may at this point be wondering why that doesn’t
already prove Theorem .43 The answer is that we cannot simply choose J. to
be J(M,w; U, J™), as the latter with its natural C*°-topology is not a Banach
manifold, so the Sard-Smale theorem does not apply. We are thus forced to choose a
somewhat less natural space of varying almost complex structures, with a sufficiently
different topology so that a Baire subset of J. is not obviously a Baire subset of
J(M,w; U, J%), though we will easily see that it is dense. Extending density
to “genericity” will require an additional topological argument, given in the next
subsection.

We now carry out the details, starting with the definition of the Banach man-
ifold J.. It will be convenient to have explicit local charts for the manifold of
compatible complex structures on a vector space, as provided by the following ex-
ercise.

EXERCISE 4.4.6. Suppose w is a nondegenerate 2-form on a 2n-dimensional vec-
tor space V', and J(V,w) denotes the space of all complex structures J on V' such
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that w(-,J-) defines a symmetric inner product. Show that J(V,w) is a smooth
submanifold of J(V'), whose tangent space at J € J(V,w) is

Endc(V, J,w) :=={Y € End¢(V, J) | w(v, Yw) + w(Yv,w) = 0 for all v,w € V}.
Show also that for any J € J(V,w), the correspondence

—1
(4.4.1) Y (11 + %JY) J (11 + %JY)

maps a neighborhood of 0 in End¢(V, J, w) diffeomorphically to a neighborhood of .J
in J(V,w). Hint: Recall Corollary (22211

There are two standard approaches for defining a Banach manifold of perturbed
almost complex structures: one of them, which is treated in [MS04, §3.2], is to
work in the space J™(M,w) of C™-smooth almost complex structures for sufficiently
large m € N, and afterwards argue (using the ideas described in §4.4.2] below) that
the intersection of all the spaces J% (M, w) gives a Baire subset of J(M,w). The
drawback of this approach is that if J is not smooth, then the Cauchy-Riemann
operator will also have only finitely many derivatives: indeed, 9;u = Tu+.J(u)oTuoj
involves the composition map

(4.4.2) (u,J)— Jou

which may be differentiable but is not smooth unless J is (recall Lemma 2.T2.7]).
This approach thus forces one to consider Banach manifolds and maps with only
finitely many derivatives, causing an extra headache that we’d hoped to avoid after
we proved elliptic regularity in Chapter 2l

The alternative approach is to stay within the smooth context by defining J. to
be a Banach manifold that admits a continuous inclusion into J(M,w): indeed, if
J. embeds continuously into J"(M,w) for every m € N and u belongs to a Banach
manifold such as W*?(3, M), then LemmaRI2implies that (£42) will be smooth.
Until now, all examples we’ve seen of Banach spaces that embed continuously into
C* have been finite dimensional, and we would find such a space too small to
ensure the smoothness of the universal moduli space. A suitable infinite-dimensional
example was introduced by Floer [F1o88|, and has become known commonly as the
“Floer C.-space”.

Fix an arbitrary “reference” almost complex structure J*f € J(M,w; U, J™),
and choose a sequence of positive real numbers ¢, — 0 for integers v > 0. Re-
call from Exercise the vector bundle End¢(T'M, J™f, w), whose smooth sec-
tions constitute what we think of as the “tangent space Tyt J(M,w).” Define
C.(Ende(TM, J* w) ; U) to be the space of smooth sections Y of Endc(T'M, J*, w)
with support in ¢ for which the norm

o0
¥Vl i= 3 elVlloven
v=0
is finite. Though it is not immediately clear whether this space contains any nontriv-
ial sections, it is at least a Banach space, and it has a natural continuous inclusion
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into the space of smooth sections supported in U,

Ce(Ende(TM, J*" w); U) — {Y € T(Endc(TM, J*,w)) | Y|rnu =0}
One can always theoretically enlarge the space by making the sequence €, converge
to 0 faster. As it turns out, choosing €, small enough makes C.(End¢(TM, J*, w) ; U)

into an infinite-dimensional space that contains bump functions with small support
and arbitrary values at any point in U:

LEMMA 4.4.7. Suppose B : B*" — [0,1] is a smooth function with compact
support on the unit ball B> C C™ and 3(0) = 1. One can choose a sequence of
positive numbers €, — 0 such that for every Yy € CN and r > 0, the function
Y : C* — CV defined by

Y(p) = B(p/r)Yo
satisfies " o €,[|Y|cv < o00.

PRrROOF. Define ¢, > 0 so that for v > 1,

1
€, = ———.
v |18l ev
Then
Y |ler < = — ] < oo.
2 2ol &\

O

EXERCISE 4.4.8 (cf. [Flo88, Lemma 5.1]). Show that by choosing €, as in the
lemma, one can arrange so that C.(Endc(TM, J* w); U) is dense in the space of
L? sections of End¢(TM, J* w) that vanish on M \ U.

EXERCISE 4.4.9. Prove that C.(Endc(TM, J™ w); U) is separable.

Now choose § > 0 sufficiently small so that the correspondence (EAJ]) with
J := J* defines an injective map

{Y € C.(Endc(TM, J*"w); U) | |Ye <6} = T(M,w; U, J™),

and define J. to be its image. By construction, 7. is a smooth, separable and
metrizable Banach manifold (with only one chart), which contains J™f and embeds
continuously into J (M, w; U, J). Its tangent space at any J € J. can be written
naturally as

T;J. = C(Endc(TM, J,w); U).

As already sketched above, we now define the universal moduli space % *(J.)
to be the space of pairs (u,J) for which J € J. and u € M7, (J) has an injective
point mapped into U, and let %} (J.) = ev_}(Z) for the obvious extension of the
evaluation map

ev: U (J)— M": (u,J) — ev(u).

PROPOSITION 4.4.10. The universal moduli space % *(J.) admits the structure of
a smooth, separable and metrizable Banach manifold such that the natural projection
7 UNT) = Te: (u,J) — J and the evaluation map ev : %*(J.) — M™ are both
smooth, and the latter is a submersion.
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To prove this, choose any representative (3, jo, ©, ug) of an arbitrary curve ug €
M (Jo) for which (ug, Jo) € %*(J.), and choose a Teichmiiller slice 7 through jo
as in §£31 A neighborhood of (ug, Jy) in Z*(J.) can then be describedd as the zero
set of a smooth section,

O:T xB" x J.— &% : (j,u,J) s Tu+ JoTuoj,
where now £%? has been extended to a Banach space bundle over 7 x B'? x J. with

fiber

gr 5y =L (Home((T%, j), (w'TM, J))).

The linearization DI (jo, uo, Jo) : Ts T & ToyBY & T, J. — 58?“0 7o)

(y,n,Y) = JyoTugoy +Dyn+Y o Tug o jo.

takes the form

The essential technical work is now contained in the following lemma. We denote
WaP(usTM) == {n € W' (uTM) | n(©) =0},
which is a closed subspace of codimension 2nm in WP (uSTM ).

LEMMA 4.4.11. If up maps an injective point into U, then the operator
L: WaP(ugTM) & C.(Ende(TM, Jy,w); U) — LP(Home (TS, ugTM))
(7,Y) = Dyyn +Y o Tug o jo
1s surjective and has a bounded right inverse.

PrOOF. If L is surjective then the existence of a bounded right inverse follows
easily since D, is Fredholm. Moreover, the Fredholm property of D, implies that
im L is closed, thus choosing a suitable bundle metric to define the L? pairing, it
suffices (by the Hahn-Banach theorem) to show that there is no nontrivial section
a € L(Home (TS, ugTM)) with 1+ & =1 such that (L(n,Y),a) 2 = 0 for all (n,Y)
in the specified domain. This can be broken down into two conditions:

(Dy,n, )2 =0 for all n € WP (uiT M), and
(Y oTugo jo,a)2 =0 forall Y € C(Ende(TM, Jy,w); U).

If such « exists, then the first of these two equations implies it is a weak solution
of the formal adjoint equation D} o = 0 on ¥ \ ©, thus by regularity of weak
solutions (Corollary 2Z6.28)), it is smooth on ¥ \ O, and the similarity principle
(§2.8) implies that its zero set cannot accumulate. The idea is now to choose Y €
C.(Endc(TM, Jo,w) ; U) so that the second equation implies o must vanish on some
nonempty open set, yielding a contradiction. There are two important details of our
setup that make this possible:

(1) ug has an injective point zy € ¥ with ug(2o) € U;
(2) Ce(Ende(T'M, Jo,w); U) contains bump functions with small support and
arbitrary values at wug(2).

“Here we are restricting for the sake of notational simplicity to the case where (32, ©) is stable;
we leave the details of the non-stable cases as an exercise.
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Indeed, since the set of injective points is open and « has only isolated zeroes,
we can assume without loss of generality that zy € U is not one of the marked
points and «(zp) # 0. Now choose (via Lemma 4.7 and Lemma below)
Y € C.(Endc(TM, Jo,w) ; U) so that (Y o Tugo jy, o) is positive on a neighborhood
of zy and vanishes outside this neighborhood. Then (Y o Twg o jy, )2 cannot
be zero, and we have the desired contradiction. Observe the role that somewhere
injectivity plays here: Tug o jo is nonzero near zy since dug(zg) # 0, and since ug
passes through zp only once (and the same is obviously true for points in a small
neighborhood of zy), fixing the value of Y near ug(zg) only affects the L? product
near zy and nowhere else. This is why the same proof fails for multiply covered
curves. U

In choosing the bump function Y € C.(End¢(T'M, Jy,w) ; U) in the above proof,
we implicitly made use of a simple linear algebra lemma. This is the only point in
the argument where the symplectic structure makes any difference: it shrinks the
space of available perturbations Y along Jy, but the lemma below shows that this
space is still large enough. Recall that on any symplectic vector space (V,w) with
compatible complex structure J, one can choose a basis to identify J with ¢ and
w with the standard structure wgq (cf. Exercise Z2.7). The linear maps Y that
anticommute with i and satisfy wgq(Y v, w) 4+ wsa(v, Yw) = 0 for all v,w € V are
then precisely the symmetric matrices that are complex antilinear.

LEMMA 4.4.12. For any nonzero vectors v,w € R?", there exists a symmetric
matrix 'Y that anticommutes with i and satisfies Yv = w.

PROOF. We borrow the proof directly from [MS04, Lemma 3.2.2] and simply
state a formula for Y:

1

Y= o (o o i (" o)
1
TR ((w, v) (vo” + iwv"4) — (w,iv) (ivv” — '),
v
where ( , ) denotes the standard real inner product on R** = C". 0

CONCLUSION OF THE PROOF OF PROPOSITION A T0l Since 7T is finite dimen-
sional, W& (uiTM) @ C(Ende(TM, Jo,w); U) is a closed subspace of finite codi-
mension in T;, T & T, B @ T, J., hence Lemma ILATT implies that DA(jo, uo, Jo)
is also surjective and has a bounded right inverse. By the implicit function theo-
rem, a neighborhood of (jo, ug, Jy) in 7(0) is now a smooth Banach submanifold of
T x BY? x J.. Repeating several details of the proof of Theorem and exploiting
the fact that Aut(u) is always trivial when u is somewhere injective, it follows also
that *(J.) is a smooth (and separable and metrizable) Banach manifold: locally,
it can be identified with 971(0), and its tangent space at (u, J) is

T *(J.) = ker DO(j,u, J) C T;T & W' (u*TM) & C.(Ende(TM, J,w); U).
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Under this local identification, the projection 7 : %*(J.) — J. is simply the restric-
tion to 071(0) of the projection

TxBPxJ.—T.:(Ju,J)—J
and is thus obviously smooth. Writing the marked points as © = (z1,...,2y,), the
evaluation map is similarly the restriction to 97*(0) of

T xBY x Jo— M™: (,u,J) — (u(z1),...,u(zn)),
which is smooth by Exercise B.I.0] and its derivative at (j, u, J) on this larger domain
is the linear map
T;T & W (' TM) & Co(Ende(TM, J,w); U) = TyonyM & ... & Ty, M,
(y,n,Y) = (n(21), - nlzm))-
To prove that ev is a submersion at (u,.J) € Z*(J.), we therefore need to show
that for any given set of tangent vectors §; € T).,)M for i = 1,...,m, we can find
a triple (y,n,Y) € ker DO(j,u, J) such that n(z;) =& fori =1,...,m. To see this,
pick any smooth section £ € I'(u*T'M) that satisfies {(z;) = & fori =1,...,m, then
use Lemma LTI to find n € WIP(u*TM) and Y € C.(Endc(TM, J,w); U) such
that n vanishes at each of the marked points z1, ..., z, and
Dn+YoTuoj=—-D,E.

The desired solution is then (0,£ 4+ n,Y’). The proof of Proposition [L4I0 is now
complete. O

To finish the proof of Proposition EEA4] note first that %} (J.) = ev'(Z) C
U*(J.) is also a smooth Banach submanifold since ev : Z*(J.) — M™ is a sub-
mersion. Given (u,J) € %;(J.) with u represented by (X,7,0,u) € M, (J) and
the marked points written as © = (zy,. .., z,), identify a neighborhood of (u, J) in
% *(J.) with 971(0) as in the above proof. Then defining the finite-codimensional
subspace

WP (' TM) = {n € W"(uTM) | (n(z1),...,0(zm)) € TZ},

the tangent space T, %y (J.) is identified with

Ky :=ker <D8(j,u, J)‘TjT@W;’P(u*TM)@TJJ€> ,

which is a finite-codimensional subspace of ker DO(j,u,J) = T(, )% *(J.). The
smooth projection
7y Uy (T) = T (u, J) = J
then has derivative at (u, J) equivalent to the linear projection
KZ — TJ\7€ : (yanay) = Yva

and this gives a natural identification of ker dmz(u, J) with the kernel of the operator
Ly := D, (j, U)|TjT@W;vP(u*TM)v

where D, (j,u) : TyT@WWP(u*TM) — LP(Home (TS, u*TM)) is the same operator
that appears in the definition of Fredholm regularity (see Definition L.3.1]). We claim
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that the cokernels of drz(u,.JJ) and Ly are also isomorphic, so both are Fredholm
and have the same index. This is a special case of the following general fact from
linear functional analysis.

LEMMA 4.4.13. Suppose X, Y and Z are Banach spaces, D : X — Z is a
Fredholm operator, A :Y — Z is another bounded linear operator and L : X ®Y —
Z : (x,y) = Dx + Ay is surjective. Then the projection

M:ker L - Y : (z,y) —vy

1s Fredholm and there are natural isomorphisms ker Il = ker D and coker Il =
coker D.

PrROOF. The isomorphism of the kernels is clear: it is just the restriction of
the inclusion X — X @Y : z — (x,0) to ker D. We construct an isomorphism
coker IT — coker D as follows. Observe that imII is simply the space of all y € Y
such that Ay = —Duz for any z € X, hence im Il = A~ (im D), and

coker IT = Y/ imIl = Y/A*I(imD).
Now it is easy to check that the map A :Y — im A descends to an isomorphism
A:Y /A (im D) — im A/(im D Nim A),
and similarly, the inclusion im A < Z descends to an injective homomorphism
imA/(imDNimA) — Z/im D.

Since every z € Z can be written as z = Dx + Ay by assumption, this map is also
surjective. 0

We can now apply the Sard-Smale theorem and conclude that the regular values
of mz form a Baire subset of J., and for each J in this subset, Lemma {413
implies that D9, (j, u)|Tj7—®Wé,p(u*TM) is surjective onto LP(Homc (TS, u*TM)) for

every representative (X, 7, ©,u) of any curve u with (u, J) € % (J.). It follows that
for such a curve, DJ;(j,u) is also surjective, hence u is Fredholm regular and a
neighborhood of u in M2, (J) is identified with the smooth neighborhood of (j,u)
in 9;%(0). Under this local identification, the evaluation map on ./\/lg"m(J) takes the
form
ev:0;1(0) = M™: (j,u) = (u(z1), ..., u(zm)),

and we claim that im d(ev)(j,u) is transverse to Tey ;2. To see this, observe that
given an arbitrary m-tuple

(517 s 75771) S Tu(zl)M D ... Tu(zm)M = Tev(u)Mma

we can choose a smooth section £ € I'(w*T'M) that matches &; at z; fori =1,...,m,
and then appeal to the surjectivity of Dd;(j,u) on the restricted domain to find
y € T;T and n € W,P(uw*TM) such that D (4, u)(y,n) = —Dy&. Then (y,n+£) €
ker DOy(j,u) and

(gla s 75771) = dev(ja u)(y, n + 5) - (n(zl)a s 777(2771)) € lmd(ev)(ja u) + Tev(j,u)Za

proving the claim.
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Since Baire subsets are also dense, the set of regular values contains arbitrar-
ily good approximations to J™ in the C.-topology, and therefore also in the C>°-
topology, and since J* € J(M,w; U, J%™) was chosen arbitrarily, this implies that
Jreg is dense in J(M,w; U, J%™). The proof of Prop. 24l is thus complete.

4.4.2. Dense implies generic. As promised, we shall now improve Prop. [{.4.4]
to the statement that J.e is not just dense but also is a Baire subset, i.e. a count-
able intersection of open dense subsets in J(M,w; U, J%), which implies Theo-
rem [£.4.3] The idea of this step is originally due to Taubes, and it depends on the
fact that the moduli space of somewhere injective J-holomorphic curves can always
be exhausted—in a way that depends continuously on J—by a countable collection
of compact subsets. Observe that the definition of convergence in ./\/l;m(J ) does
not depend in any essential way on J: thus one can sensibly speak of a convergent
sequence of curves u, € M, (J;) where .J, € J (M) are potentially different almost
complex structures.

LEMMA 4.4.14. For every J € J(M) and ¢ > 0, there exists a subset
A A
M(J.0) € ME(T)
such that the following conditions are satisfied:

e Fvery curve in M;"m(J) with an injective point mapped into U belongs to
M. ¢) for some ¢ > 0;

e For each ¢ > 0 and any sequence J, — J in J (M), every sequence uy €
M (k. €) has a subsequence coverging to an element of M, (J,¢).

Postponing the proof for a moment, we proceed to show that [J., is a Baire
subset, because it is the intersection of a countable collection of subsets

Tres = () Tree
ceN

which are each open and dense in J (M, w; U, J%). We define these by the condition
that J € J(M,w; U, J™) belongs to J&, if and only if every curve u € M, (J, c)
with ev(u) € Z is Fredholm regular and the evaluation map ev : M7 (J,¢) = M™
is transverse to Z at u. This set obviously contains Jes, and is therefore dense due
to Prop. .44l To see that it is open, we argue by contradiction: suppose J € Jy,
and J, € J(M,w; U, J=)\ Jreg 18 @ sequence converging to J. Then there is also
a sequence uy € Mﬁm(Jk, ¢) of curves that either are not Fredholm regular or fail
to satisfy the transversality condition with respect to Z. A subsequence of u; then
converges by Lemma [£4.74] to some u € Mﬁm(J, ¢), which must be regular and
satisfy the transversality condition since J € Jg,. But both conditions are open, so
we have a contradiction.

Theorem is now established, except for the proof of Lemma EZ4.T14l Let us
first sketch the intuition behind this lemma. Morally, it follows from an important
fact that we haven’t yet discussed but soon will: the moduli space M;‘,m(J ) has a

natural compactification M (J), the Gromouv compactification, which is a metriz-

able topological space. In fact, one can define a metric on Mﬁm(J ) which does not
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depend on J; in a more general context, the details of this construction are carried

out in [BEHT03| Appendix B]. Thus if we denote by Mi.q(.J) the closed subset

that consists of the union of M;m(J) \ M2, (J) with all the curves in M, (J)
that have no injective point in ¢/, one way to define M;‘,m(J, ¢) would be as

M;{m(J, c) = {u e M?’m(J) ’ dist (U,Mbad<c]>) > 1} )

C

By Gromov’s compactness theorem, any sequence uy € M;m(Jk) with J, — J €
J(M,w; U, J¥) has a subsequence converging to an element of Mﬁm(J ), and since

M, (Je) C M;m(J) is a closed subset, the same holds for a sequence wu; €
M (i, ) for any fixed ¢ > 0.

We will not attempt to make the above sketch precise, as we do not actually
need Gromov’s compactness theorem to prove the lemma—in fact, the latter is true
only for almost complex structures that are tamed by a symplectic form, and we
don’t need the symplectic structure either. The following proof does however contain
most of the crucial analytical ingredients in the compactness theory of holomorphic
curves.

Proor or LEMMA [ 414l We'll give a proof first for the case g = 0 and then
sketch the modifications that are necessary for higher genus.

Assume g = 0 and m > 3, so ¥ = S?. Any pointed Riemann surface (3, j, ©) is
then equivalent to one of the form (S?%,i,0) with © = (0,1, 00, 21, ..., Zp_3) for

z:=(21,...,2m3) € (SH" 3\ A,

where we define the open subset A C (S5?)™2 to consist of all tuples (21, ..., 2, 3)
such that either z; € {0,1,00} for some i or z; = z; for some ¢ # j. Choose
metrics on S?, (S?)™3 and M, with distance functions denoted by dist( , ). We
define M¢,.(J,¢) to be the set of all equivalence classes in Mg, (J) which have
representatives (52,4, 0, u) with © = (0, 1, 00,z) and the following properties:

1
(1) (S%,4,0) is “not close to degenerating,” in the sense that dist(z, A) > —;
c

(2) w is “not close to bubbling,” in the sense that |du(z)| < ¢ for all z € 3;
(3) u is “not close to losing its injective points,” meaning there exists zy € 3

such that
distlu(z0), MAU) > =, |du(z)] >
and dist(u(zp),u(z)) _ 1
zeg\l{zo} dist (2o, 2) ZZ'

Note that the map u automatically sends an injective point into & by the third condi-
tion, and clearly every curve (S?, 7, ©,u) with this property belongs to Mém(J, c) for
sufficiently large c. Now if J, — J € J(M) and we have a sequence (S?,i, O, uz) €
Mém(Jk,c) with © = (0,1, 00,2), we can take a subsequence so that z, — z €
(52)™=3\ A with dist(z, A) > 1/c. Likewise, the images of the injective points of wy,
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in U may be assumed to converge to a point at least distance 1/c away from M \ U
since U is compact. Together with the bound |duy| < ¢, this gives a uniform C'-
bound and thus a uniform W!P-bound on u;. The regularity estimates of Chapter
(specifically Corollary Z1T.2) now give a C'*°-convergent subsequence uy — u, and
we conclude (52,4, O, up) — (S%,4,0,u) € Mém(J, ¢), where © := (0,1, 00, z).

If g = 0 and m < 3, one only need modify the above argument by fixing the
marked points to be a suitable subset of {0, 1, 00}. The first condition in the above
definition of Mg, (J,¢) is then vacuous.

For g > 1, one can no longer describe variations in j purely in terms of the marked
points O, so we need a different trick to obtain compactness of a sequence ji. This
requires some knowledge of the Deligne-Mumford compactification of M, ,,, which
we will discuss in a later chapter; for now we simply summarize the main ideas.
Choose a model pointed surface (3, 0) with genus g and m marked points; if it is
not stable, add enough additional marked points to create a stable pointed surface
(33,0’), and let m’ = #0'. Since x(X\©’) <0, for every j € J(X) there is a unique
complete hyperbolic metric g; of constant curvature —1 on X \ ©’ that defines the
same conformal structure as j. There is also a singular pair of pants decomposition,
that is, we can fix 3g — 3 + m/ distinct classes in m1(X \ ©') and choose the unique
geodesic in each of these so that they separate ¥\ ©' into —yx (X \ ©’) surfaces with
the homotopy type of a twice punctured disk. This procedure associates to each
Jj € J(X) aset of real numbers

f1(‘7‘)7 cee 7639—3+m’(j) > 07

the lengths of the geodesics, which depend continuously on j. Now we define
M,.(J.¢) by the same scheme as with Mg, (J,c) above, but replacing the first
condition by

</li(j) <c foreachi=1,...,3g —3+m/.

Q|

Now any sequence (X,jk, ©,ux) € M., (J,c) has a subsequence for which the
lengths ¢;(ji.) converge in [1/¢, ¢|, implying that j, converges in C*° to a complex
structure j. The rest of the argument works as before. O

4.5. Generic families

We now prove a pair of results that imply Theorem L T.T2] concerning generic ho-
motopies of almost complex structures. More generally, we shall consider parametric
moduli spaces associated to a family of almost complex structures parametrized by
a finite-dimensional manifold.

Assume M is a smooth 2n-dimensional manifold without boundary and P is a
smooth finite-dimensional manifold, possibly with boundary. To any smooth fam-
ily {Js}sep of almost complex structures on M, one can associate a parametric
moduli space

M({J}ser) = {(s.0) | s € P ue M)},
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which we will abbreviate as M({.Js}) whenever there is no danger of confusion. We
assign a topology to M({Js}) such that convergence (s, ur) — (s,u) means s — s
in P and u; — u in the same sense as our definition of the topology on M(J) in
g4Il Each pair of integers g, m > 0 and homology class A € Hy(M) then defines a
component M2, ({J,}) € M({J,}) in the obvious way. It should be intuitively clear
that for any s E P and a curve u € M(Jy) that is Fredholm regular, a neighborhood
of (s,u) in M({Js}) will be a smooth orbifold of dimension ind(u) + dim P; in fact,
we will see below that the projection map M({Js}) — P : (s,u) + s is a submersion
in the neighborhood of such a point. But it would be too much to hope for u to
be Fredholm regular for every (s,u) € M({Js}), even if we restrict to simple curves
and assume the family {J,} is generic: we do not know the topology of the space of
regular almost complex structures provided by Theorem [L.1.8 so in particular we
cannot assume that a given family on 0P extends regularly over P. The solution
will be to introduce a more relaxed regularity condition for pairs (s,u) € M({Js}),
called parametric regularity, which we will see has the following properties:
e If P = {s}, then parametric regularity for (s,u) € M({Js}) = {s} x M(J)
is equivalent to the usual notion of Fredholm regularity for u € M(J;).
e If P C P is a smooth submanifold and (s,u) is parametrically regular
in M({J}sepr), then it is also parametrically regular in M ({Js}scp); see
Prop. below. In particular, if w is Fredholm regular (in the nonpara-
metric sense) then (s,u) is parametrically regular in M({Js}scp), though
the converse is generally false unless dim P = 0.
e The set of parametrically regular curves in M({J,}) is open.
e M({Js}) is smooth in the neighborhood of any parametrically regular
point (s,u); see Theorem L5.1] below.

As in the nonparametric case, the precise definition of parametric regularity (see
Definition below) is somewhat technical, and one can usually get by without
knowing it. Let us therefore postpone the definition for a moment and state the
important theorems. The first concerns the open subset

MAE(LT}) € M2 ({ s ser)

consisting of all elements (s,u) € M, ({J;}) such that:

(1) (s,u) is parametrically regular in M, ({Js}sep);
(2) If s € OP, then (s,u) is also parametrically regular in M;m({Js}s€3P>;
(3) u is not constant.

THEOREM 4.5.1. Given a smooth family {Js}sep of almost complex structures
on M parametrized by a manifold P, possibly with boundary, for every g,m > 0 and
A € Hy(M), the open subset My8({J}) € M, ({Js}sep) naturally admits the
structure of a smooth finite-dimensional orbifold with boundary

OME({I}) = {(s,0) € ME*({2)) | s € 0P}

with dim M58 ({J,}) = vir-dim M} (Js)+dim P and isotropy group at any (s, u) €
Mree({J,}) isomorphic to Aut(u ) Moreover, the maps Mjy&({J}) — M™ :
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(s,u) — ev(u) and M35 ({J;}) = P : (s,u) — s are smooth, and the open subset
of Mxa({J,}) on which the latter is a submersion is precisely the set of pairs (s, u)
such that w s Fredholm regular.

EXERCISE 4.5.2. The dimension formula in the above statement is a consequence
of the following simple result about Fredholm operators: suppose X and Y are
Banach spaces, V' is a finite-dimensional vector space and 7" : X &V — Y is a
bounded linear operator such that Ty := T|xgq0 : X — Y is Fredholm. Show that
T is also Fredholm, and ind(7T") = ind(7p) + dim V.

To state a corresponding genericity result, fix an open subset Y C M with
compact closure and a closed subset P C P whose complement has compact
closure. (The main example to keep in mind is P = [0,1] with P = {0,1}; more
generally, one can take P to be any compact manifold with boundary 0P = Pf))
Fix also a smooth family of symplectic forms {w;}sep, together with a smooth family
of almost complex structures {Js}sep such that J; € J(M,w;) for every s € P. We
then define

I (M {ws} s U, {JY)

to be the space of all smooth families {J;}scp that satisfy:

(1) J, € T(M,ws; U, J™) for all s € P, i.e. Jsis ws,-compatible and matches

JB outside U; and

(2) J, = Ji for all s € Pix
One can show that J (M, {w,}; U, {J%}) with its natural C*°-topology is a smooth
Fréchet manifold—mnote that this depends on the assumption of both &4 C M
and P\ P®™ C P having compact closure, and this assumption will similarly
be needed in order to define suitable Banach manifolds of perturbed families in
J (M, {ws}; U, {J*}). For applications involving the evaluation map, we can also
pick an integer m > 0 and fix a smooth submanifold (possibly with boundary)

ZCPxM™,

where as usual the reader uninterested in the evaluation map should set Z := PxM™
so that all conditions involving Z become vacuous. Let us then say that an element
(s,u) € Mg, ({J}) is (U, Z)-simple if:

(1) uw has an injective point mapped into U, and

(2) (s,ev(u)) € Z;
and similarly, (s,u) € M2, ({J,}) is Z-regular if:

(1) (s,u) is parametrically regular in M, ({Js}sep), and

(2) (s,u) is a transverse intersection of the map Mg y8({J;}) — P x M™ :

(s,u) — (s,ev(u)) with Z.
We then define
Jres(M {ws}; U AT} 5 g,m, A) € T(M {ws}; U, {J77})

as the set of all {J,} € J(M,{ws}; U, {J*}) with the property that every (U, Z)-
simple element (s,u) € M, ({J:}) is also Z-regular. Now we have the following
generalization of Theorem [£.4.3]
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THEOREM 4.5.3. Assume that every (U, Z)-simple element (s,u) € M({J¥})
with s € P™ is also Z-regular. Then J.2,(M,{ws}; U, {J&}; g,m, A) is a Baire
subset of J (M, {ws}; U, {JEx}).

REMARK 4.5.4. In typical applications, the regularity hypothesis for s € Pfix
can be achieved by a further application of the theorem. For instance, suppose P is
a compact smooth manifold with boundary P = P%™, and Z C P x M™ intersects
OP x M™ transversely at 0Z. The theorem then implies that any given family
{J8x} cop admits a generic perturbation for which every (U, 97)-simple element of
M ({Js}seop) is DZ-regular, which implies that it is also Z-regular.

The proofs of Theorems 5.1 and require only minor adjustments to the
proofs of their nonparametric counterparts, so we will follow the structure of those
proofs closely but without repeating every detail.

The definition of parametric regularity requires a slight generalization of the
functional analytic setup from §4.3 Given a smooth family {J;}scp and a curve
(3,4.0,u) € M (J) for some s € P, choose a Teichmiiller slice T C J(%)
through j, denote B = W1P(X, M) as before, and let £%? — T x BY? x P denote
the Banach space bundle with fibers

E gy = L (Home (T, ), (u')'TM, Jy))) ,
which has a smooth section
Oy : T xBYWx P— &% (ju,s") — Tu + JyoTu oy,

with linearization at (j,u, s) given by
(4.5.1)

DOyn(j,u,s) : T;T @ WP (W' TM) @ T, P — LP(Home (TS, w*TM)),

(y.1,0) = D3y, (j,u)(y,n) + Jy 0 Two j.
Here we define
Jy = 0rJy)| _y € T(Ende(TM, J,))

for any choice of smooth path 7 — ~(7) € P with 4(0) = s and §(0) = v.

DEFINITION 4.5.5. The curve (s,u) € M7, ({.J;}) is parametrically regular
in M, ({Js}sep) if the linear operator DOy (j,u, s) in (@ET) is surjective.

A straightforward modification of Lemma [£.3.2] shows that this definition is in-
dependent of the choice of Teichmiiller slice. The following useful observation is
immediate from the definition.

PROPOSITION 4.5.6. Given a family {Js}sep and a curve u € M(J5) for some
s € P, if u is Fredholm regular, then (s,u) € M({Js}) is parametrically regular.
More generally, if P' C P and Z C P x M™ are submanifolds such that the inter-
section
Z'= 7N (P x M™)
is transverse, then any Z'-reqular element of M({Js}sepr) is also a Z-reqular ele-

ment of M({Js}sep). O
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ProoF or THEOREM [A.5.T] We shall again consider the stable case 2g+m > 3
and leave the remaining cases as an exercise. Suppose so € P and (X%, jy, ©,ug) €
M (Jg,) is a curve for which (so,ug) € M({Js}) is parametrically regular, and
assume to start with that sy lies in the interior of P. Choose a Teichmiiller slice T
through jo that is invariant under the action of Aut(X, jo, ©). Then considering the
smooth section 5{ g1 2 T x BY x P — %P, parametric regularity together with the
implicit function theorem and Exercise imply that

9;;4(0) C T x BY x P

is a smooth submanifold with dimension ind Dé{ 7.3 (Jo, o, So) = ind DO 7., (Jo, to) +
dim P = vir-dim M, (J5,) + dim P near (jo, ug, so). The group Aut(X, jo, ©) then
acts on 5{_}5}(0) by ¢ - (j,u,s) := (¢*j,u 0 p,s), and the resulting map

071,(0) / Aut(S, jo, ©) = My, ({J.})

is a local homeomorphism onto a neighborhood of (s, ug), by the same argument
as in the proof of Theorem This gives M ({Js}) the structure of a smooth
orbifold near (sg,ug), its isotropy group being the stabilizer of (jg, ug, o) under
the action of Aut(3, jo, ©), which is precisely Aut(ug). Smoothness of the transi-
tion maps follows by the same argument as in the nonparapmetric case. The map
MPree({J}) = P x M™ : (s,u) — (s,ev(u)) is now obviously smooth since it is
represented locally by the map

5{}3}(0) — P x M™: (j,u,s) = (s,u(z1),...,u(zm)),

which is the restriction to 5{_}5}(0) of a smooth map 7 x B x P — P x M™.
Moreover, the derivative of the projection 5{,5(0) — P: (j,u,s) — s at (Jo, ug, So)

is simply the restriction of the natural projection T}, 7 & T,,B"* & Ty, P — Ty, P to
the subspace

ker Dy 7.3 (jo, o, S0) = {(%777?1) ’ DéJs0 (Jo, uo) (y,m) = —J, o Tug Ojo} ;

hence it is surjective whenever ngso (Jo, up) is surjective, which means wg is Fred-
holm regular. Conversely, whenever the restricted projection is surjective, the fact
that DIy, (jos uo, So) is surjective implies that D&]SO (Jo, up) is also surjective.

It remains to deal with the case s € OP. Without loss of generality, we can
assume {w; }sep and {Js}scp are the restrictions to P of compatible smooth families
{ws}tsepr and {J}sepr respectively, where P’ is a smooth manifold without bound-
ary that contains P and has the same dimension; we need not assume that P’ is
compact. The previous argument then identifies M ({J;}scp/) near (sg, ug) with a
neighborhood of (j, ug, so) in the smooth zero set of a section

g{JS} I Bl’p x P — 50’p,

modulo the action of Aut(X, jo, ©). If we also assume now that (sg,ug) is paramet-
rically regular in M({Js}scop), then the linearization at (jo, uo, So) of the restricted
section

8{5Js} = 8{JS}|T><81,1)><8P T % Bl’p X 0P — 5O,p
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is surjective, so the implicit function theorem makes 5{5{,5}(0) a smooth codimen-
sion 1 submanifold of 5{1 1(0) near (jo,uo, so), and it is clearly preserved by the

action of Aut(X, jo, ©). The subset {9;s.3(j,u,s) =0, s € P} therefore inherits the
structure of a smooth manifold with boundary, and its quotient by Aut(X, jy, ©) is
identified with a neighborhood of (so, ug) in M, ({Js}sep)- O

ProoOF OF THEOREM [4.5.3] We first show that the set
Treg = Jog(M {ws} 1 U {5} g,m, A)
is dense in J (M, {ws}; U, {J=}). Fix any {J'} € T(M, {ws}; U, {J}), choose a

sequence of positive numbers ¢, converging to 0 sufficiently fast, and define a space
of C.-smooth perturbations

Je C T (M, {ws}s U {I5Y),

consisting of families {Js} of the form

1 1 -1
J, = (n ¥ §J;est) i (1 " éjiefn) |

Here we assume Y := Y'(s, ), where Y is a smooth section of a vector bundle = —
P x M with fibers 2, ;) = Ende(T,M, J*(p), ws,), and Y is assumed to have small
Ce-norm ||Y || < & and to vanish identically when either s € P or p ¢ U. The latter
implies in particular that Y has compact support, even if M or P is noncompact.
This gives J, the structure of a smooth, separable and metrizable Banach manifold
which contains {J™} and embeds continuously into J (M, {w,}; U, {J5*}). We then
define a universal moduli space % *(J;) as the space of triples (s, u, {.Js}) for which
{J.} € T, (s,u) € M2, ({Js}), and u has an injective point mapped into . Let

%;(3) = {(s.u{J}) € 2 (T) | (s,ev(w) € Z}.

Generalizing Proposition 410, our main task is to prove that Z*(7.) admits
the structure of a smooth, separable and metrizable Banach manifold such that the
maps Z*(J.) = J. : (s,u,{Js}) = {Js} and Z*(J.) = P x M™ : (s,u,{Js}) —
(s,ev(u)) are smooth and the latter is transverse to Z. Given a family {J°} € J.
and a curve (X, jo, ©,up) € M, (JO) such that (so,uo, {J0}) € %*(J.), choose
a Teichmiiller slice 7 through jo. A neighborhood of (sg,ug, {J°}) in Z*(J.) can
then be described as the zero set of a smooth section

0:T xB" x PxJ.— & (j,u,s,{J}) = Tu+ Js0Tuoj,
where £°P is now a Banach space bundle with fiber

E iy = L7 (Home (TS, 5), (T M, Jy))) -

The linearization at (jo, ug, So, {J°}) then takes the form
(4.5.2)  (y,m,0,{Ys}) = J2 0 Tug oy + Dyyn + J° 0 Tug o jo + Vi, © Tug 0 jo.

If s € P, then the last term vanishes, and what remains is simply Dé{ 701 (J0 50, o),
which is surjective since (sg, up) is parametrically regular by assumption; it follows
that Z*(J.) is smooth near (sg,ug), and the transversality condition with respect
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to Z is similarly satisfied since (s, ug) is assumed Z-transverse. If sy & P8, then
it will suffice to show that (L5.2) is a surjective operator when restricted to the
domain

{0050 |y € BT, ne Wa(iTM), (Y.} € T T}

as this implies that % *(J.) is smooth and (s,u) — (s,ev(u)) is a submersion near
(80, up). Since Yy, can now be nonzero in U, where ug has an injective point, surjec-
tivity follows by the same argument as in Lemma [L4.1T]

The above implies that %,/ (J.) is a smooth Banach manifold, so we apply the
Sard-Smale theorem as before to the projection %;(J.) — J. to show that for
generic choices of the family {J,} € J., every (U, Z)-simple (s,u) € M, ({J.}) is
Z-regular. In particular, since {J™} was arbitrary, this is true for a dense set of
families in J (M, {w,}; U, {J5}).

Finally, we adapt Taubes’s topological argument from §4.4.2to show that Jes C
J (M, {w}; U, {J5*}) is not only dense but is also a Baire subset. The main in-
gredient needed for this to define for each {J,} € J(M,{w.}; U,{J5*}) a suitable
exhaustion of M2, ({J;}) by compact subsets: more specifically, we can generalize
Lemma 414 by associating to each {J} and each ¢ > 0 a subset

M (T} e) € M2 ()

such that:

(1) Every (U, Z)-simple element (s, u) € M7 ({J;}) with s & P™ belongs to
M ({Js}. ¢) for some ¢ > 0;

(2) For each ¢ > 0 and any sequence {J*} — {J,} in J(M, {w,}; U, {JE=}),
every sequence (s, ug) € M ({JF},c) has a subsequence converging to
an element of M2 ({J},c).

Choosing a metric on P, we define M2, ({J;},¢) to consist of all pairs (s,u)

such that u € M., (J;) satisfies the three conditions described in the proof of
Lemma [£.4.T4] and additionally,

(4) s is “not close to P i.e. dist(s, P&) > 1/c.
Now define J%, C J (M, {w,}; U,{J¥}) by the condition that for every {.J;} € J<,,

reg
every (s,u) € M7, ({Js},c) with (s,ev(u)) € Z is Z-regular. These sets are open
and dense for each ¢ > 0, and their countable intersection for all ¢ € N consists of
families {J,} € J (M, {w,}; U, {J5*}) that achieve Z-regularity for all (U, Z)-simple
elements (s,u) € M, ({J;}) with s ¢ P™. Since Z-regularity is already achieved

for elements with s € P™ by assumption, the resulting Baire subset is contained

N Jreg- ]

EXERCISE 4.5.7. Generalize Theorems [Z5.1] and to the case where P is
a smooth manifold with boundary and corners. The statement of Theorem
should not require any change; in Theorem [L51] the local structure of M({Js})
will now also include corners.
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4.6. Transversality of the evaluation map

Most applications of pseudoholomorphic curves involve the natural evaluation
map ev = (evy,...,evy,) : M (J) = M x ... x M, which can be used for instance
to count intersections of holomorphic curves with fixed points or submanifolds in
the target. Applications of this type are facilitated by the following extension of
Theorem E.T.8.

THEOREM 4.6.1. Assume (M, w) is a 2n-dimensional symplectic manifold with-
out boundary, U C M is an open subset with compact closure, J™ € J(M,w) and
m € N are fived, and Z C M™ is a smooth submanifold without boundary. Then
there exists a Baire subset JZ,(M,w; U, J™) C J(M,w; U, J™) such that for every
Je JL(M,w; U, J™), the space M3,(J; Z) € M(J) of J-holomorphic curves with

injective points mapped into U and m marked points satisfying the constraint
ev(u) € Z

is a smooth, finite-dimensional manifold. The dimension of M,(J; Z) N M, (J)
for any g >0 and A € Hy(M) is vir-dim M, (J) — (2nm — dim Z).

The theorem follows immediately from Theorems [A.3.6] and d.4.3] as we can
define JZ,(M,w; U, Ji) as a countable intersection of the Baire subsets provided
by Theorem [4.4.3]

TLMw; U, J™) = (| FZ(Mw; U, J™; gm,A).

9>0,AcHy (M)

We are also free to shrink jrfg(M ,w; U, J&) further by taking its intersection with
Freg(M,w; U, J™), thus ensuring without loss of generality that all curves with
injective points in Y are regular, including those with ev(u) € Z.

EXAMPLE 4.6.2. Suppose Z is a single point, i.e. pick points pi,...,pm € M
and denote the resulting 1-point subset by p € {(p1,...,pm)} € M™. Then The-
orem [L.G.T] implies that for generic J, the space of closed somewhere injective J-
holomorphic curves u with genus g, in homology class A and with m marked points
satisfying the constraints u(z;) = p; for i = 1,...,m is a smooth manifold of dimen-
sion

dimev ! (p) = vir-dim M;‘,m(J) — dim M™
=(n—3)(2—2g)+2c1(A) + 2m — 2nm
=(n—3)(2—29)+2¢1(A) —2m(n —1).

Another simple application is the following generalization of Corollary [A.T.10

COROLLARY 4.6.3. Suppose (M,w) is a 2n-dimensional symplectic manifold
without boundary, J is an w-compatible almost complex structure, U C M is an
open subset with compact closure, and Zy, ..., Z, C M is a pairwise disjoint finite
collection of connected submanifolds without boundary. Then after a generic pertur-
bation of J to a new compatible almost complex structure J' matching J outside U,
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every J'-holomorphic curve that maps an injective point into U and intersects all of
the submanifolds 71, ..., Z,, satisfies

ind(u) > 2m(n —1) — Z dim Z;.
i=1

PROOF. Assume J' is generic such that for all ¢ > 0 and A € Hy (M), the set of
curves in M, (J') with injective points in i/ is a smooth manifold of the expected
dimension and the evaluation map on this space is transverse to Z; x ... x Z,,. If
a curve u € MﬁO(J' ) with the stated properties exists, then by adding a marked
point z; at any point where it intersects Z; for each i =1, ..., m, we can regard u as
an element of ev=(Zy x ... X Z,,) C M, (J'), proving that the latter is nonempty
and has nonnegative dimension near u. This dimension is

m

0 <dimev ' (Z; x...x Z,,) = Vir-dimM;m(J') — Zcodim Z;

=1

= vir-dim M;O(J/) +2m — <2mn — Z dim Zi>

i=1

= ind(u) + 2m(1 —n) + Z dim Z;.

i=1

0

REMARK 4.6.4. This seems a good moment to emphasize that the definition
of the word “generic” in Example and Corollary depends on Z, i.e. dif-
ferent choices of submanifolds Z;, Zo C M™ generally yield different Baire subsets
T2 (M, w; U, J™) and JZ2(M,w; U, J™). For instance, one should not get the im-
pression from Example that a generic choice of a single J € J(M,w) suffices
to ensure that the spaces

{ue Mﬁm(J) | u is somewhere injective and ev(u) = p}

are smooth manifolds of dimension (n — 3)(2 — 2¢g) + 2¢;(A) — 2m(n — 1) for all
p € M™. One could arrange this simultaneously for any countable set of points
p € M™, but it is easy to see that this cannot hold for uncountable sets in general:
indeed, Corollary L6.3implies that for each point p € M™, taking J generic ensures
that every closed somewhere injective J-holomorphic curve u with m marked points
satisfying ev(u) = p satisfies ind(u) > 2m(n — 1). If one could find a J such that
this holds for all p € M™ it would imply that simple J-holomorphic curves u with
ind(u) < 2m(n — 1) do not exist, and since the choice of m € N in this discussion
was arbitrary, the conclusion is clearly absurd. This illustrates the fact that an
uncountable intersection of Baire subsets may in general be empty.

For a slightly different type of application, one can prove various results along
the lines of the statement that generic J-holomorphic curves in dimension greater
than four are injective. For example:
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COROLLARY 4.6.5. Suppose (M,w) is a closed symplectic manifold of dimen-
sion 2n > 6. Then for generic J € J(M,w), every somewhere injective J-holomor-
phic curve u € M*(J) with ind(u) < 2n — 4 is injective

PROOF. Choose J generic so that for every g > 0 and A € Hy(M), the evaluation
map on the space of somewhere injective curves in M;z(J ) is transverse to the
diagonal

A:={(p,p) e M x M |pe M}.
Then for any curve u that is somewhere injective but has a self-intersection u(z;) =
u(zg) for z; # 23, we can add marked points at z; and 2z, and thus view u as an
element of ev™!(A) € M, (J), proving that ev™'(A) is nonempty and therefore has
nonnegative dimension. This dimension is

0 < vir-dim M;Q(J) — codim A = vir-dim MﬁO(J) +4 —2n =ind(u) +4 — 2n.
0

One consequence of this result is that in higher dimensions (i.e. 2n > 6), a
simple and Fredholm regular curve of index 0 can always have its self-intersections
perturbed away by a small change in J. No such result holds in dimension four,
and there are good topological reasons for this, as positivity of intersections (The-
orem 2T6.T]) implies that no self-intersection of a simple J-holomorphic curve can
ever be eliminated by small perturbations. The following exercise shows however
that triple intersections can generically be avoided, even in dimension four.

EXERCISE 4.6.6. Prove that in any closed symplectic manifold (M, w) of dimen-
sion 2n > 4, for generic J € J(M,w), there is no somewhere injective J-holomorphic
curve u € M*(J) with ind(u) < 4n—6 having three pairwise disjoint points 21, 22, 23
in its domain such that u(z) = u(za) = u(z23).

Finally, we state a generalization of Theorem [AL6.1] that is useful in defining
the rational Gromov-Witten invariants of semipositive symplectic manifolds, see

[MS04, Chapters 6 and 7]. The proof is a straightforward modification of the proof
of Theorem [4.6.11

THEOREM 4.6.7. Assume (M,w), U C M and J™ € J(M,w) are given as in
Theorem [{.6.1), along with finite collections of integers g;,m; > 0 and homology
classes A; € Ho(M) fori=1,..., N, and a smooth submanifold

ZCM™ x...x M™N
without boundary. For any J € J(M), let
My () C MM () %o MY ()
denote the open subset consisting of N-tuples (uq,...,uy) such that each curve u; :
i — M foriv=1,...,N has an injective point z; € ¥; with

wi(z) €U, and u(z) & qu(Ej).
J#i

SWe will strengthen this result in Corollary A.7.3 below so that the word “injective” can be
replaced by “embedded”.
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Then there exists a Baire subset 72, C J(M,w; U, J*") such that for all J € JZ

reg reg’
My (J) is a smooth manifold and the composite evaluation map

(evl, ... ev) s MA(JT) = M™ x ... x M™

is transverse to Z, where ev' denotes the evaluation map on Mg‘ifmi(J) for i =
1 N.

goe ey

EXERCISE 4.6.8. Convince yourself that Theorem [£.6.7] is true. What can go
wrong if two of the curves u; and wu; for 7 # j have identical images?

4.7. Generic J-holomorphic curves are immersed

The following result demonstrates a different kind of marked point constraint
than we’ve seen so far. As usual, we assume U is a precompact open subset in a 2n-
dimensional symplectic manifold (M, w) without boundary, J% € J(M,w), g > 0
and A € Hy(M) are fixed.

THEOREM 4.7.1. Given J € J(M), let
M e (J) C M2 ()

g,crit

denote the set of curves in Mﬁl(J) that have vanishing first derivatives at the marked
point. Then there exists a Baire subset Jyo, C J(M,w; U, J) such that for every
J € Ty the subset of Mﬁcrit(J) consisting of curves with an injective point mapped
into U is a smooth manifold with dimension equal to vir-dim M\(J) — (2n — 2).

COROLLARY 4.7.2. Suppose (M,w) is a closed symplectic manifold of dimen-
sion 2n > 4. Then for generic J € J(M,w), every somewhere injective J-holomorphic
curve u € M*(J) with ind(u) < 2n — 2 is immersed.

The proof of the corollary is analogous to that of Corollary [4.6.5] above: if a non-
immersed curve u € M} ((J) exists, one can add a marked point where du(z) = 0
and thus view u as an element of ./\/lg{crit(J ), whose dimension is given by Theo-
rem L 7.1l and must be nonnegative. Note that unlike Corollary LG5, this gives a
nontrivial result in dimension four, showing that index 0 curves are generically im-
mersed, so one can always perturb critical points away by a small change in .J; The-
orem [2.16.2 indicates that in dimension four, such a perturbation produces new self-
intersections. In higher dimensions, the above result combines with Corollary

to prove:

COROLLARY 4.7.3. For generic J € J(M,w) in any closed symplectic manifold

(M,w) of dimension 2n > 6, every somewhere injective J-holomorphic curve u €
M*(J) with ind(u) < 2n — 4 is embedded.

REMARK 4.7.4. Various generalizations of Theorem .71l and the above corol-
laries can easily be proved at the cost of more cumbersome notation. The general
rule is that in any moduli space of somewhere injective pseudoholomorphic curves
with marked points satisfying any constraints, imposing an additional constraint to
make the curves critical at a particular marked point decreases the dimension of the
moduli space by 2n. (The additional 2 in the dimension formula of Theorem 71



192 CHRr1S WENDL

appears because of the two dimensions gained by switching from M} ((J) to Mg, (J)
before imposing the constraint.)

The proof of Theorem [L.7. 1] will require a slight modification of our previous func-
tional analytic setup: writing down the Cauchy-Riemann equation on WP (3, M)
will not work if we also want to impose a pointwise constraint on derivatives, as
maps in W1P(3, M) are not generally of class C*. This problem is easy to fix by
working in W2P(X, M) for any p > 2, which admits a continuous inclusion into
CY(3, M) due to the Sobolev embedding theorem. The arguments of §43] and §4.4]
then require only minor modifications to fit into the new setup, so we will sketch
these modifications without repeating every detail.

Recall from §3.1] that since ¥ is compact and dimg X = 2,

B .= WHP(Z, M)
is a smooth Banach manifold for any k£ € N and p > 2, with W¥P-neighborhoods of
smooth maps f € C>(%, M) identified with neighborhoods of 0 in W*P(f*T M) via
the correspondence u = exp, n for n € WHEP(f*TM). The tangent space at u € B*?
is

T,B"? = WhP(u*T M),

and the Sobolev embedding theorem implies that there is a continuous inclusion

BEP — CF1(3, M).
Recall also that for any j € J(X) and J € J(M), there is a smooth Banach space
bundle £-1P — BEP with fibers

EFLr = WP (Home (TS, 4), (w*TM, J)))
and a smooth section
Oy : B? 5 &My Tu+ JoTuo j,

whose zero set is the space of pseudoholomorphic maps (3, j) — (M, J) of class WH?.

Elliptic regularity implies of course that all such maps are smooth, regardless of the

values of k and p. Given a Teichmiiller slice 7 C J(X) and a Banach manifold

of Floer perturbations J, C J(M) as in §EZT] the bundle £¥~1” has an obvious

extension over the base T x B*P x 7., with 0; extending to a smooth section
0:T x B x J.— &2 (jiu,J) s Tu+ JoTuoj.

Its linearization at any zero has the usual form restricted to the appropriate domain
and target. One can similarly define the smooth section

(4.7.1) oju=Tu—JoTuoj,

which for v € B*P takes values in the Banach space bundle whose fiber over u is
WE=LP(Home (TS, u*TM)). Its linearization takes the form

DOy (u) : WEP(w*TM) — WF 1P (Home (TS, u*TM))
n=Vn—Ju)oVnoj—(V,J)oTuoj

for any choice of symmetric connection V on M, and it has a similarly obvious
extension to smooth sections of Banach space bundles over 7 x B¥? or T x B¥P x 7.

(4.7.2)
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Suppose now that (X, jo, (20), uo) represents a curve in the moduli space M ;. (J)

defined in Theorem EL71] so in particular dug(zp) = 0. We shall consider the non-
linear Cauchy-Riemann operator on the domain

B2 = {u € B | du(zg) : ToyX — Tu(s)M is complex antilinear } .

crit
Notice that since any u € 5;1(0) has complex-linear derivatives, such a map belongs
to B2P if and only if du(zy) = 0. We claim that B>” is a smooth Banach submanifold

crit crit

of B*P. Indeed, define a vector bundle V — B?*P with fibers
Vu = HomC(TZOE, Tu(zo)M)

It is easy to see that V is a smooth vector bundle, as it is the pullback of the
finite-dimensional smooth vector bundle

Home (7,2, TM) — M

via the smooth evaluation map ev : B*” — M : u +— u(z). Moreover, the inclusion
B*? C C'(X, M) permits us to define a smooth section

B* =V :uws 05u(z),
where 0y is the operator defined in ([7.1]). The zero set of this section is precisely

B>k and its linearization at a zero u € B> is simply the restriction of @ETZ) to

the point zg, which gives the continuous linear map
WP (w*TM) — Home(T%y X, Toyz0) M)

(4.7.3) n (VTI —J(u)oVnoj—(V,J)oTu oj)

TS

EXERCISE 4.7.5. Convince yourself that {Z3) is surjective for any u € B>?

crit”

By the exercise and the implicit function theorem, B>? is a smooth Banach

crit

submanifold of B?P?, with codimension 2n. The zero set of the restriction

3 2
8J|82,p . B P _> gl,p
crit

crit

then consists of J-holomorphic maps u : ¥ — M with du(zy) = 0, and the lin-
carization of this restricted section at a map u € 9;1(0) N B> is the usual linear
Cauchy-Riemann type operator D, on a restricted domain

(4.7.4) D, : W22 (u*TM) — W' (Home (TS, w*TM)),

crit

where we plug in du(zp) = 0 to (L7.3), obtaining the space
WER(w'TM) == {n € W*(u*TM) | Vn(z) is complex antilinear } .

crit
Note that since du(z) = 0, the condition defining W2 (u*TM) does not depend
on the choice of symmetric connection. Since W2(u*TM) has codimension 2n

in W2P(u*T M), plugging in the index formula from Theorem B.Z1] for a Cauchy-
Riemann type operator WP(u*T' M) — W (Home (TS, u*TM)) gives

(4.7.5) ind(D,) = nx(X) + 2¢,(A) — 2n.
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Let us call a curve u € M. (J) Fredholm regular for M; . (J) whenever
the operator (L7.4) is surjective. Given a Teichmiiller slice 7" through jy, we can
now consider the nonlinear operator d; on the finite-codimensional submanifold

{(G,u) € T x B> | du(z) : (T2,%,j) = (Tuezy)M, J) is complex antilinear } .

With the index formula (7.5 in hand, a repeat of the proof of Theorem H.3.6] in
this context shows:

PROPOSITION 4.7.6. The open subset of MAcrlt
Fredholm reqular for ./\/lg ait(J) and have trivial automorphism group is a smooth
manifold of dimension

vir-dim Mg it (J) = vir-dim MQI(J) —2n=(n—3)(2—29) +2c1(A) +2 —2n.

It remains to show that the regularity condition is achieved for generic J. Follow-
ing the prescription of §4.4] choose a Banach manifold J, of C.-smooth perturbations
of an arbitrary reference structure J* € J(M,w; U, J™), all matching J% outside
of U. Define a universal moduli space % (J:) to consist of all pairs (u, J) such

that J € J., u € M ;(J), and v maps an injective point into I,

(J) consisting of curves that are

PROPOSITION 4.7.7. %} (J.) admits the structure of a smooth (separable and
metrizable) Banach manifold such that the projection 7 : Uk (JT.) — Je is smooth,
and for every reqular value J of m, every curve u € Mg it (J) with an ingective point

mapped into U is Fredholm regular for Mg .. (J).

The proof is essentially the same as that of Proposition [£.4.10, the crucial step
being to establish the following analogue of Lemma 41Tk

LEMMA 4.7.8. If ug : (X, jo) — (M, Jy) is a pseudoholomorphic curve that maps
an injective point into U and satisfies dug(z9) = 0, then the operator

L: Wcrﬁ( STM) @ Co(Ende(TM, Jo,w); U) — WP (Home (TS, ufTM))
(777 Y) = Duon +Yo TUO O.jO
15 surjective and has a bounded right inverse.

PROOF. As in the proof of Lemma [£.4.11] the Fredholm property of D,,, implies
that L has a bounded right inverse if and only if it is surjective. To prove surjectivity,
we can appeal to the fact that the same operator is (by Lemmal[L.4.1T]) already known
to be surjective as a map

WP (usTM) & Co(Ende(TM, Jy,w) ; U) — LP(Home (TS, uyTM)).

Thus for any f € W (Home(TX, ufTM)), we have f € LP and thus find n € WP
and Y € C, with D, ,n+Y oTugo jo = f. Since Y and ug are both smooth, this
implies that D,,n € WP, so by linear elliptic regularity (see e.g. Corollary 2.6.28)),
n € W?P. The first derivative of n is therefore well defined pointwise, and since
dug(zo) = 0, restricting the relation D, ,n = —Y o T'ug o jo + f to the point z, gives

Vn+ JyoVno j0|TzoE = f(20) € Home(T%) %, Thypz0) M),
which implies n € W2 (utTM). O

crit
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The Sard-Smale theorem now implies that the space of J € J. that are regular for
Mﬁcrit(J ) is a Baire subset of J. and therefore dense in J(M,w; U, J™). Finally,

one can adapt the argument of §L4.2 and define an exhaustion of M . (J) by
compact subsets

MA L (Je) = M2 L (J)N M;l(J, c)

g;crit g,crit

for ¢ > 0, where M, (J, ¢) are defined as in §L.Z2 The sets

g,crit

jr/eg,c = {J e J(M,w; U, J™) |all ue M2_..(J,c) are

Fredholm regular for M2 . (J )}

g,crit

are then open and dense, and the countable intersection [,y Jreg.c i the desired
Baire subset, completing the proof of Theorem 711

The approach outlined in this section can be taken quite a bit further, e.g. by
working in Banach manifolds B*? for k& > 2, one can also impose constraints on
higher-order derivatives. Omne case that is important in applications is to con-
sider spaces of holomorphic curves intersecting a fixed almost complex submani-
fold with prescribed orders of tangency, see e.g. [CMOT], §6]. For moduli spaces
of parametrized J-holomorphic curves (i.e. without dividing out by reparametriza-
tions), a somewhat different and very general approach to higher-order constraints
has been introduced by Zehmisch [Zeh], using the notion of holomorphic jets.

Here are a few exercises to illustrate what else can be done. They are not
necessarily easy.

EXERCISE 4.7.9. Recall that Hy(CP?) is generated by [CP'] € Hy(CP?), with
[CP1] - [CP'Y] = 1 and, for the standard symplectic structure wgq and complex
structure 4, ¢; ([CP']) = 3 and {[wa], [CP']) > 0. For J € J(CP? wg4), a closed J-
holomorphic curve u : 3 — CP? is said to have degree d € N if [u] = d[CP']. Show
that for any d € N and any set of pairwise distinct points py, ..., p3s_1 € CP?, there
exists a Baire subset Jeg C J (CP?% wgq) such that for all J € Jreg, €VEry some-
where injective J-holomorphic sphere passing through all the points py, ..., p3s_1
has degree at least d, and if its degree is exactly d, then it is immersed.

In each of the following, assume (M, w) is a closed 2n-dimensional symplectic
manifold, all almost complex structures are w-compatible, and all J-holomorphic
curves are closed and connected.

EXERCISE 4.7.10. Prove that if dimg M = 4, then for generic J, every somewhere
injective J-holomorphic curve with sufficiently small index has only transverse self-
intersections. (How small must the index be?)

EXERCISE 4.7.11. Prove that if dimg M = 4, then for generic J, any pair
of inequivalent somewhere injective J-holomorphic curves u and v with ind(u) =
ind(v) = 0 satisfies u h v.

EXERCISE 4.7.12 (cf. [CMO7, Prop. 6.9]). Suppose ¥ C M is a symplectic
hypersurface, i.e. a symplectic submanifold of dimension 2n — 2, and A € Hy(M)
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satisfies ¢;(A) =3 —n and A - [X] = ¢ > 0, where ¢ is prime. Show that the space
{J e T(M,w) | J(TE) =T%}

contains a Baire subset Jyes such that for all J € Jeq, every J-holomorphic sphere
u : S? — M homologous to A either is contained in ¥ or intersects it exactly ¢

times, always transversely.
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5.1. Gromov’s nonsqueezing theorem

In the previous chapters we have developed a large part of the technical ap-
paratus needed to study J-holomorphic curves in symplectic manifolds of arbitrary
dimension. The only major component still missing is the compactness theory, which
we will tackle in earnest in the next chapter. In this chapter we shall provide some
extra motivation by explaining one of the first and most famous applications of this
technical apparatus: Gromov’s nonsqueezing theorem. The proof we shall give is
essentially Gromov’s original proof (see [Gro85| 0.3.A]), and it depends on a com-
pactness result (Theorem [0.3.]) that is one of the simplest applications of Gromov’s
compactness theorem, but can also be proved without developing the compactness
theory in its full generality. We will explain in §5.3 a proof of that result using the
standard method known as “bubbling oft” analysis, which also plays an essential
role in the more general compactness theory.

Let us first recall the statement of the theorem. Throughout the following dis-
cussion, we shall use the symbol wyq to denote the standard symplectic form on
Euclidean spaces of various dimensions, as well as on tori defined as

T2n _ RQn/N22n

for N > 0. Note that wgq descends to a symplectic form on T?" since it is invariant
under the action of Z?" on R?" by translations.

THEOREM 5.1.1 (Gromov’s “nonsqueezing” theorem |Gro85]). For any n > 2,
there exists a symplectic embedding of (B*",wsa) into (B% x R* ™2 wyq) if and only
if r < R.

197
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The existence of the embedding when r» < R is clear, so the hard part is to show
that if an embedding

L (Bf",wstd) — (BJQQ X RQ"_Z,wstd)

exists, then we must have r < R. We shall assume r > R and argue by contradiction.
Since the theory of J-holomorphic curves is generally easier to work with in closed
manifolds, the first step is to transform this into a problem involving embeddings
into closed symplectic manifolds. To that end, choose a small number € > 0 and an
area form o on the sphere S? such that

/SQa:w(Rﬂ)?

Then there exists a symplectic embedding (B%, wyq) < (52, 0), and hence also
(B x R*™72 wiq) < (S? x R*™ 72 0 ® wyq).
Composing this with ¢ above, we may regard ¢ as a symplectic embedding
L (B2 wea) < (S X RY™72 0 @ wyg).

We can assume without loss of generality that the image ((B?") C S? x R*"2
is bounded: indeed, this is obviously true for the image of a closed ball B, if
r’ < r, thus it can be made true for r by shrinking r slightly but keeping the
condition » > R. We can then choose a number N > 0 sufficiently large so that
L(B?™) C §% x [-N, N]*~2. Composing with the natural quotient projection on the
second factor,
RQn—Z - T2n—2 = RZn—Z/N22n—2

and letting wgq descend to a symplectic form on 72" 2, this gives rise to a symplectic
embedding

(5.1.1) L (B wga) — (S X T2 0 ® wya).
Since o (T?""2) = 0, we now obtain a contradiction if we can prove the following.

THEOREM 5.1.2. Suppose (M,w) is a closed symplectic manifold of dimension
2n — 2 > 2 which is aspherical, i.e. m(M) =0, o is an area form on S*, and there
exists a symplectic embedding

L (B2 weq) = (S x Mo @ w).
Then mr? < f52 0.

We will prove this as a corollary of the following two results. The first has its
origins in the theory of minimal surfaces and is a special case of much more general
results, though it admits an easy direct proof that we will explain in §5.21 The
second will require us to apply the technical machinery developed in the previous
chapters, together with the compactness arguments explained in §5.3]

THEOREM 5.1.3 (monotonicity). Suppose ro > 0, (X,7) is a Riemann surface
and

u: (3, 5) — (B2)4)

ro ?
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1s a nonconstant proper holomorphic map whose image contains 0. Then for every

r € (0,79),
/ Wwgg > 7.
u=L(B}")

PROPOSITION 5.1.4. Given the setup of Theorem[4 1.3, there exists a compatible
almost complex structure J € J(S* x M,o ® w) with *J = i on B*" and a J-
holomorphic sphere

u:S*— S*x M
with [u] = [S? x {x}] € Hy(S? x M) whose image contains 1(0).

Before discussing the proof of Proposition [B.1.4], let us prove the main result. To
simplify notation, denote

(W,Q) = (S2x M,oc ®w), and Ay:=[S?x {«}] € Hy(W).

Recall that in Chapter ] we defined the energy E(u) of a J-holomorphic curve
w:x — W as fz u*(2, and observed that whenever J is tamed by €2, this is also
the (nonnegative!) area traced out by u for a natural choice of Riemannian metric
on W. For the curve u : S? — S% x W provided by Proposition B.1.4] we can find
the energy by a purely homological computation:

B(u) = [ w0 = (@) = (e ol d) = (15D = [ o

52
Since the integrand u*(2 is always nonnegative, this gives an upper bound for the
amount of energy u has in the image of the ball B?", and in this ball, we can use .~
to pull back u to a map +™' ou : u=(¢(B?")) — B?" which contains 0 in its image
and is ¢-holomorphic since (*J = ¢. Thus combining the above upper bound with
the lower bound from Theorem ET.3 we find that for any " € (0,7),

7T<7J)2 S/ (010U)*Wstd:/ U*QS/ u*Q:/ o.
u=1(«(B2Y) u=1(u(B) S2 S2

This proves Theorem B.1.21

For the rest of this section, we discuss the truly nontrivial part of the proof above:
why does the J-holomorphic sphere in Proposition (.14 exist? This turns out to
be true not just for a specific J but also for generic (2-compatible almost complex
structures on W, and there is nothing special about the point ¢(0), as every point
in W is in the image of some J-holomorphic sphere homologous to Ay. Moreover,
this is also true for a generic subset of the special class of almost complex structures
that match the integrable complex structure ¢,i on ¢(B?"). We will not be able to
find these J-holomorphic curves explicitly, as we have no concrete knowledge about
the symplectic embedding ¢ : B>" — W and thus cannot even write down an explicit
expression for J having the desired property in +(B?"). Instead, we argue from more
abstract principles by starting from a simpler almost complex structure, for which
the holomorphic curves are easy to classify, and then using a deformation argument
to show that the desired curves for our more general data must also exist. This
argument can be outlined as follows:
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(1) Find a special J, € J(W,Q) for which the moduli space ./\/lé(j(Jo) of Jo-
holomorphic spheres homologous to [S? x {*}| and with one marked point
is easy to describe precisely: in particular, the curves in Mé %(Jo) are all
Fredholm regular, and the moduli space is a closed 2n-dimensional man-
ifold diffeomorphic to W, with a diffeomorphism provided by the natural
evaluation map

ev : M‘é‘{(JO) — W [(S%,4, z,u)] = u(z2).

(2) Choose J; € J(W,Q) with the desired property ¢*J; = ¢ and show that
for a generic such choice, the moduli space MOAf{(Jl) is also a smooth 2n-
dimensional manifold.

(3) Choose a homotopy {J;} from Jy to J; and show that for a generic such
choice, the resulting parametric moduli space MOA,‘i({Jt}) is a smooth (2n+
1)-dimensional manifold with boundary

OIMPG{ ) = M (Jo) L MGG ().

Moreover, Mé‘{({Jt}) is compact.

(4) Since ev : ./\/lé 9(Jo) — W is a diffeomorphism, its Zs-mapping degree is 1,
and the fact that ev extends naturally over the cobordism Mé({({Jt}) im-
plies that its restriction to the other boundary component MOA’ 9(J1) also
has Zy-degree 1. Tt follows that ev : Mé 9(J1) — W is surjective, so for
every p € W, there is a Ji-holomorphic sphere u : S? — W with [u] = 4
and a point z € S? such that u(z) = p.

We carry out the details in the next several subsections. The only part that
cannot be proved using the tools we've already developed is the compactness of
./\/lé 9({J;}), which is incidentally the only place where the assumption mo(M) = 0
is used. This compactness is a deep result which we shall prove in §5.3|

5.1.1. The moduli space for J,. Identify S? with the Riemann sphere C U
{00} with its standard complex structure i, choose any Jy € J(M,w), and define
Jo € J(W, Q) via the natural direct sum decomposition T(, W = T.S5?®T,M, that
is

JO =1h JM
Then a map u = (ug, ups) : S* — S% x M is Jy-holomorphic if and only if ug : S* —
S? is holomorphic and wuy, : S? — M is Jy-holomorphic. If [u] = Ay = [S% x {x}],
then we also have
[us] = [S?], and [up]=0.

The latter implies that wuy, has zero energy as a Jy-holomorphic curve in M,
ie. [puyw = (W], [uy]) = 0, hence uy is constant. Moreover, ug : S* — S?
is a holomorphic map of degree 1, and thus is biholomorphic (cf. Exercise Z.15.7]),
so after a reparametrization of the domain we can assume ug = Id. It follows that
the moduli space ./\/1647({(]0) can be identified with the following set:

M (Jo) = {(um,¢) | m € M and ¢ € S*},
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where we define the Jy-holomorphic maps
Up 1 5% — S X M : 2+ (z,m).
The evaluation map ev : Mé({(Jo) — S? x M then takes the form
ev(um, ¢) = (¢, m),

and is thus clearly a diffeomorphism. Observe that there is a natural splitting of
complex vector bundles

(5.1.2) w TW =TS ® B,

where Eén_l) — 52 denotes the trivial complex bundle of rank n — 1 whose fiber at
every point z € S? is (T,, M, Jus).

The observations above imply that ./\/lé({(Jo) is a smooth manifold of dimen-
sion 2n, and indeed, this is precisely the prediction made by the index formula

(A12), which gives
vir-dim M{9(Jo) = 2(n — 3) + 2¢1(Ag) + 2 = 2n
after plugging in the computation
c1(Ag) = c1(ul, T(S* x M)) = ¢, (TS?) + e (Ey™Y) = 2.

The above does not immediately imply that every curve in Mé %(Jo) is Fredholm
regular; in general only the converse of this statement is true. This is something
we will need to know in order to understand the local structure of the parametric
moduli space MOAE({Jt}), and we must proceed with caution since our choice of .J,
is definitively non—genem’cﬂ This means that we cannot expect transversality to be
achieved for general reasons, but must instead check it explicitly. This turns out to
be not so hard, simply because the curves u,,(z) = (z,m) are so explicit.

LEMMA 5.1.5. Every Jo-holomorphic sphere of the form u,, : S* — S? x M :
2z (z,m) form € M is Fredholm regular.

PRrOOF. We recall from Definition [4.3.1] that w,, is Fredholm regular if and only
if a certain bounded linear operator of the form

DOy, (iyup) : T, T @ WH(ulf, TW) — LP(Home (T'S?, ul, TW))

is surjective. Here T is a Teichmiiller slice, which in the present case is trivial since
the Teichmiiller space of S? with one marked point is trivial, so we can drop this
factor and simply consider the linearized Cauchy-Riemann operator

D, : W (u! TW) — LP(Home(T'S?, ul, TW)).

We can make use of the natural splitting (B.1.2) to split the domain and target of
D, as

Um

WP (ur TW) = W'P(TS?) @ WP (B~

Even if j € J(S?) and Jy; € J(M,w) are chosen generically, product structures of the form
j@® Jar on S% x M are still of a rather special type that can never be regarded as generic. See
Remark B.I.7 for an example of just how badly things can potentially go wrong.
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and
L (Home(TS?, ug, TW)) = L"(Ende(TS) @ L (Home(T'S%, ;).

In light of the split nature of the nonlinear Cauchy-Riemann equation for Jy-holo-
morphic maps u : S? — S% x M, it then turns out that the matrix form of D, with

respect to these splittings is
DY 0
D, = ¢
tm (0 D, /)’

where DS* : W2(T'S?) — LP(Endc(T'S?)) is the natural Cauchy-Riemann operator
defined by the holomorphic vector bundle structure of (7'S?, ), and

D,, : WY(T,,M) — LP(Homc(T'S? T,,M))

is the linearization of d;,, at the constant Jy-holomorphic sphere S? — M : z + m.
Specializing (2.4.1]) for the case of a constant map, we see that the latter is simply
the standard Cauchy-Riemann operator on the trivial bundle Ej !, i.e. it is the
operator determined by the unique holomorphic structure on Ej~* for which the
constant sections are holomorphic. As such, this operator splits further with respect
to the splitting of £ ~" into holomorphic line bundles determined by any complex
basis of T, M. This yields a presentation of D, in the form

D5 0 - 0

0O 9 --- 0
Dum: . . X . 5

o 0 --- 0

where each of the diagonal terms are complex-linear Cauchy-Riemann type opera-
tors on line bundles, with the 0 entries in particular denoting operators that are
equivalent to the standard operator

0:WhP(S? C) — LF(Home(TS? C)) : f +— df +idf oi.
These operators are surjective by Theorem since ¢1(Ej) =0 > —x(5?). Simi-
larly, DS’ is also surjective since ¢;(T'S?) =2 > —x(S?). O

REMARK 5.1.6. The above is an example of a general phenomenon often called
“automatic transversality”: it refers to various situations in which despite (or in this
case even because of) a non-generic choice of J, transversality can be achieved by
reducing it to a problem involving Cauchy-Riemann operators on line bundles and
applying Theorem The case above is unusually fortunate, as it is not often
possible to split a given Cauchy-Riemann operator over a sum of line bundles in just
the right way. In dimension four, however, arguments like this do often work out in
greater generality, and we’ll make considerable use of them in later applications to
symplectic 4-manifolds.

REMARK 5.1.7. The following example is meant to persuade you that no almost
complex structure of the product form j ® Jy; can be regarded as “generic” by
any reasonable definition. Suppose (3, 7) is a closed connected Riemann surface
of genus g, o is a compatible area form on ¥, Jy € J(M,w) is as above and
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Jo=7®Juy € J(Xx M,o0 ®w). Then any Jy-holomorphic curve of the form
Uyt N — XX M : z+— (2,m) for m € M has

e1(u},T(E x M) = a(TE) = x(2),

SO
ind(um) = (n = 3)x(X) + 2¢1([5 x {+}]) = (n = x(%),

which for n > 2 is negative whenever g > 2. Thus in this case, a generic perturbation

of Jy should eliminate such curves altogether, but it is clear that a perturbation of

the form ¢ & Jj, for J), € J(M,w) will never accomplish this. In Lemma E.T.5] we
were simply lucky to be working with genus zero.

5.1.2. Transversality for J;. From now on, assume the symplectic embedding
L (B wgq) — (W, Q) can be extended symplectically to a neighborhood of the
closure Ein; this can always be achieved by shrinking r slightly without violating
the assumption r > R. Now consider the closed subspace of J(W, ) defined by

TJW,Q0) :={J € T(W,Q) | L*J:iongzn},

in other words this is the space of all 2-compatible almost complex structures on W

which match the particular integrable complex structure ¢,i on the closed set «(B.").

EXERCISE 5.1.8. Convince yourself that J (W, ;) is not empty. Hint: It may
help to recall that the usual space of compatible almost complex structures is always
not only nonempty but also connected, see 2.2,

As with Jy in the previous subsection, the condition (*.J = ¢ is nongeneric in
some sense, but it turns out not to matter for our purposes:

PROPOSITION 5.1.9. There ezists a Baire subset Jreg(W, $2;0) C T (W, ;1) such
that for any J € Jreg(W,Qs 1), all J-holomorphic spheres homologous to Ay are
Fredholm regular, hence Mé‘f{(J) 15 a smooth manifold of dimension 2n.

PRrROOF. We begin with the following observations:

(1) The virtual dimension of M, (J) depends in general on g, m and A, but
not on .J, thus our earlier computation vir-dim Mé‘{(JO) = 2n also applies
to MOAE(J) for any J.

(2) Every pseudoholomorphic curve u : S* — W homologous to Ag is simple,
as Ag = [S? x {x}] is not a positive multiple of any other homology class in
Hy(S? x M).

(3) Forany J € J(W,Q;1), there is no closed nonconstant .J-holomorphic curve
u : 2 — W whose image lies entirely in L(Ef”). If such a curve did exist,
then ¢! ou would be a nonconstant closed i-holomorphic curve in R?* and
would thus have positive energy

/(L1 ou) wgq > 0,
b

but this is impossible since wgq vanishes on every cycle in R?".
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The result now follows by Theorem [LI1.81 The crucial point is that the set of
perturbations allowed by J (W, ;) is still large enough to prove that the universal
moduli space for somewhere injective curves is smooth, because every such curve

necessarily has an injective point outside of L(Brn). O

In light of this result, we can choose
J1 € Treg(W, ;1)

so that ./\/1647({(]1) is a smooth manifold of dimension 2n.

5.1.3. The homotopy of almost complex structures. Denote by
T W5 Jo, Jv),

the space of smooth (2-compatible homotopies between .Jy and .J;, i.e. this consists
of all smooth 1-parameter families {.J; };ejo.1] such that J, € J(W, Q) for all t € [0, 1]
and J; matches the structures chosen above for ¢ = 0,1. This gives rise to the
parametric moduli space

Mo§{I}) = {(u,t) |t € [0, 1], uw € M(J)}.

The following is the fundamental input we need from the compactness theory of
holomorphic curves. It depends on certain topological details in the setup we've
chosen, and in particular on the fact that Ay = [S? x {}] is a primitive homology
class and mo (M) = 0.

PROPOSITION 5.1.10. For any {J;,} € J(W,Q; Jo, J1), Még({Jt}) is compact.

We’ll come back to the proof of this in §5.31 Notice that since MOAf{(Jl) is natu-
rally a closed subset of MOAE({Jt}) and is already known to be a smooth manifold,
this implies that ./\/lé 9(J1) is a closed manifold. Since Fredholm regularity is an

open condition, the same is then true for all Mé({(Jt) with ¢ in some neighborhood
of either 0 or 1, and for ¢ in this range the natural projection

M} = R (ut) =t

is a submersion. We cannot expect this to be true for all ¢ € [0, 1], not even for
a generic choice of the homotopy, but by applying Theorem .T.12] we can at least
arrange for Mé 9({J;}) to carry a smooth structure:

PROPOSITION 5.1.11. There exists a Baire subset
\Z"Gg(W7 Q ; J07 Jl) C j<W7 Q ; J07 Jl)

such that for any {J;} € Treg(W, 25 Jo, J1), Még({Jt}) is a compact smooth mani-
fold, with boundary

OME({i}) = Mi§ (Jo) UMGS ().
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5.1.4. Conclusion of the proof. We will now derive the desired existence
result using the Z,-mapping degree of the evaluation map. Recall that in general,
if X and Y are closed and connected n-dimensional manifolds and f: X — Y is a
continuous map, then the degree deg,(f) € Zy can be defined by the condition

FolX] = dego(NY] € Ha(Y; Zo),

where [X| € H,(X;Zy) and [Y]| € H,(Y;Zs) denote the respective fundamental
classes with Zs-coefficients. Equivalently, if f is smooth then deg,(f) can be defined
as the modulo 2 count of points in f~!(y) for a regular point y.

Choosing a generic homotopy {J;} € Jreg(W,€2; Jo, J1) as provided by Proposi-
tion B 1Tl the parametric moduli space Mé‘{({Jt}) now furnishes a smooth cobor-
dism between the two closed manifolds Még(Jo) and ./\/lé o(J1)B Consider the eval-
uation map

ev : Mg‘f{({Jt}) — W ([(S%, 4, z,u)],t) = u(2),
and denote its restriction to the two boundary components by evy : Mé (Jo) = W
and ev; : ./\/lg" 9(J1) — W. As we saw in §5.T.0] evq is a diffeomorphism, thus
(evo)*[MOA,‘i(JO)] = [W] € Hon(W;Zs). Tt follows that

(ev1) [M{(J1)] = W] € Han(W; Zs)

as well, hence deg,(ev;) = 1 and ev; is therefore surjective. In particular, ev;*(:(0))
is not empty, and this proves Proposition G.1.4]

EXERCISE 5.1.12. Show by a different argument that in fact for any (not nec-
essarily generic) J; € J(W, Q) and any point p € W, Mg‘f{(Jl) contains a curve u
with ev(u) = p. Hint: We will see in §5.3 that the compactness result of Propo-
sition [B. 110 does not depend on any genericity assumption. What can you prove
about the structure of the space {(u,t) € Mé‘{({Jt}) | ev(u) = p} if Jy and Jy is
fixed but {J;} € J(W,Q; Jo, J1) is otherwise chosen generically?

5.2. Monotonicity in the integrable case

In this section, we consider only holomorphic curves in R** = C" with its stan-
dard complex structure ¢ and symplectic structure wgq. Recall that a smooth map
u : X — B, is called proper if every compact set in the target has a compact
preimage. For any r € (0,r), we define the compact subset

¥, = u_l(Fin) C 3,

which by Sard’s theorem is a submanifold with smooth boundary for almost ev-
ery . Our main goal is to prove the following result, which was previously stated
as Theorem B.1.3] and was a crucial ingredient in the proof of the nonsqueezing
theorem.

2With a little more work, one can also give all of these moduli spaces natural orientations
and thus obtain an oriented cobordism. This has the consequence that our use of the Zs-mapping
degree could be replaced by the integer-valued mapping degree, but we don’t need this to prove
the nonsqueezing theorem.
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THEOREM 5.2.1 (monotonicity). if u : (X,7) — (B*",4) is a proper holomorphic

70 7
map whose image contains 0, then for every r € (0,7q),

/ Uwga > T
T

This result gives a quantitative version of the statement that a holomorphic
curve cannot fit an arbitrarily small amount of area into some fixed neighborhood
of a point in its image. More general versions also hold for non-integrable almost
complex structures and are useful in proving a number of technical results, espe-
cially in the compactness theory; we’ll come back to this in the next chapter. We
should also mention that this kind of result is by no means unique to the theory of
holomorphic curves: monotonicity formulas are also a popular tool in the theory of
minimal surfaces (cf. [Law75/Grii88[CM99]), and indeed, Theorem 211 can be
regarded as a corollary of such results after observing that whenever J is compat-
ible with a symplectic structure w and a Riemannian metric is defined by w(-, J-),
J-holomorphic curves are also area minimizing, cf. [MS04], Lemma 2.2.1]. This was
also the perspective adopted by Gromov in [Gro85]; see also [Fis11] for some more
recent results along these lines. In order to keep the discussion self-contained and
avoid delving into the theory of minimal surfaces, we shall instead present a direct
“contact geometric” proof, which is fairly simple and uses a few notions that we will
find useful in our later discussions of contact geometry.

To start with, it’s easy to see from our knowledge of the local behavior of holo-
morphic curves that the estimate of Theorem [(.2.1] holds for any given curve u
whenever r > 0 is sufficiently small. Indeed, in an appropriate choice of local co-
ordinates on a small enough neighborhood, u looks like a small perturbation of the
map

B, — CxC" 'z (25)0),

whose area is kme?. (See §2.14 for a discussion of such local representation formulas.)
The result then follows from the next statement, which explains our use of the
term “monotonicity”.

PROPOSITION 5.2.2. Given the setup of Theorem [5.21], the function

r2

1
F(r)= / U Wetq
X

18 nondecreasing.

Note that it will suffice to prove that F'(R) > F(r) whenever 0 < r < R < rg
and both r and R lie in the dense set of regular values, i.e. those for which the
intersection of u with 9B, is transverse. For regular values, 3, is a smooth manifold
with boundary and we can use Stokes’ theorem to compute fzr Uweq. In order to
uncover the dependence on r%, we shall switch perspectives and regard u as a map
into the symplectization of the standard contact sphere.
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Label the natural coordinates on R?" = C" by (21,...,2,) = (p1 +1q1, ..., Pn +
i¢y,), so the symplectic structure has the form

Wstd = Z dp; N dg;.

j=1
Recall from JL.6] that the vector field
1 ¢ 0 9]
Ve 1= 5 Pjm—+ q'—)
td 2 ; ( ]3pj ]8qj

is a Liouville vector field on (R?",wgq), meaning it satisfies Ly, Wsta = Wsa. Let
Asta denote the 1-form on R?*" which is w-dual to Vg, i.e.

)\std = wstd(‘/stda )

An easy computation then produces the expression

n

1

Asd = 5 > (pjdg; — g;dpy)

j=1

and the fact that V4 is Liouville is equivalent to the observation that dAsq = Weta.
Moreover, since Agq(Vita) = Wsta(Vatd, Vsta) = 0, we also have

‘CVstd )\std = g d)\std + dl’\/std )\std = WqWstd = >\std~

Identify the sphere S2~! with the boundary of the closed unit ball B-" C R?", and
define the standard contact form agq on S?" ! as the restriction of A,

Astd = )\std|T<a§2n>-
Now consider the diffeomorphism
®: R x S = R\ {0} : (t,m) — ¢, (m) = e*m,
where go’{,std denotes the flow of Vq. By Exercise [LG.6] we have
P A\sta = etOéstd, P wstq = d(etastd)a

where t denotes the R-coordinate on R x S?"~! and ayq is defined on R x S?"~! as
the pullback via the projection R x S**=! — §2=1 Define an integrable complex
structure Jy on R x S?"~! so that this diffeomorphism is biholomorphic, i.e.

Jo := P
Now removing at most finitely many points from ¥ to define
Yi={zeX|uz)#0}
and defining 3, C Y, similarly, we obtain a Jy-holomorphic map

(up,ug) =P Lou: Y - R x S
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so that if r = e7/2 € (0, 1) is regular, we have
1
F(r)= U'Wgq = e_T/ (ur, ug)*d('agq) = e_T/ (ug, ug)* (' aq)
. %,

2
e Js,

*
= / U gOlstd -
(o)

Thus for any two regular values 0 < r < R < ry, we now have

F(R) — F(r) = / Wi — / Wi = / widoa.
8ZR 827‘ ZR\ZT

Proposition (.2.2] is then immediate from the following exercise.

EXERCISE 5.2.3. Show that the almost complex structure J; = ®*i on R x §?7~!
has the following properties:

(1) It is invariant under the natural R-action by translation of the first factor
in R x §%n-1,

(2) For any t € R, the unique hyperplane field in {t} x S?"~! preserved by .J,
is precisely the contact structure sq = ker agiq.-

(3) The restriction of Jy to &uq is compatible with the symplectic bundle struc-
ture dogdle,,,, i-e. the pairing (X,Y) = daga(X, JoY) defines a bundle
metric on &ggq.

(4) Jo maps 0; to the Reeb vector field of agq, i.e. the unique vector field R
on S?"~1 satisfying the conditions

daStd<Rastd7 ) =0 and aStd<RC‘fscd) =L

Derive from these properties the fact that for any Jy-holomorphic curve (ug,ug) :
Y — R x $*"~1 the integrand ufdagy is nonnegative.

Astd

5.3. Bubbling off

Our goal in this section is to provide a mostly self-contained proof of Proposi-
tion BLT.T0, as a consequence of the following result.

THEOREM b5.3.1. Suppose (M,w) is a closed symplectic manifold of dimension
2n — 2 > 2 with m(M) = 0, o is an area form on S*, W := S?* x M, Q := 0 D w,
Ay :=[S? x {*}] € Hyo(W) and we have the following sequences:

o J. — J is a C*®-convergent sequence of C2-compatible almost complex struc-

tures on W,
o u, : (S%4) — (W, Jy) is a sequence of pseudoholomorphic spheres with
[ur] = Ao, and

e (. € S% is a sequence of marked points.

Then after taking a subsequence, there exist biholomorphic maps @y = (S%i) —
(52,4) with ©i(0) = Cx such that the reparametrized curves

Ug O Pg S W
converge in C™ to a J-holomorphic sphere u : (S?,1) — (W, J).
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To prove this, we shall introduce some of the crucial technical tools that underlie
the more general compactness results of the next chapter. There’s only one result
which we will need to take for now as a “black box”:

PROPOSITION 5.3.2 (Gromov’s removable singularity theorem). Suppose (M, w)
is a symplectic manifold with a tame almost complex structure J, and u : B\ {0} —
M s a J-holomorphic curve which has finite energy fB\{O} u'w < oo and image
contained in a compact subset of M. Then u extends smoothly over 0 to a J-
holomorphic curve B — M.

A proof may be found in the next chapter, or in [MS04l[Sik94][Hum97].

As a fundamental analytical tool for our compactness arguments, we will use the
following piece of local elliptic regularity theory that was proved in Chapter [2 as
Corollary

LEMMA 5.3.3. Assume p € (2,00) and m > 1, J, € J™(B*) is a sequence of
almost complex structures converging in C™ to J € J™(B*"), and uy, : B — B*" is
a sequence of Ji-holomorphic curves satisfying a uniform bound ||uy|wirpy < C.

. . 1 .
Then uy has a subsequence converging in W'g?r P to a J-holomorphic curve u : B —
B,

In our situation, we have J, — J in C™ for all m, thus we will obtain a C{2-

convergent subsequence if we can establish C'-bounds for our maps uy : S? — W,
since C'' embeds continuously into W'?. The lemma can be applied in a more global
setting as follows. Fix Riemannian metrics on S? and W and use these to define the
norm |du(z)] > 0 of the linear map du(z) : T.5% — T,,)W for any u € C'(S* W)
and z € S%. If the given sequence of .Jj-holomorphic maps wuy, : S? — W satisfies a
uniform bound of the form

(5.3.1) |dug(z)| < € for all k and all z € S?,

then since W is compact, a subsequence of u;, will converge in C° to some continuous
map u : S? — W. We can then cover both S? and u(S5%) C W with finitely many
local coordinate charts and apply Lemma [£.3.3] obtaining:

LEMMA 5.3.4. Suppose J, — J is a C°°-convergent sequence of almost complex
structures on a closed manifold W and w;, : (S*i) — (W, Jy) is a sequence of
pseudoholomorphic curves satisfying a uniform C'-bound as in (53d). Then a
subsequence of uy converges in C* to a pseudoholomorphic curve u : (S?i) —

(W, J).

REMARK 5.3.5. The above lemma is obviously also true if W is not compact but
the images of the curves u, are confined to a compact subset. This generalization is
important for compactness results in contact geometry and symplectic field theory,

e.g.

In most situations, one cannot expect to derive a C'-bound directly from the
given data, and in the general case such a bound does not even hold. The strategy
is however as follows: if a C''-bound does not hold, then we can find a sequence
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of points z; € S? such that |duy(z)| — oo, and by an intelligent choice of rescal-
ings, the restriction of u; to small neighborhoods of z; gives rise to a sequence of
holomorphic disks on expanding domains that exhaust C. These disks are always
nonconstant but satisfy a uniform C'-bound by construction, thus by Lemma
they will converge in C}. to a J-holomorphic plane with finite energy. Since a plane
is really just a punctured sphere, this J-holomorphic plane can be extended to a
nonconstant holomorphic sphere, often called a “bubble”, and the process by which
this sphere is extracted from the original sequence is often called “bubbling off”. In
our situation, we will find that the existence of this bubble leads to a contradiction
and thus implies the desired C'-bound on the original sequence. In more general
settings, there is no contradiction and one must instead find a way of organizing the
information that these bubbles add to the limit of the original sequence—this leads
to the notion of nodal holomorphic curves, the more general objects that make up
the Gromov compactification, to be discussed in the next chapter.

We now carry out the details of the above argument, using a particular type of
rescaling trick that has been popularized by Hofer and collaborators (see e.g. [HZ94,
§6.4]). The results stated below all assume the setting described in the statement
of Theorem (3Tt in particular, (W, Q) = (S? x M, 0 ® w) and m(M) = 0. Notice
that the curves in the sequence uy : S? — W are all homologous and thus all have
the same energy

Blu) = [ i = (190, 40) = (oL 15 = [

For reasons that will hopefully become clear in a moment, we now give this positive
constant a special name and write

h::/ o> 0.
SQ

The following is then a very simple example of a general phenomenon known as
enerqy quantization.

LEMMA 5.3.6. For any J € J(W,), every nonconstant closed J-holomorphic
sphere in W has energy at least h.

PROOF. If u = (ug,up) : S* — S? x M is J-holomorphic and not constant,
then

0 < E(u) = /SQ w Q= (o @ w], [us] > [{x}] + [{*}] x [un])
= (o], [us]) + ([w]; [ur])-

Since mo(M) = 0, the spherical homology class [uy] € Hy(M) necessarily vanishes,
so the above expression implies E(u) = (o], [us]), which must be an integer multiple
of h. Since it is also positive, the result follows. O

We next choose reparametrizations of the sequence uy so as to rule out certain
trivial possibilities, such as wu; converging almost everywhere to a constant. Write
up = (uy, ul?) : S? — S%x M, and observe that since [uy] = [S%x {*}], uy : S? — S?
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is always a map of degree 1 and hence surjective. After taking a subsequence, we
may assume that the images of the marked points in S? converge, i.e.

u (Gr) = (oo € S

Assume without loss of generality that (., is neither 1 nor oo; if it is one of these,
then the remainder of our argument will require only trivial modifications. Now
since uj is surjective, for sufficiently large k we can always find biholomorphic maps
o (S%i) — (S?%,i) that have the following properties:

L QOk(O) = C/m

o up op(l) =1,

o u; o pp(00) = 0.
To simplify notation, let us now replace the original sequence by these reparametriza-
tions and thus assume without loss of generality that the maps uj, = (u, ud!) : 5% —
S? x M and marked points (;, € S? satisfy

Qk = O, uk(l) - {1} X M, uk(oo) c {OO} x M
for all k.

If the maps w; satisfy a uniform C'-bound, then we are now finished due to
Lemma [5.3.4 Thus assume the contrary, that there is a sequence z, € S? with

|dug(z)| — o0,

and after taking a subsequence we may assume z; — 2o € S2. Choose a neighbor-
hood z,, € U C S? and a biholomorphic map

p:(B,i) = (U,1)
identifying ¢ with the unit ball in C such that ¢(0) = z.,, and write
ﬂk:ukogoz (B,Z) —)(VV, Jk), 2k:g0_1(2k)

We then have |duy(Z)| — oo and Z; — 0.

We now examine a rescaled reparametrization of the sequence 1, on shrinking
neighborhoods of Z;. In particular, let Ry := |dug(Z;)| — oo, pick a sequence of
positive numbers ¢, — 0 which decay slowly enough so that ¢, Ry — oo, and consider
the sequence of Ji-holomorphic maps

Vg - (BEkRkai) — (W Jk;) L2 = INLk (2k+ i) .
Then
1
dn(2)] = -

Ry,
z
d~ z -
Rk UL (Zk + Rk)

so in particular |dv(0)] = Rik|d7lk(§k)| = 1. To proceed further, we'd like to be able
to say that |dvg(z)| satisfies a uniform bound for z € B, g, , as then Lemma
would give a subsequence converging in Cf% on C. Such a bound is not obvious: it
would require being able to bound |diy(z)| in terms of |diy(Zy)| for all z € B, (Zk).
While there is no reason that such a bound should necessarily hold for the chosen
sequence, the following topological lemma due to Hofer tells us that we can always
ensure this bound after a slight adjustment.

Y
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LEMMA 5.3.7 (Hofer). Suppose (X, d) is a complete metric space, g : X — [0, 00)
1s continuous, ro € X and €y > 0. Then there exist x € X and € > 0 such that,
(a) € < e,
(b) g(z)e > g(wo)eo,
(c) d(z,x¢) < 2¢€y, and
(d) g(y) < 2g(x) for ally € Be(x).

PROOF. If there is no z; € B (xo) such that g(z1) > 2g(x), then we can
set x = x9 and € = ¢y and are done. If such a point x; does exist, then we set
€1 1= €y/2 and repeat the above process for the pair (z1,€): that is, if there is
no xs € B, (z1) with g(z3) > 2g(z1), we set (x,€) = (x1,€) and are finished, and
otherwise define eo = €;/2 and repeat for (zy,€). This process must eventually
terminate, as otherwise we obtain a Cauchy sequence x,, with g(x,) — oo, which is

impossible if X is complete. 0

The upshot of the lemma is that the sequences ¢, > 0 and Z; € B can be modified
slightly to have the additional property that

(5.3.2) |dug(2)| < 2|dug(z)| for all z € B, ().
From this it follows that the rescaled sequence vy : B, g, — W satisfies
|dug(2)] < 2, |dvg(0)] =1,

so we conclude from Lemma [5.3.3 that a subsequence of v, converges in C2.(C, W)
to a J-holomorphic plane

which satisfies |dvo(0)] = 1 and is thus not constant. We claim that v, also has
finite energy bounded by A. Indeed, for any R > 0, we have

* . *
/ v ) = hlgn UL,
Br Br

while for sufficiently large k,

/ ’UZQS/ vy, :/ QZQ:/ uZQS/uZQ:h.
Br B Be, (Z1) ¢(Bey, (31)) 52

Applying the removable singularity theorem (Prop. B3.2]), v thus extends to a
nonconstant J-holomorphic sphere

Voo 1 (S%,1) — (W, ),

and energy quantization (Lemma [5.3.6) implies that its energy is exactly h. This
sphere is our first real life example of a so-called “bubble”.

We claim next that if the above scenario happens, then for any other sequence
2, € S? with |dug(z},)| — oo, 2, can only accumulate at the same point z,, again.
Indeed, otherwise the above procedure produces a second bubble v/ : (5%i) —
(W, J) with energy h, and by inspecting the energy estimate above, one sees that
for large k, uy must have a concentration of energy close to A in small neighborhoods
of both z, and 2z . That is impossible since F(uy) is already bounded by h.

ek
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The above implies that on any compact subset of 5%\ {2}, uy satisfies a uniform

C'-bound and thus converges in C7° (S*\{2..}) to a J-holomorphic punctured sphere

Uso : (S*\ {2a0}, ) — (W, J).
Moreover, we have
Uoo(0) € {Cloo} X M, us(l) € {1} x M and  wuy(00) € {00} x M

unless 2o, € {(x, 1,00}, in which case at least two of these three statements still
holds. It follows that u., cannot be constant, so by Lemma it has energy at
least h. But this again gives a contradiction if the bubble v, exists, as it implies
that for large k, the restrictions of uy to some large subset of S? \ {2z} and some
disjoint small neighborhood of z,, each have energy at least slightly less than A,
so that [g, ujQ must be strictler greater than h. This contradiction excludes the
bubbling scenario, thus establishing the desired C'-bound for u;, and completing the
proof of Theorem [£.3.11
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