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Finite energy foliations of tight
three-spheres and Hamiltonian dynamics

By H. HOFER, K. WYSOCKI, and E. ZEHNDER*

Abstract

Surfaces of sections are a classical tool in the study of 3-dimensional dy-
namical systems. Their use goes back to the work of Poincaré and Birkhoff.
In the present paper we give a natural generalization of this concept by con-
structing a system of transversal sections in the complement of finitely many
distinguished periodic solutions. Such a system is established for nondegener-
ate Reeb flows on the tight 3-sphere by means of pseudoholomorphic curves.
The applications cover the nondegenerate geodesic flows on 775% = RP3 via
its double covering S2, and also nondegenerate Hamiltonian systems in R*
restricted to sphere-like energy surfaces of contact type.
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1. Introduction

Pseudoholomorphic curves, in symplectic geometry introduced by Gromov
[23], are smooth maps from Riemann surfaces into almost complex manifolds
solving a system of partial differential equations of Cauchy-Riemann type. The
use of such solutions in dynamical systems was demonstrated in the proofs of
the V. I. Arnold conjectures in [15], [17] and [16] concerning forced oscilla-
tions of Hamiltonian systems on compact symplectic manifolds. The proofs
are based on the structure of pseudoholomorphic cylinders having bounded
energies and hence connecting periodic orbits. In his proof [24] of the A. We-
instein conjecture about existence of periodic orbits for Reeb flows, H. Hofer
designed a theory of pseudoholomorphic curves for contact manifolds. This
theory was extended in [35] in order to establish a global surface of section for
special Reeb flows on tight three spheres. These flows include, in particular,
Hamiltonian flows on strictly convex three-dimensional energy surfaces. In the
following we consider a larger class of Reeb flows on the tight three sphere
which do not necessarily admit a global surface of section. The aim is to con-
struct an intrinsic global system of transversal sections bounded by finitely
many very special periodic orbits of the Reeb flow. For this purpose we shall
establish a smooth foliation F of R x S? in the nondegenerate case. The leaves
are embedded pseudoholomorphic punctured spheres having finite energies. In
order to formulate the main result and some consequences for dynamical sys-
tems we first recall the concepts from contact geometry and from the theory
of pseudoholomorphic curves in symplectizations from [32], [30] and [36].
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1.1. Concepts from contact geometry and Reeb flows. We consider a com-
pact oriented three-manifold M equipped with the contact form A. This is a
one-form having the property that A AdA is a volume form on M. The contact
form determines the plane field distribution £ = kernel (\) C T'M, called the
associated contact structure. It also determines the so-called Reeb vector field
X =X, on M by

(1.1) ixA=1 and ixd\=0.
The tangent bundle
(1.2) TM =R -X®¢

splits into a line bundle having the section X and the contact bundle £ carrying
the symplectic structure fiberwise defined by dA. By

m:TM — &

we denote the projection along the Reeb vector field X. Since the contact form
A is invariant under the flow ¢! of the Reeb vector field, the restrictions of the
tangent maps onto the contact planes,

T (Mg, : Em — Eptm)

are symplectic maps.

In the following, periodic orbits (z,T") of the Reeb vector field X will play
a crucial role. They are solutions of #(t) = X (x(t)) satisfying x(0) = =(T") for
some 7" > 0. If T is the minimal period of z(¢), the periodic solution (z,T)
will be called simply covered. A periodic orbit (x,T) is called nondegenerate,
if the self map

T (2(0)) (6,0, * Ea(0) = Ex(o)

does not contain 1 in its spectrum. If all the periodic solutions of X, are
nondegenerate, the contact form is called nondegenerate. Such forms occur
in abundance, as the following proposition from [35] indicates. Later on, the
contact forms under consideration will all be nondegenerate.

PRrOPOSITION 1.1.  Fiz a contact form X\ on the closed 3-manifold M and
consider the subset ©1 C C°(M,(0,00)) consisting of those f for which fA
is nondegenerate. Let O consist of all those f € ©1 such that, in addition,
the stable and unstable manifolds of hyperbolic periodic orbits of Xy intersect
transversally. Then ©1 and ©y are Baire subsets of C*°(M, (0, 00)).

Nondegenerate periodic orbits (z,7) of X are distinguished by their
p-indices, sometimes called Conley-Zehnder indices, and their self-linking num-
bers sl(z,T"). These integers are defined as follows. We take a smooth disc map

u: D — M satisfying u(ezmt/ T) = z(t), where D is the closed unit disc in C.



128 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

Then we choose a symplectic trivialization 3 : u*¢ — D x R? and consider the
arc ® : [0,7] — Sp (1) of symplectic matrices ®(¢) in R?, defined by

() = B(e™T) - Tl o 7).

The arcs start at the identity ®(0) = Id and end at a symplectic matrix ®(7")
which does not contain 1 in its spectrum. To every such arc one associates
the integer u(®) € Z, recalled in Appendix 8.1. It describes how often nearby
solutions wind around the periodic orbit with respect to a natural framing.
The index of the periodic solution is then defined by

u(m,T, [u]) = p(P) € Z.

This integer depends only on the homotopy class [u] of the chosen disc map
keeping the boundaries fixed. If, as in our study later on, M = S3, the index
is independent of all choices and will be denoted by

w(z,T) € Z.

To define the self-linking numbers sl(z, T') we take a disc map u as before and
a nowhere-vanishing section Z of the bundle ©v*¢ — D. Then we push the loop
t — x(Tt) for 0 < ¢ < 1in the direction of Z to obtain a new oriented loop y(t).
The oriented intersection number of u and y is, by definition, the self-linking
number of x. This integer will be useful later on in the investigation of the
minimality of the periods.

1.2. Finite energy spheres in S®. We recall the concept of a finite energy
sphere, choosing the special manifold M = S3 dealt with later on. Here S3
is the standard sphere S® = {z € C? | |z| = 1}, where 2z = (21,22) = (1 +
ip1,qe + ip2) with z; € C and ¢;, p; € R. Recalling the standard contact form
on S3,

1 2
Ao = 5;(%@]‘ _pdej)’S3a

we choose a nondegenerate contact form A = fA\g on S% and denote its Reeb
vector field by X and the contact structure by £&. Now we choose a smooth
complex multiplication J : £ — & on the contact planes satisfying

d\(h,Jh) >0 forall h € £\ {0}

and abbreviate by J the set of these admissible complex multiplications. With
J € J we associate a distinguished R-invariant almost complex structure J on
R x S3 by extending J onto R x R- X by 1 +— X — —1, in formulas,

(1.3) T, k) = (=A(k), Jxk + aX),
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for (o, k) € T(R x S3), where 7 : T'S? — & is the projection along the Reeb
vector field X. The important property of J is the invariance along the fibers R.
Denote by ¥ the set of all smooth functions ¢ : R — [0, 1] satisfying ¢’ > 0.

Definition 1.2 (Finite energy sphere). A (nontrivial) finite energy sphere
for (83, ),.J) is a pair (I',u) consisting of a finite subset I of the Riemann
sphere S? and a smooth map

w:S°\T - RxS>
solving the partial differential equation
(1.4) Tt -j=J-Tu onS?\T
and satisfying the energy condition
0 < B(@) < oo,
where

(15 B =swp [, W doN),

with the one-form oA on R x S3 defined by (¢\)(a, m)[a, k] = ¢(a) - A(m)[k].
We call w a finite energy planeif I' = {oo}. A finite energy sphere will be called
an embedding if u is an embedding.

We note that for a solution @ of equation (1.4) the integrand of the energy
(1.5) is nonnegative. The condition E(%) > 0 implies that @ is not a constant
map.

A special example of a finite energy sphere is an orbit cylinder over a
periodic solution (z,7T") of X. It is parametrized by the map u : C\ {0} —
R x 3,

(1.6) ﬁ(ezﬂ(sﬂt)) = (Ts,a:(Tt)) eR x 53

Its energy agrees with the period T'= E(u) while its d\-energy vanishes,

/ w*d)\ = 0.
C\{0}

The punctures are I' = {0, 00}, where S2 = C U {oc}. Orbit cylinders govern
the asymptotic behavior of finite energy spheres near the punctures I as we
recall next from [24], [32] and [30].

We begin with the distinction between positive and negative punctures.

PROPOSITION 1.3.  Let (I',u) be a finite energy sphere and zy € I'. Then
one of the following mutually exclusive cases holds, where @ = (a,u) € R x S°.

e positive puncture: lim,_,,, a(z) = 4o0;
e negative puncture: lim,_,, a(z) = —oc;
o removable puncture:  lim, .., a(z) = a(zo) exists in R.
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In the third case one can show that u (U(z9) \ {#20}) is bounded for a
suitable neighborhood U(zy) and moreover, employing Gromov’s removable
singularity theorem from [23] one can extend @ smoothly over zp. For this
reason we consider later on only positive and negative punctures, ' = TTUT'~.
We note that I' # () since a finite energy surface defined on S? is necessarily
constant. Indeed, from Stokes’ theorem it follows that E(u) = 0. There is
always at least one positive puncture.

In order to describe the asymptotic behavior near the puncture zp € T’
we introduce holomorphic polar coordinates. We take a holomorphic chart
h:D cC C — U C S? around z satisfying h(0) = zp and define o : [0, 00) x
$1— U\ {20} by

(1.7) o(s,t) = h<e—27r(s+it))

so that zp = lims_,oo 0(s,t). In these coordinates the energy surface near z
becomes the positive half cylinder

o= (bv): =7 - 0:[0,00) x ST = R x 83
The map v satisfies the Cauchy-Riemann equation
s+ J(0)o, =0
and has bounded energy E(v) < E(u) < co. Because of this energy bound the
following limit exists in R,

(1.8) m(u, z0) := lim v(s, )" A

§—0 Jg1

The real number m = m(u, 2¢) is called the charge of the puncture zy € T'.
It is positive if zg is positive and negative for a negative puncture. Moreover,
m = 0 if the puncture is removable. The behavior of the sphere near zg is now
determined by periodic solutions of the Reeb vector field X having periods
T = |m(u, 29)|. Every sequence sy — 0o possesses a subsequence denoted by
the same letters such that

lim v(sg,t) = x(mt) in C>(S1)

k—o00
for an orbit z(¢) of the Reeb vector field @(¢) = X (z(t)). Here m is the charge

of zg. If m # 0, the solution z is a periodic orbit of X having period T' = |m)|.
If this periodic orbit is nondegenerate then

(1.9) Jim. v(s,t) = x(mt) in C°(S1)
and )
(1.10) lim % —m in C>(SY).

Hence in the nondegenerate case there is a unique periodic orbit (z,T") associ-
ated with the puncture 2. It has period T' = |m| and is called the asymptotic
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limit of zg. In the nondegenerate case, the finite energy surface v approaches
the special orbit cylinder Uso(s,t) = (sm,x(mt)) in R x S%as s — oo in an
exponential way. The asymptotic formula is recalled in the appendix. We
visualize a finite energy sphere  in R x S2 by Figure 1.

Figure 1. The figure shows a finite energy sphere with one positive
and two negative punctures.

We next introduce the main concept.

1.3. Finite energy foliations. We consider the three-manifold M equipped
with the contact form A, choose an admissible J € 7 and denote the associated
R-invariant almost complex structure on R x M by J.

Definition 1.4. A spherical finite energy foliation for (M, X, J) is, by def-
inition, a 2-dimensional smooth foliation F of R x M having the following
properties:

e There exists a universal constant ¢ > 0 such that for every leaf F' € F
there exists an embedded finite energy sphere  : S2\ T' — R x M for
(M, A, J) satisfying

F=u($*\T) and E(@) <c

e The translation along the fiber R of R x M,
T(F)i=r+F ={(r+a,m) | (a,m) € F},

F € F and r € R, defines an R-action T : R x F — F. Hence, in
particular, T,.(F) € Fif F € F, and either T,.(F1)NFy = Qor T,.(Fy) = F»
for any two leaves in F.



132 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

We illustrate the concept with an explicit example for (S3, \g,7). The
Reeb vector field X on S? C C? is for the standard contact form Ao given by

X(z) = 2iz, ze 53

The contact plane &, z € S2, agrees with the complex line in 7, 5. As complex
multiplication we choose J = i|¢ and denote by J the associated R-invariant
almost complex structure on R x S3. Then the inverse of the diffeomorphism
(t,z) — e*z from R x S2 onto C? \ {0} is given by

B:C2\ {0} = Rx % 2o (%mzy,é).

It satisfies
T® - i=J . TP

and hence is biholomorphic. Consider the planes
®(Cx{c}) forallceC\{0}

and the special cylinder
Fy = o((C\ {0}) x {0})

in R x S3. The union F of these sets constitutes a smooth foliation of R x S3
consisting of finite energy planes and the finite energy cylinder Fy. The action
of R is represented by 7T, (@((C X {c})) = CID((C X {62TC}) if ¢ # 0 while
TsFy = Fy for every s € R. Clearly, T,F N F = () for every r # 0 and
F # Fy. Consequently, the only fixed point of the R-action is the cylinder
Fy. Tt is the orbit cylinder of the special solution zq(t) = (e*,0) of X on S3
having period 7. The map @ : C\ {0} — R x S% parametrizing Fp is given by
@((62“(5+it), O)) = (ws, (e?mit, 0)) The periodic orbit (zg, 7) is the asymptotic

limit of all the finite energy planes. Indeed, @((62”(”1’5), c)) — (71'8, (e?mit, 0))
as s — oo, for every ¢ # 0. Let now

p:Rx 83— 63

be the projection map. Then p(Fp) = zo(R) and for every F # Fy, the subset
p(F) is an embedded plane transversal to the Reeb vector field X. Moreover,
if I and F, € F do not belong to the same orbit of the R-action, then
p(F1)Np(Fy) = 0. Therefore, the projection p(F) = F is a singular foliation of
S3. Tt is a smooth foliation of S\ 2¢(R) = p(F \ {Fy}) into planes transversal
to X and asymptotic to xg. Hence the periodic orbit x( is the binding orbit of
an open book decomposition of S? illustrated by Figure 2.
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Figure 2. The figure illustrates a section through an open book
decomposition of S viewed as R? U {oo}. The two black dots
represent the periodic orbit perpendicular to the plane. The curves
represent pages of an open book decomposition.

Although this example is not nondegenerate, the fact that a finite energy
foliation on R x M leads to a geometric decomposition of the manifold M is
of quite general nature as we shall see below where we strengthen the concept
of finite energy foliation. We should remark that there are other finite energy
foliations for (S2,\g,4). For example, the collection of all cylinders R x P,
where P runs over all Hopf circles on S®. Here a small perturbation, taking
the contact form fAy for f close to the constant function equal to one will
destroy most periodic orbits so that this second foliation is rather unstable.

1.4. Stable finite energy foliations, the main result. Let M = S3 be the
standard sphere equipped with the nondegenerate contact form A = fAg and
consider an embedded finite energy sphere @ = (a,u) : S> \I' — R x $3 for
(83, ), J). The punctures I' split into the positive and the negative punctures,
[ =T"TUl'~. With every zg € I' we associate the index j(2g) of its asymptotic
limit, which is a nondegenerate periodic orbit of the Reeb vector field X.
Following [30] we can associate with the sphere @ the integer

pa) =Y pwz)— > pl(z)

zel't+ zel—

Ifﬂ(SQ\F> =: F, we set
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The definition does not depend on the choices involved. Finally, we define the
index of the embedded finite energy sphere F' by

(1.11) Ind(F) := p(F) — x(S?) + tF,

where #F = fI" is the number of the punctures and x(S?) = 2 is the Euler
characteristic of the two-sphere. The integer Ind(F') will be important in the
analysis later on. It has an interpretation as the Fredholm index describing
the dimension of the moduli space of nearby embedded finite energy spheres
having the same topological type and the same number of punctures which are
allowed to move on S2; see [36]. The following definition is crucial.

Definition 1.5 (Stable finite energy foliation). Assume the contact form
A = f)Ao to be nondegenerate. Let F be a spherical finite energy foliation for
(83, ), J). We call F stable if it has the following properties:

e Every leaf of F is the image of an embedded finite energy sphere.

e For every leaf the asymptotic limits are simply covered, their Conley-
Zehnder indices are contained in {1,2,3} and their self-linking numbers
are equal to —1.

e Every leaf has precisely one positive puncture but an arbitrary number
of negative punctures. For every leaf F' € F which is not a fixed point of
the R-action, Ind(F) € {1, 2}.

We deduce some immediate consequences from this definition. Consider
a leaf F' € F which is not a fixed point of the R-action. Its punctures are
[ =T"Ul” =T*UTy Uy Uly, where T'; are the punctures having u-
index equal to j, and where '™ = 1. Denoting by u™ the index of the unique
positive puncture we have, recalling (1.11),

Ind(F) = p™ =305 — 2805 — 7 — 2+ 1+ 407 + 405 + 405
— 1280y — 4T
Since, by definition of F, Ind(F) > 1 we find 2fT'5 + 'y < u* —2 from which

we conclude,
pte{2,3}, 4y =0, 1T, < 1.

There is no restriction on #I'; . In order to represent different types of leaves
F' € F which are not fixed points of the R-action on F we introduce the vectors

a= (" puy, .y

Here N is the number of negative punctures of F, u* the Conley-Zehnder index
of its unique positive puncture and o the indices of the negative punctures
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ordered so that p; > p; ;. The leaves F' € F with Ind(F) € {1,2} and N
negative punctures are of the following types

a=(3,11,...,1n), Ind(F) =2
a:(3,2,11,...,1N_1), Ind(F):l
a=(2,1y,...,1y), Ind(F) = 1.

The number N of negative punctures can, of course, be zero. If this happens,
the first and the third case represent finite energy planes. The second type
represents for N = 1 a finite energy cylinder connecting a periodic orbit of
index 3 (f.e. elliptic) with a periodic orbit of index 2 (hyperbolic).

Postponing the nontrivial consequences of the definition of a stable finite
energy foliation we first formulate our main existence result.

THEOREM 1.6 (Existence of a stable finite energy foliation). For every
choice of f € ©1, there exists a Baire set of admissible complex multiplications
J admitting a stable finite energy foliation F of (S, fXo, J) containing a finite
energy plane.

Since, by hypothesis, the energies E(u) are uniformly bounded and since
the periods of the asymptotic limits are bounded by the energy we conclude
from the nondegeneracy of A, that the number of all asymptotic limits appear-
ing in F is finite. It follows from Fredholm theory that a leaf F' € F satisfying
Ind(F) = 2 belongs to a 2-parameter family of leaves all having the same
asymptotic limits. One parameter is defined by R-action on F. The image of
the 2-parameter family under the projection map

p:RXSS—>S3,

where the R-action is divided out, is a 1-parameter family of embedded punc-
tured Riemann spheres. In contrast, a leaf F' € F satisfying Ind(F) = 1
belongs to a 1-parameter family, namely the orbit of F' under the R-action.
The projection of this orbit into S® is an isolated embedded punctured sphere,
in the following called a rigid surface. Clearly, if F' is an orbit cylinder, its
projection in S3 agrees with its asymptotic limit.

The stable finite energy foliation F of R x S3 gives rise to the following
geometric decomposition of S3.

PROPOSITION 1.7.  The stable finite energy foliation F established in
Theorem 1.6 has the following properties:

o IfT,(F)=F for somer #0 and F € F, then T{(F) = F for all s € R
and F = Rx P is an orbit cylinder. Hence the fixed points of the R-action
on F are orbit cylinders.



136 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

o [f two leaves F' and G € F do not belong to the same orbit of the action,
then p(F) Np(G) = 0.

o [f F € F is not a fized point of the R-action, the projection p(F') is a
smooth embedded punctured two-sphere in S which is transversal to the
Reeb vector field X and which converges at the punctures to the asymp-
totic limits of F.

e Denote by P the finite set of asymptotic limits of F. Then the projection
p(F) is a singular foliation of S® having the singularities P. Moreover,
p(F\{ fized points of the R-action }) is a smooth foliation of S®\ {P}.
The leaves of the foliation are embedded punctured spheres transversal to
X and at the punctures asymptotic to elements in P.

Important for our applications to the Reeb flows is the global system of
transversal sections of the Reeb vector field which is an immediate consequence
of Theorem 1.6 and Proposition 1.7.

COROLLARY 1.8 (Global system of transversal sections). If fAg is a
nondegenerate contact form on the standard sphere S with associated Reeb
vector field X, then there exists a nonempty set P consisting of finitely many
distinguished periodic orbits of X which are simply covered, have self-linking
number —1 and p-indices in the set {1,2,3} so that the complement

S3\ P

is smoothly foliated into leaves which are embedded punctured Riemann spheres,
transversal to the Reeb vector field X and converging at the punctures to peri-
odic orbits in P.

We illustrate the situation in Figure 3 which sketches the projection of a
stable finite energy foliation into S3.

The 3-sphere is viewed as R3 U {oo}. The figure shows the trace of the
projection p(F) in a 2-dimensional plane. There are three distinguished asymp-
totic limits P = {Py, P2, P3}, two of them P; and P3 have index 3 (elliptic)
and P, with index 2 (hyperbolic). There are four rigid leaves in S3, namely
two cylinders connecting the elliptic periodic orbit with the hyperbolic orbit,
and two planes asymptotic to the hyperbolic orbit. The nonrigid leaves are
two l-parameter families of planes.

1.5. Outline of the proof. The origin of the foliation lies in the structure
of Gromov’s pseudoholomorphic spheres homologous to CP! in the compact
symplectic manifold (CP2 w) represented as CP? = C2 U CP! and equipped
with a compatible almost complex structure. It will be recalled in Section 2.4
below. Our contact manifold (53, f)\g) can be identified with (M, \g) where
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Figure 3. Stable finite energy foliation of S3.

M c C? is a star-like hypersurface defined by the function f. Denoting by
wo = d\g the standard symplectic structure in C2, the hypersurface M is of
contact type, and an open neighborhood of the region bounded by M in C2
can be symplectically embedded into CP2\ CP' to obtain the decomposition

CP2=WuUMUV

into the inside W of M whose closure has M as convex contact boundary
and the outside V of M , containing CP!, whose closure has M as concave
contact boundary. Adding, for N > 1, the necks [—-N, N] x M in the comple-
ment of the sphere at infinity, we obtain a sequence of symplectic manifolds
(An,wy) which are symplectomorphic to (CP2,w) and which have compatible
almost complex structures Jn agreeing on the necks with the distinguished
R-invariant structure J. Given a point (0,m) € [=N, N] x M C Ay there ex-
ists a unique J, ~-holomorphic sphere CY homologous to CP! and containing
the two points (0,m) and 0, € CP! in Ay. The spheres CV are embedded
and automatically generic. Two such spheres are either identical or intersect
transversally at the point o, having intersection numbers equal to 1. In the
limit as N — oo singularities show up and the spheres CV disintegrate into a
tree of different types of punctured finite energy spheres in the target spaces
W Rx M and V. In particular, one obtains leaves C"* of the desired foli-
ation in R x M through a dense set of points (0,my) € M which are in the
complement of the periodic orbits of the Reeb vector field on M. The leaves
are embedded and either identical or disjoint. The limit procedure as N — oo
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is based on a technical bubbling off analysis and uses our Fredholm theory for
symplectified contact manifolds and Gromov-McDuff’s intersection theory of
pseudoholomorphic curves in 4-dimensional symplectic manifolds. By means
of a second round of bubbling off analysis we find, as mj — m, leaves through
every point (0,m) € R x M and translating these leaves by the R-action estab-
lishes the desired foliation of R x M into pseudoholomorphic punctured spheres
of uniformly bounded energies.

1.6.  Application to dynamical systems. The system of transversal sec-
tions established is a natural generalization of the concept of a global surface
of section. Recall that a global surface of section for a vector field X on
a 3-dimensional manifold M is an embedded compact surface > C M whose
boundary components are periodic orbits of X, whose interior intX is transver-
sal to X and has the property that every orbit of X other than the boundary
components intersects intY in forward and backward time. The flow ¢! of
X induces a diffeomorphism 1 : int>X — intX, the so called Poincaré section
map. It is defined by following a point p € int¥ along its solution ¢(p) until
the first time it hits intY again. This way the study of the solutions of X is
reduced to the study of the section map ¥ and its iterates.

THEOREM 1.9. Let F be a stable finite energy foliation for (S3,\,J)
established in Theorem 1.6. Assume A = fAy with f € Oy as specified in
Proposition 1.1.  If F has precisely one fixed point of the R-action, then the
Reeb vector field Xy, possesses a global surface of section of disc type. If F has
at least two fized points, then X possesses a hyperbolic periodic orbit and an
orbit homoclinic to this periodic orbit.

The dynamical consequences of the first alternative are the following. The
singular foliation on S obtained by F in this case is an open book decom-
position into pages of disc type all having the distinguished periodic orbit P
(of the fixed point of the R-action) as asymptotic limit. The index of this
periodic solution is p(P) = 3. Therefore, by the arguments in [35], every page
is a global surface of section. Moreover, the section map v is conjugated to an
area-preserving diffeomorphism 1 of the open unit disc. Since the area of the
disc is finite we conclude by means of Brouwer’s translation theorem that 1&
possesses a fixed point p. It is the initial condition to a periodic solution of the
Reeb vector field X which is different from P. If 1[1 has another periodic point
different from the fixed point p already established, then by the remarkable
theorem of John Franks in [20], the map 1[1 has infinitely many periodic points,
so that X has infinitely many periodic solutions. Summarizing, if there is a
global surface of section, the Reeb vector field possesses either 2 or co many
periodic orbits.



FINITE ENERGY FOLIATIONS 139

Assume now that F has more than one fixed point of the R-action. In this
case the Reeb vector field X possesses necessarily a hyperbolic periodic orbit
of index u(P) = 2 and an orbit homoclinic to this periodic orbit. The stable
and unstable invariant manifolds of the hyperbolic orbit intersect transversally
giving rise to a Bernoulli-system and hence, in particular, to infinitely many
periodic solutions. Therefore, we conclude from Theorem 1.9 the following:

COROLLARY 1.10.  For every contact form A\ = fXg on S® satisfying
f € O the associated Reeb vector field Xy possesses either two or infinitely
many periodic solutions.

An interesting class of contact forms is the so-called class of dynamically
convex contact forms.

Definition 1.11. The contact form A = fAg with f € ©1 is called dynam-
ically convex if p(P) > 3 for all periodic solutions P of the associated Reeb
vector field Xy.

It turns out that the finite energy foliation for (S3, fAg,.J) in case of a
dynamically convex contact form has precisely one fixed point of the R-action,
and we conclude from Theorem 1.9 the following corollary.

COROLLARY 1.12.  The Reeb vector field X associated with a nondegen-
erate and dynamically convex contact form A = fAy possesses a global surface
of section.

It is shown in [35] that the statement holds true without the nondegener-
acy condition on the periodic orbits replacing in the definition of dynamically
convex the requirement p(P) > 3 by p(P) > 3 for the generalized index p
introduced in [35].

The constructions and results are applicable to Hamiltonian systems on
(R*, wp) restricted to sphere-like energy surfaces. Here wy denotes the standard
symplectic form wy = dAg with the Liouville form Ag = % Z?Zl(qjdpj —p;dg;).
We shall use the complex notation z = (21, z2) = (g1 +1ip1, g2 +ip2) € C? = R,
Consider a regular energy surface E = {z € C? | H(z) = constant} for the
Hamiltonian vector field Xy defined by ix,wy = —dH. If E is star-like, i.e., if

E:{ZW\ZGS?’}

for some f € C°°(S3,RY), then the restriction of the Hamiltonian flow on E is
equivalent to the Reeb flow on S associated with the contact form A = f)g. If
E bounds a strictly convex domain in C2, then A = f )¢ is a dynamically convex
contact form, provided that periodic orbits on E are nondegenerate; see [35].
We conclude from Corollary 1.12 that a Hamiltonian flow on a strictly convex
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energy surface in R* possesses a global surface of section in the nondegenerate
case. Again, the nondegeneracy requirement on the periodic solutions can be
dropped, see [35].

Theorem 1.9 is also applicable to the geodesic problem of a Riemannian
metric g on S2. The geodesic flow restricted to the unit sphere bundle 77 5% =
RP3 is a Reeb flow. The unit sphere bundle has the double covering S? and it
can be shown that the double covered geodesic flow is equivalent to the Reeb
flow on S3 associated with a tight contact form A = f)g. The flow is invariant
under the symmetry z — —z on S3.

By the classical result due to Lyusternik and Schnirelmann there are at
least three geometrically distinct closed geodesics on S? so that the associated
Reeb flow on S3 possesses at least three distinct periodic orbits. We therefore
conclude from Corollary 1.10 that there are co many closed geodesics for a
generic metric g on S2. The result is, of course, not new and even holds true
for every Riemannian metric g as proved by V. Bangert and J. Franks [2], [20].
The new aspect in the generic case lies in the proof which shows that either
there is a disc-like surface of section (for the doubly covered geodesic flow) or
there exists a hyperbolic periodic orbit having orientable stable and unstable
manifolds intersecting transversally in a homoclinic orbit.

Conjecture 1.13. A tight Reeb flow on S has either precisely two or
infinitely many geometrically distinct periodic orbits.

As already mentioned, the conjecture is true for dynamically convex con-
tact forms, f\o for f constituting an open subset of C°°($3,(0,00)), and also
for every generic f € Oy, in view of Corollary 1.10.

2. The main construction

We shall identify the contact manifold (S2, fA\g) with (M, Aojm) where
M C C? is a star-like hypersurface defined by means of the function f. The
hypersurface M is of contact-type in C? equipped with the standard symplectic
structure wy and an open neighborhood of the domain bounded by M in C?
will be symplectically embedded in CP? away from its sphere at infinity Ss.
Adding the neck [—N, N] x M to the embedded hypersurface we shall obtain
a compact manifold (Ay,wy), symplectomorphic to (CP?,w), which has a
special compatible almost complex structure Jy which in particular agrees
on the neck with the R-invariant structure J. We then show that there is a
unique J, n-holomorphic sphere in Ay containing the two given points (0, m) €
[N, N]x M and 0 € Soo. The sphere is embedded and generic. The desired
finite energy foliation on R x M will be the result of a limit procedure as
N — oo carried out in Chapters 3-6.
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For later reference we shall first collect in Section 2.1 some results on finite
energy spheres in R x M in the generic situation. The manifolds (Ay,wyn),
N > 1, will be constructed in Sections 2.2 and 2.3. For the convenience of the
reader, Gromov’s theory of pseudoholomorphic curves in CP?, homologous to
CP!, will be outlined in Section 2.4.

2.1. The problem (M). In the following M is a closed 3-manifold equipped
with the contact form A which is assumed to be nondegenerate in the sense of
Proposition 1.1. The aim of this section is to collect some information about
finite energy spheres in R x M. In order to formulate the generic properties of
such maps we first recall Floer’s C.-space.

We choose a compatible complex multiplication J? : € — ¢ of the contact
planes and denote by JO the associated R-invariant almost complex structure
on R x M. The Fréchet space C*> consists of all smooth maps m — Y (m),
where m € M, and

Y(m) € Homp(&m)
satisfying
(2.1) Y (m) - J°(m) + J%(m) - Y(m) = 0.
The map Y (m) has the following property:
(2.2) dA(Y (m)h, k) +dA(h, Y (m)k) = 0

for h, k € &y, Indeed, if h # 0 we set k = yh+ 6J°(m)h and obtain from (2.1)
(since dA(-, J%(m)-) is an inner product on &,,)

dA(Y(m)h,k) = ydA(Y (m)h, ) + 6dA(Y (m)h, J°(m)h)
= —d\(h, Y (m)h) + 6dA(h, JO(m)Y (m)h)
h) = 8dx(h, Y (m).J°(m)h)

= —d\(h,Y(m)k).

)
= —dx(h, Y (m)

If € = (ex) is a sequence of positive numbers converging to 0 we denote by C.
the subspace of C* consisting of Y satisfying (2.1) and such that

[e 9]

(2.3) 1Y [le = erllYlor < oo.
k=0

If (er) converges sufficiently fast to 0, the subset C. is dense in C
see A. Floer [16]. For § > 0 we denote by Us the set of R-invariant almost
complex structures J : T(R x M) — T(R x M) of the form

(2.4) Ta,m)(v,k) = (=A(m)(k), J(m)7k + X (m)),
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where

J(m) = J(m) exp| " (m)Y (m)].

with Y € C. satisfying ||Y||. < 6. The map Y — J € U constitutes the global
chart for Us defining a separable Banach manifold structure.

We consider finite energy spheres in R x M for generic J, e, J € g,
where the set = C Uy is as defined in Theorem 2.1 below,

u:S?\TI' - R x M,
(2.5) Tu - i=J - T,
0 < E(u) < 0.

Later on we shall refer to this nonlinear problem as problem (M). From Fred-
holm theory in [36] we recall that the finite energy spheres in the neighborhood
of an embedded finite energy sphere @ are described by a nonlinear Fredholm
equation having the Fredholm index Ind(u) = p(u) — 2 + I'. The index is
computed for unparametrized spheres. This means that the positions of the
punctures I' are allowed to vary and the group of Mdbius transformations is
divided out. Due to the R-action, the kernel of the linearized Fredholm op-
erator is at least one-dimensional unless the image of u is a cylinder over a
periodic orbit, in which case 7 - Tu = 0. If J is generic we have the following
result, proved for embedded finite energy surfaces in [36], and for somewhere
injective surfaces in [7].

~ THEOREM 2.1.  There exists a Baire subset = C Us such that for every
J € = the following holds. If i : S?\T' — R x M is a somewhere injective
finite energy sphere for J, then

Ind(u) = p(u) —2+4T' > 1
provided w - Tu does not vanish identically.

The number 1 on the right-hand side of the estimate stems from the R-
invariance of J. Theorem 2.1 has the following consequence already mentioned
in the introduction.

COROLLARY 2.2. Assume J € E. Let i = (a,u) : S2\T — R x M be
a somewhere injective finite energy sphere with precisely one positive puncture
and an arbitrary number of negative punctures. If all the occurring Conley-
Zehnder indices for the asymptotic limits of the punctures (computed with re-
spect to a suitable symplectic trivialization of u*§) are contained in {1,2,3}
and if m - Tu # 0, then
il < 1.

Here 'y is the set of those punctures whose asymptotic limits have Conley-
Zehnder indices equal to 2.
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Proof. Denote by I the set of negative punctures whose asymptotic lim-
its have index j € {1,2,3}. By assumption, fI' = 1 + #I'; + #I'5 + fI';. From
Theorem 2.1 we deduce, using the definition of u(u),

1 < ph—p” —2+40

= pt—f0] — 26T — 3405 — 2+ 40
(W — 1] — 0y — 2475

Consequently,
ATy + 2605 <t -2,

which leads to the following conclusions:
1. pte{2,3}.
2. If u™ = 2, then all the negative punctures have index 1.

3. If u™ = 3, then there is at most one negative puncture with index 2 and
all other negative punctures have index 1. O

COROLLARY 2.3. Assume J and @ : S2\T — R x M meet the hypotheses
of Corollary 2.2. Then the Fredholm index of u satisfies

Ind(u) € {1, 2}.

More precisely, the following situations are possible, where pu* is the Conley-
Zehnder index of the positive puncture:

e 1t =2 and every negative puncture has Conley-Zehnder index equal to 1.
In this case Ind(u) = 1.

e ™ =3 and there is one negative puncture with index equal to 2 while all
other negative punctures have index equal to 1. In this case Ind(u) = 1.

e 1T =3 and all negative punctures have indices equal to 1. In this case
Ind(w) = 2.
Proof. The statement is an immediate consequence of the conclusions 1, 2,

3 above and the formula Ind(u) = pu™ — = —2+4T for the Fredholm index. O

The nature of the punctures strongly influences the geometry of the finite
energy sphere. In this context it is useful to recall Proposition 4.1 in [30].

PROPOSITION 2.4. If @ = (a,u) : S\ T — R x M is a finite energy
sphere, the section ™ - Tu of the bundle

Homc (T(S2 \T), a*g) — S§2\T
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either vanishes identically or has only a finite number of zeros. Every zero has
a positive index.

Denote by wind,(u) the number of zeros (counting multiplicities) of
m o Tu. This integer is related to the asymptotic data of the punctures and
we recall Theorem 5.8 in [30].

THEOREM 2.5. If @ = (a,u) : S>\T — R x M is a finite energy sphere
satisfying m o Tu # 0, then

2wind, (u) < p(w) — 2x(52) + 28l even + 1 0dd-

Here T'eyen is the subset of I' consisting of punctures with even Conley-Zehnder
index and U'yqq the subset of punctures with odd Conley-Zehnder index, com-
puted with respect to u*§. Moreover, p(w) is the difference between the sum
of the indices associated with positive punctures and the sum of the indices
belonging to the negative punctures.

Theorem 2.5 is very useful whenever more information about the nature
of punctures is available as the following corollary shows.

COROLLARY 2.6. Assume U = (a,u) : S?\T' — R x M is a finite energy
sphere satisfying m - Tu # 0. If Ind(2) < 2 and fleven < 1, then
m o Tu(z) # 0
for every point z € S2\T.
Proof. We compute, using Theorem 2.5,
2 wind,(u) < p(a) — 4+ 28T even + 8 0dd
= (u(@) =2+40) =2 ="+ 2T even + #lodd
= Ind(u) =2+ tleven <2—2+1=1.
Hence wind, (%) = 0 implying the desired result. O

We make use of the corollary in the proof of the following result.

THEOREM 2.7. Let J € E be generic and assume @ := (a,u) : S2\ T —
Rx M is an embedded finite energy sphere with simply covered asymptotic limits
and © - Tu not vanishing identically. If Ind(u) € {1,2} and tleven < 1, then
the map u : S?\T' — M is an embedding transversal to the Reeb vector field X .
Moreover, the image of u does not intersect the periodic orbits associated with
the punctures I'.

Proof. By the results in [36], the given sphere @ lies in an Ind(u)-dimensional
family of embedded finite energy spheres. A member of this family can be de-
scribed by means of a graph of a section of the normal bundle of @ in R x M
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satisfying a Monge-Ampere-type equation. Clearly, a zero of the section is an
intersection point with u. The linearization at the zero-section is a Cauchy-
Riemann type operator L. Our first aim is to show that the family consists of
mutually disjoint spheres. Since the asymptotic limits are, by assumption, sim-
ply covered, it is sufficient to prove that the nontrivial elements in the kernel of
L do not admit any zero. Indeed, due to the special asymptotic behavior near
a puncture, a neighboring sphere can be homotoped to an element in the kernel
without introducing zeros near the punctures. Since I' # (), the normal bundle
of @ is trivial and hence can be identified with R%. So, let h : S2\ T — R?
be a nontrivial element in the kernel of L. The crucial observation now is,
that as a solution of the perturbed Cauchy-Riemann operator L, the map h
admits only isolated zeros having, in addition, positive indices. Denoting the
sum of the local indices by ¢ it remains to show that ¢ = 0. In order to do so,
we make use of the asymptotic behavior of h near every puncture in I' which
is similar to the z-part studied in [32], [36]. This follows since the asymp-
totic operators near the punctures are, in suitable coordinates, the same as
those describing the sphere u near the punctures. Let D be a holomorphic
disc centered at a positive puncture corresponding to z = 0 and introduce
holomorphic polar coordinates o : R* x S1 — D\ {0} by z = e=27(+) Then
v=~h - o:RT x S' — R? has the following asymptotic representation:

v(s,t) = efsso AT (r)dr [eJr(t) + (s, t)},

where 9%r(s,t) — 0 uniformly in ¢t € S! for all derivatives as s — oo and
where A" (s) converges to a negative eigenvalue A* of the asymptotic self-
adjoint operator

(2.6) —JO% _S(f) on L2(SL,R?)

associated with the periodic solution of the puncture. The periodic function
et(t+1) = e™(t) is an eigenvector belonging to A*. Since it does not vanish
anywhere it possesses a winding number wind(et) € Z. For the behavior of h
near a negative puncture there is an analogous formula, where s — —oo and
A7 (s) — A~ for a positive eigenvalue A\~ of (2.6) with associated eigenvector
e~ and winding number wind(e™). Clearly,

(2.7) ¢=>" wind(e*) = > wind(e").
r+ r-

The winding numbers wind(e) are related to the normal Conley-Zehnder in-
dices pun computed with respect to the above trivialization of the normal bun-
dle. Recall from Theorem 3.10 in [30] the formula

(2.8) UN = 200+ p.
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Here p € {0,1} and « is the maximal winding number of eigenvectors belong-
ing to the negative eigenvalues of the asymptotic operator (2.6). Since the
winding numbers are monotone increasing with the eigenvalues we conclude
for a positive puncture 2 wind(et) < puy if py is even and < py — 1 if py is
odd, while for a negative puncture 2 wind(e™) > uy for uy even and > puy +1
for pun odd. Therefore, in view of (2.7),

(2.9) 20 < Z(MN—1)+ZMN—Z<,UN+1)—Z#N
L Tdven Tlaa Teven

= (ME - Nz_v) - (ﬁFg—dd + ﬁr;dd)

= pn(U) — fload-

The relationship between the normal Conley-Zehnder index py (@) and the
usual index p(@) computed with respect to a trivialization of u*¢ is, by Theo-
rem 1.8 in [36], given by the formula

(@) = i (i) + 4 — 24T
In view of Theorem 2.1,
Ind(u) = p(u) — 2 + 4.
We can estimate, using (2.9),
Ind(u) = pnv+2—40
> 2042 — I +tl6aq
= 2042 —tleven-

By our assumptions, fleven < 1 and Ind(u) < 2, so that 2 > Ind(u) > 2¢ + 1.
Consequently, £ < 0 and hence £ = 0, as we set out to prove.

Summing up, we conclude that the spheres near @ in the Ind(%)-dimensional
family are mutually disjoint. As shown in the Fredholm theory [36], the
R-action accounts for one dimension in this family. The R-action is defined
by u.(z) := (a(z) + ¢,u(z)). Hence, for 0 < |c| small the intersection number
int(w, u.) is well defined and 0. If ¢ # 0 the intersection set of @ and . is com-
pact in view of the asymptotic behavior near the punctures, and by homotopy
invariance we conclude

int(w,u.) =0, ¢#0.

In view of the positivity of intersections of pseudoholomorphic curves we deduce
that the images of @ and u,. for ¢ # 0 are disjoint. This implies that u is
injective. Since, by Corollary 2.6, the section 7 « T'u does not vanish anywhere,
u: S?\ T — M is an injective immersion transversal to X and so, by the
asymptotic behavior near the punctures, the map u must be an embedding.
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Moreover, an intersection point of w with an asymptotic limit would have to
be transversal, and hence would imply a self intersection of u contradicting the
injectivity of u. Therefore, the image of u does not intersect the asymptotic
limits of the punctures I' and the proof of Theorem 2.7 is complete. O

2.2. Gluing almost complex half cylinders over contact boundaries. Let
(A,w) be a compact 4-dimensional symplectic manifold with boundary 9A # 0,
in the following denoted by

B :=0A.

We assume the boundary to be of contact type. This requires the existence of
a one-form A on B satisfying

(2.10) d\ =wp, AAd\A= volume form on B.

In particular, X is a contact form on the 3-manifold B and determines on B
the contact structure £ by £ = ker A and the Reeb vector field X by A\(X) =1
and d\(X,-) = 0, so that the tangent space

TPB = RX(p) @gzn p € B,

splits into a line bundle with section X and the plane bundle £ — B having
the symplectic form dA. We denote by 7 : T'B — & the projection along the
Reeb vector field. The one-form A on B can be extended to a one-form on an
open neighborhood U of B in such a way that still d\ = w;;, where we denote
the extension by A\ again; see, for example, [40]. On U we define the vector
field n by

ipw = A

Then iyA = 0 and, in view of Cartan’s formula L, = d - i, + 1, - d for the Lie
derivative of the vector field, we have L,w = w and L,\A = A. Consequently,
the flow ¢; of 1 satisfies on its domain of definition in U,

Yiw = elw, Oix=e'\
The vector field 7 is transversal to B,
T,A=Rn®T,B, peBCA,

since otherwise n € T, B, leading to the contradiction 0 = dA(n, X) = A(X)
= 1. Conversely, of course, a vector field n on U transversal to B and satisfying
Lyw = w, defines the one-form A\ = 4,w meeting the properties (2.10). The
boundary B splits into two parts

B=BTUB",

where the vector field i points outward on B*, and inward on B~. (One of the
parts might, of course, be empty.) We shall use the flow ¢; in order to define
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useful collars of BE. If ¢ > 0 is sufficiently small we define the embeddings ®*
by

(2.11) O i [—£,0] x BT = A, (t,b%) — ¢ (bT)
if -e<t<0andb"tc BT
(2.12) D™ :[0,6,] x BT — A, (t,07) = (b7)

if 0 <t <eandb” € B~. This way a neighborhood of B C A is foliated by
conformally symplectomorphic leaves

Bl =, (BT), —e<7<0,

with Bf = B*, and analogously for By . If ¢ € C°°(R, R), the two-form d(¢)\)
on R x B evaluated at the tangent vectors (a,a) and (8,b) € T(; ) (R x B)
results in

(2.13) d(eN)|(e,0), (8,0)] = ¢'(s)
= ¥(s)

@A) = BA(@)] + ¢(s)dA(a, b)
{abl — ﬂal} + p(s)dA(ag, ba).

We have used the representations a = a1 X(p) + a2 and b = b1 X (p) + b
according to the splitting 7),B = RX (p) ®¢&,. We see that d(p)) is a symplectic
form if ¢ > 0 and ¢’ > 0 on R. In particular, d(e®)) is symplectic on R x B,
and a computation shows that

(2.14) (®F)*w = d(e’\)

on [—¢,0] x BT, resp. on [0,¢] x B™.
Recall that an almost complex structure J on A is called compatible with
w if
g5(h, k) == w(h, Jk)
is a Riemannian metric on A. The set of compatible almost complex structures

is nonempty and contractible. This is, of course, well known and we refer
to [40].

Definition 2.8. The almost complex structure J on A is called admissible
if it is compatible with w and if, in addition,

(2.15) T® - J = J-Td" on[—e,0] x Bt

T®~ «J = J-T®  onl0,e] x B,
where J is the standard R-invariant almost complex structure on R x B,
(2.16) J(s,p)[h k] = [~A()k, I (p)7k + h X ()],

[h,k] € T(sp)(R x B). Here J : £ — § is an almost compler structure on the
contact planes.
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- ItpeC™ (R, R) satisfies ¢ > 0 and ¢’ > 0, the almost complex structure
J is compatible with the symplectic form d(pA) on R x B. Indeed, by (2.13),

d(eN) (@, a), T(8,0)] = ¢'(s)[aB + arby | + p(s)dA(az, Jbs)

and dA(ag, Jbe) is a symmetric and positive definite bilinear form on &.

It will be important for our considerations later on that an admissible J
be compatible not only with w but with a variety of other symplectic forms.
To see this, introduce the collections ¥F of smooth functions ¢ satisfying

QO+ : [_5700) - (0’ 1)7
p o (_0075] - (1700)7
9 (s) >0,
ot (s)=¢* if s € [—e,—¢/2],
v (s)=¢° if s €le/2,¢].

Denote by X the collection of pairs ¢ = (¢, ) with ¢* € ©*. With

¢ € ¥ we associate the following 2-form w, on A:

we=w on A\ (®F([~£/2,0] x B¥)Ud~((0,¢/2] x B7)),
(@7)wp =d(pA)  on @ ([-€/2,0] x BY),
(D7) 'wy =d(p™ N) on &~ ([0, £/2] x B7).

In view of (2.14) the 2-form w,, is a smooth symplectic form on A. Assume
now that J is admissible; then

Wy (T<I)+u, jT<I)+v> = Wy, (T‘I>+u, T<I>+jv> = d<g0+)\) (u, jv),
and similarly for . Since J is compatible with d(¢*)) we have proved:

LEMMA 2.9.  An admissible almost complex structure J on A is compatible
with every symplectic structure w,, ¢ € X.

We next define the noncompact almost complex manifold
(4,7)
having no boundary. It will be constructed from A, equipped with an ad-
missible structure .J, by gluing cylinders to the collars of the boundaries B*.

Recalling the symplectic embeddings from (2.11) and (2.12) we introduce the
compact manifold

A=A\ (@7 ([~2/2,0] x B U ([0,2/2] x B7))

and equip the manifolds [—€,00) x BT and (—00, ] x B~ with the R-invariant
structure J in (2.16). Identifying [—e, —¢/2] x Bt with its image in A under
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&t and [¢/2,¢] x B~ with its image under ®~ we obtain the manifold A as
the disjoint union
AU ([—&,00) x BY U (—00,¢] x B7)
with the pointwise identifications:
o+ ([-e,—¢/2) x BY) = [-¢,—¢/2] x BT,
@‘([5/2,5] X B‘) = [e/2,e] x B™.

In view of the compatibility conditions (2.15) we can equip A with an almost
complex structure J by choosing on A an admissible structure and on the two

cylindrical ends the corresponding standard structure J. We denote the almost
complex manifold obtained this way by (A, J).

(—o0,€) x B~ (—e,00) x Bt
n
Lt
B- A B*

~ o~

Figure 4. Construction of the almost complex manifold (A4, J).

We define for ¢ € X the closed 2-form w, on A by the requirements
(2.17) W= W Wolend® = d(eFN)

where we abbreviated end®™ = [~&,00) x BT and end” = (—o00,¢] x B~. In
view of the compatibility condition (2.14), this defines a smooth symplectic
form on A which, moreover, is compatible with J. This proves the first part
of the following lemma.

~

LEMMA 2.10.  If ¢ € X, then the map w, - (Id xJ) defines a Riemannian

metric on A. If, in addition,

lim ¢T(s)=1 and lim ¢ (s)=1,

S§—00 §——00

then (A,w,) is symplectomorphic to (int(A),w) by means of a symplectic dif-
feomorphism inducing the identity on A.
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Proof. In order to prove the second part of the lemma we observe that, by
assumption, ¢ (s) = ¢ () where the smooth function f* : [—¢, 00) — [—¢,0)
satisfies £+ >0 and B7(s) = s if —e < s < —¢/2 and B (s) — 0 as s — <.
Similarly ¢~ : (—00,£] — R has the form ¢~ (s) = ¢ (®) with 43~ > 0 and
B (s) =sife/2 <s<ecand f(s) > 0ass — —oco. Let ¢ = (p*,07)

and define the diffeomorphism ¥ : (4,w,) — ( int A,w) by setting \IJ\E = Id.

Moreover, using the flow ¢; of n we define ¥ : [—£,00) x Bt — intA at the
positive end by W(s,m) = ¢g+(5)(m). Then

U*w = d(pT ).

Similarly, taking W(s,m) = ¢g-(5(m) at the negative end, the statement
follows. O

~ o~

A general finite energy sphere in (A, .J) is a smooth map u : S\ T — A
solving the partial differential equation

and satisfying the energy requirement
0< E(u) < oo,

where

E(u) = sup/ urwe,.
( ) pex JS2\I' v

In order to describe the behavior of u near a puncture zg € I' we ob-
serve that a suitable neighborhood U C S of zy looks biholomorphically like
the closed unit disc D C C, ie., U = ¢(D) and zp = ¢(0). Introduce the
holomorphic parametrization 1 : Rt x S — D\ {0} by (s, t) = e 27+
and parametrize U \ {29} by the holomorphic parametrization o = ¢ - ¥ :
Rt x 81 — U\ {2}. The composition v = u - o : RT x §! — A solves the
Cauchy-Riemann equation on Rt x S! and has finite energy,

v+ J(W)dw =0,  E(v) < oco.

PROPOSITION 2.11. Consider a general finite energy sphere u : S2\T' — A
in the neighborhood U \ {29} of the punctures zy € T'. Then for v =u - o :

Rt x ST — A one of the following three alternatives holds:
1. There exists a compact K C A such that v(RT x S1) C K.

2. The image of v is unbounded and there exists R > 0 such that

v([R,00) x S*) c Rt x BY.
(172,00) x 51
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3. The image of v is unbounded and there exists R > 0 such that

v([R, 00) X Sl) CR™ xB™.

Moreover, in the first case the solution u has a smooth extension over zy. In
the second case there exist a sequence R — 0o and a positive number T > 0
such that v(s,t) = (a(s,t),vp+(s,t)) € RT x Bt satisfies

a(Rg,t) — oo, vp+(Rk,t) — x(Tt),

in C*(SY), where x is a T-periodic solution of the Reeb vector field & = X (z)
on BT. In the third case there exist a sequence Ry, — oo and a negative number
T < 0 such that

a(let) — =00, Up- (Rkvt) - (L’(Tt),
for a |T|-periodic solution of X on B™.

Definition 2.12.  The puncture zg € I is called remowvable in the first case,
positive in the second and negative in the third case.

Proof. In order to estimate the derivatives of the finite energy cylinder
v:[0,00) x §' — A it is convenient to embed A in some R x R™ so that the
cylindrical ends have the form (—oo, 0] x B~ and [0, 00) x BT. Using the metric
induced from the Euclidean inner product we first note that the gradient and all
higher order derivatives are uniformly bounded. This is proved by means of a
standard bubbling off argument precisely as in [24]. If the image of v is bounded
hence contained in the compact domain €2, we can take a symplectic form w,,
restricted to © and apply Gromov’s removable singularity theorem from [23]
in order to conclude that v can be extended smoothly over the puncture zg.
Assume next the image of v to be unbounded and assume that there exists
a sequence s — oo such that v(sg,0) = (ax,m;) € RT x BT and a; — oc.
We claim that v([R,o0) x S1) C RT x B for some R > 0. Indeed, arguing
indirectly we find a sequence s satisfying v(s),0) € A and, going over to
subsequences, we can assume

/ /
Sk < Sk < Spg1 < Sk41-

Take a smooth function 7 : R — R satisfying 7(s) = 0 if s < 0 and 7"(s) > 0
for s > 0. Define the smooth function H : [0,00) x S — R by

H(s,t) = 7(a(s,t)) ifv(s,t) = (a(s,t),w(s,t)) € RT x BT
H(s,t)=0 ifv(s,t) € R" x BT,

A straightforward calculation shows that

AH(s,t) >0
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on RT x S'. Using the uniform gradient bounds for v we have, however,
max {sup H (s, t),sup H(s§€+1,t)} < inf H(sg,t).
g1 g1 St

This contradicts the maximum principle and proves the claim. Turning to
the remaining alternative there is a sequence sy — oo such that v(s,0) =
(ag,mg) € R™ x B~ and a;, — —o0. Again the maximum principle shows that
v([R,00) x S1) C R~ x B~ for some R > 0. Since in the unbounded cases, the
images v([R, 00) x S!) are completely contained in almost complex cylinders
equipped with the R-invariant standard structure J , the remaining statements
of the proposition are proved in [24]. O

Remark 2.13 (Uniqueness of the foliation). If A and A\; are two contact
forms on B satisfying d\ = dA\; = w)p, then d(A — A1) = 0, so that A — A; de-
fines a cohomology class in H'(B,R). We call A and \; equivalent if this class
vanishes and denote by [)A] the equivalence class [\] = {A\; = contact form on
B | d\ =wp and \y = A+ dh for h: B — R}. We shall show that the equiv-
alence class [A] determines the foliation near B up to a Hamiltonian diffeomor-
phism of A preserving the leaves.

PROPOSITION 2.14.  Assume that ®* and @f are two conformally sym-
plectic foliations near B associated with the equivalent contact forms A and
A1. Then there exist an open neighborhood U C A of B and a Hamiltonian
diffeomorphism ¥ : A — A which preserves the leaves of the foliation in U:

U : & (1 x BY) — &7 (1 x BY),
for 7 € [—¢,0] resp. T € [0,¢].

Proof. We first prove the statement locally near one of the connected
components of the boundary which we assume to be a negative one (for \)
and which we call B. The equivalent contact form A = A + dh satisfies
dA1 = dX\ = wp. If X is the Reeb vector field of A then RX is the kernel of w|p
and hence A;(X) > 0 on B. Therefore, As :== A+ sdh, 0 < s < 1, is an arc of
contact forms connecting A\g = A with A\;. The associated Reeb vector fields are
denoted by X. Introduce the s-dependent vector field Yy := —h X, and denote
by 15 its flow, satisfying %@st = Ys(vs) and 1pp = id. Then d%(d};“)\s) =0 and
hence i As = Ao for 0 < s < 1. Defining the family of one-forms A on [0,e]x B
by

Xs(T,m)[ev, a] = €7 Ag(m)]d],
0 < s < 1, we conclude for the induced diffeomorphisms v, [0,e] x B —
[0,¢] x B, defined by (T, m) = (7, 1s(m)), that

VAs =Xg, 0<s<1.
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Next we extend the family A; of one-forms on B to the family Ay = A + sdh
of one-forms on a neighborhood U of B, still satisfying d\s = w on U. Define
the family of vector fields ns on U transversal to B by

UJ(T]S,') = >\S7 0 S S S 17

and denote their flows by ¢] so that %gpf = ns(pf) and ¢ = id. As before,
the foliations near B are introduced by means of the maps

@, [0,e] x BT, (r.m) — ¢i(m),

0 < s < 1. Using (p5)*As = e'\s one verifies that ¥\ = . Consequently,
the composition U, := &, - ¢ o <I>a1 : U — U satisfies

(2.18) Uids=XNg, 0<s<1.

Since dA\s = d\ = w on U, the maps are symplectic, Uiw = w. By construction,
Uy @g(1 x B) — &4(7 x B)

for 7 € [0,¢] and 0 < s < 1. Note that ¥y = id so that ¥y is the flow of the

s-dependent vector field Z; on U,

Zs(x) = (i\ps) - U N x), 2eU.

ds
Differentiating (2.18) we obtain
d * * 7
0= g(mpsxs) = UI(Lz)s +dh)
= U(igw+d(iz ) + db).
Hence iz,w = —dH;, so that Z; is a time-dependent Hamiltonian vector

field. The time-one map ¥, is the desired local Hamiltonian diffeomorphism
on U. Carrying out the above construction near every boundary component
and extending these local Hamiltonians to a function on A we obtain a time-
dependent Hamiltonian vector field whose time-one map ¥ is the desired dif-
feomorphism. O

2.3. Embeddings into CP?, the problems (V) and (W). We consider a
hypersurface M C R* which is star-like with respect to the origin. In complex
notation C? = R* it is represented by

M:{zm|zes3},

for a positive smooth function f : S — R, with the sphere $% = {z € C? |
|z| = 1}. Recall the standard symplectic form wy on C? (viewed as a real vector
space):
2
wo = qu]' A dp;.
j=1
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Then wg = dX\g, with the Liouville form

2
Ao = % >~ (g5dp; — pyda; ).
j=1

The star-like hypersurface M bounds the compact domain W C C2. The
boundary 0W = M of the symplectic manifold (W,wy) is of contact type, the
contact form on OW is Aggy. Viewed from the inside, the boundary is convex.
Indeed, the Liouville vector field ny on C?, defined by i,,wo = Ao, is equal to
no(2) = z/2 and satisfies L, wo = wy. Moreover, 1 is transversal to W where
it points to the outside of W.

The Hamiltonian flow on M is equivalent to the Reeb flow on S defined
by the tight contact form A = fAggs. Indeed, the diffeomorphism

0:8° =M
defined by ¢(z) = z+/f(z) satisfies
©"(Aojmr) = fAoiss

and hence induces an isomorphism between ker w5, and ker d[ f Aol s3]. There-
fore, the Hamiltonian flow on M is equivalent (up to reparametrization of the
orbits) to the flow of the Reeb vector field X determined by the contact form
JAojs3. Multiplying f by a positive constant only changes the parametrization
of the orbits and hence does not change the structure of the flow and we may
assume that 0 < f < 1/4. Hence W C D /5(0), the closed Euclidean ball of
radius 1/2 in C2.

In the following the complex projective space CP? will be equipped with
the standard symplectic structure w related to the Fubini-Study metric. There
is a symplectic diffeomorphism

W (B1(0),wo) — (CP?\ CPY,w),
where B1(0) C C? is the open unit ball and where CP! is the sphere at oo

so that CP? = C? U CP'. In homogeneous coordinates of CP? the map ¥ is
given by

\11(21,2’2> = {21,22, \/1 — ‘2’1’2 — ’22‘2}.

We shall denote the sphere at infinity by S.; in the homogeneous coordinates
above it corresponds to [z1, z2,0]. Identifying for convenience the symplecto-
morphic manifolds under consideration (by means of W) we have the following
inclusions

M =0W C W C D1(0) € Bi(0) C CP?.

Introduce now V C CP?,
(2.19) V =CP?\ int(W).
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The compact symplectic manifold (V,w) has a concave contact type boundary
0V = M. Moreover,

(2.20) VAW =M, VUW=CP?  S,c int(V).

In view of the symplectic embedding ¥ we have on an open neighborhood U
of M in CP?, a distinguished one-form X\ and a vector field 7 transversal to M
satisfying d\ = w and i,w = A\. We use the flow ¢; of the transversal vector
field 7 to define for ¢ sufficiently small the embedding

(2.21) d:[—e,e] x M - U C CP?
by setting ®(t,m) = pi(m), and denote its restrictions by

Ot [—,0)x M =W and @ :[0,e] x M — V.
In the notation of Section 2.2,

[PVIT =[0W] =0 and [OW]T =[0V] = M.

We observe that ;s is a contact form on M satisfying d(\y) = wa-
Since M is diffeomorphic to $* we conclude [r] = [X|5/], for every contact form
7 on M satistying dr = wjy;.

Recalling the construction in Section 2.2 we shall glue half-cylinders over
the boundaries of V and W and define the associated compatible almost com-
plex structures. Identifying (M, Agjps) with (53, fAojg3) we first fix an almost
complex structure J : & — £ on the contact bundle defined by A on M. We
choose J so that the associated R-invariant almost complex structure J on
R x M is generic, i.e., J € Z (Section 2.1).

We first glue a cylinder over the boundary M of W in order to obtain a
symplectic noncompact manifold (W,ww) without boundary. Set W := W\

o+ ((~2/2,0] x M), take the disjoint union
Wu ([—s, 00) X M)
and identify the points as follows:
o+ ([, —¢/2] x M) = [-¢,~¢/2] x M.
On W we choose an admissible, almost complex structure J whi~ch agrees on
the cylindrical end [—¢,00) x M with the R-invariant structure .J. Recall the
set X1 from Section 2.2. Then the closed two-form w, on W, defined by (2.17)

in Section 2.2 (with w replacing /T), is a symplectic form. If, in addition
lims 00 p(s) = 1, then

(2.22) (W,w,) and (W \ dW,w)
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are symplectomorphic by Lemma 2.10 in Section 2.2. Similarly, a half cylinder
is glued over the boundary M of V' in order to obtain the symplectic manifold
(V,wy). Here V:=V \ ®7([0,&/2) x M) and in the disjoint union

VU(—0c0,e] x M

the points are identified by means of ®~([e/2,¢] x M) = [¢/2,e] x M. The
symplectic forms w, on V for ¢ € ¥~ are defined as above. If lim,_._ ¢(s)
=1, then

(2.23) (V,w,) and (V\dV,w)
are symplectomorphic.

Later on we shall study in detail generalized finite energy spheres in w
and V referred to as problem (W) and problem (V). By definition, a generalized
finite energy sphere in W, (respectively V'), is a smooth map

w: S2\T =W (resp. V)

solving the equation

and satisfying the estimate

E(u) := sup / wwy, < 00
pext+ JS2\T

(resp. ¢ € X7).

D([—e,e] x M

M

{—¢/2} x M
L N

Soo
m
P {e} x M
N e
N I

Figure 5. Construction of the compact symplectic manifold (Ag,wy,).
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In order to change the almost complex structure in an open neighborhood
of M c CP? we add a neck to M in CP? and define the compact symplectic
manifold (Ag,w,) as follows. We take

VUW =CP?\ &((~¢/2,6/2) x M)

and identify in the disjoint union (V UW)U|[-R —¢, R+¢] x M the points as
follows:

(2.24) uwu=®(s,m) = (s—R,m) if (s,m) € [—e,—¢/2] x M,
u=>®(s,m) = (s+R,m) if (s,m)€[e/2,e] x M.

On Ag we take the almost complex structure J, r defined by Jr = J on
[-R—¢,R+¢] x M and Jr=J on VUW. These structures are compatible
in view of the identification (2.24).

If R > 0, the set ¥ consists of all smooth functions ¢ : [-R—¢, R+¢] —
(0, 00) satisfying

#'(s) 2 0
and
| esth if se[-R—¢,—R—¢/2]
SO(S)_{ et if se[R+¢/2,R+¢].

By Cr we shall abbreviate the set of all closed two-forms w, on Ag, with
p € YR, defined by

Wy =w on (CP2\<I>((—5/2,5/2)><M),
wy = d(pA) on [-R—¢,R+¢] x M.

If ¢ € X has a positive derivative, the two-form w,, is a symplectic form on
ApR compatible with Jr and the symplectic manifolds

(2.25) (Ag,wy) and (CP? w)

are symplectomorphic. Indeed, observe that ¢(s) = eP) with a function
B:[-R—¢,R+¢] — [—e,¢] satisfying 5/ > 0 and 3(s) = s+ R if s €
[-R—¢,—R—¢/2] and 3(s) = s — Rif s € [R+¢/2, R+ ¢]. Define the map
®:[~R—e,R+e|x M — CP? by ®(s,m) = pg(5)(m), where ¢, is the flow of
the transversal vector field . Then ®*w = d(pA). Hence setting ® id,
the map ® : Ap — CP? is the desired diffeomorphism.

The energy of a Jg-holomorphic sphere @ : $2 — Ap is defined by

S .
E(u) := wsellgR/SQU Wy

VoW —

and satisfies

E(@) = /S T,
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for every ¢ € X as is readily verified. Later on it will be convenient that the
energy can be computed for the special functions pp defined as follows. Pick
a smooth function

©o: [—€,6] = R

satisfying
e*  if s€[—e,—¢/2]
wo(s) =< 1 if se[—e/4,e/4]
e®  if selg/2,¢]
and

#o(s) > 0.
If R > 0, the function ¢pg is defined by
wo(s+ R) if se[-R—¢,—R]
er(s) =< 1 if se[-R,R|
vo(s — R) if se€[R,R+¢].

We associate with every R > 0 the closed two-form wgr on A which is
defined as above by:

(2.26) wp = w on VUW,
wr = d(@Rr\) on [—R—¢e,R+¢] x M.

The two-form wpg is compatible with Jr. The energy of a J, r-holomorphic
sphere @ : S2 — AR becomes

E@yi@amg

2.4. Pseudoholomorphic spheres in CP?. In this section we recall some
well known results about pseudoholomorphic spheres in CP?, referring to [23],
[41], [43], [44], [52], [53] for more details. We consider CP? equipped with its
standard symplectic form w related to the Fubini-Study metric. The almost
complex structures J on CP? considered are compatible with w and, moreover,
equal to i in a neighborhood of CP! ¢ CP?. We consider J-holomorphic
spheres v : S? — CP? which are homologous to CP' ¢ CP2. Their virtual
genus is defined by

mm:1+%k%0—dm}

where C' = u(S?), and C - C is the self-intersection number of the sphere. The

latter is equal to 1. Moreover, c(u) = ¢; gu* (TCP?, J)) [S?] is the first Chern
number which is equal to 3. As a special case of the adjunction formula for
pseudoholmomorphic curves in symplectic 4-manifolds we have

G(u) > genus(S?%) =0
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—R—¢ -R R R+e

Figure 6. The functions g and pg.

with equality if and only if w is an embedding; see [43]. In our case, g(u) = 0,
so that the pseudoholomorphic spheres homologous to CP! are all embedded.
Hence neighboring (unparametrized) pseudoholomorphic spheres $? — CP?
can be viewed as sections of the complex normal bundle of u(S5?) satisfying a
nonlinear first order elliptic system, whose linearization L, at the zero section is
a Cauchy-Riemann-type operator. Its Fredholm index is, by the Atiyah-Singer
index theorem, equal to

Ind(Ly) = 2+ 2¢en(uw),

with the Chern number ¢y (u) of the normal bundle. The total Chern number
c(u) is the sum of the normal Chern number and the Chern number of the
tangent bundle of u(S?). Since the latter is equal to 2 we have c(u) = 3 =
2+ ¢y (u) and hence ey (u) = 1. Consequently,

(2.27) Imd(Ly,) = 4.

The results in [27] imply that the Fredholm operator L,, is surjective so that for
every J we have genericity automatically. In the parametrized description the
family of pseudoholomorphic curves is 10-dimensional since the reparametriza-
tion group of S? is the (real) 6-dimensional Mobius group. We also note that u
defines a generator of Hy(CP?) = Z. The space of unparametrized pseudoholo-
morphic spheres homologous to CP! is compact. This follows from the fact
that bubbling off is not possible since there is no smaller class with positive
w-area other than CP!. Moreover, any two pseudoholomorphic spheres homol-
ogous to CP?! are either identical or have precisely one transversal intersection
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point. Indeed, they are homotopic and therefore their intersection number
is equal to the self-intersection number which is equal to 1. Recall that the
intersection number is always positive.

In view of (2.27) and the surjectivity the Cauchy-Riemann type operator,
L, has a 4-dimensional kernel K. Consider a nonvanishing section h € K.
By the similarity principle the zeros of h are isolated and of positive index.
The sum of the indices has to be the Chern number ¢y (u) = 1 of the normal
bundle of u(S?). Consequently, a nontrivial section of the normal bundle in
K is transversal to the zero section and has one positive intersection with
the zero section of the normal bundle. Let hj, 1 < j < 4 be a basis of the
kernel K. Take two different points zy and z; of S2, and define the map
d:R* — Nu(z1) © Ny(zy) by

@()\1, ey /\4) = (Z )\jhj(Z()), Z )\jhj(zl)> .

The map & is injective since otherwise we would have a nontrivial section in
K with two zeros, which in view of the positivity of the index contradicts the
fact that the intersection index is equal to 1.

Given two different points p and ¢ € CP? there exists at most one curve
passing through these points. Indeed, if there were two such curves, their
intersection number would be greater than or equal to 2. Assume now a given
curve passes through the points p and ¢, p # ¢q. Then we obtain curves passing
through nearby points p’ and ¢’ by means of the implicit function theorem
using the property that the map ® is an isomorphism. Fix now p # ¢ in CP?
and take a homotopy J(s) from i to J through admissible almost complex
structures. For the structure i there is a unique curve CP' connecting p with
g. Now changing the parameter one obtains a l-parameter family of J(s)-
pseudoholomorphic spheres homologous to CP! and passing through p and g,
by means of the implicit function theorem. For s fixed the curve is unique;
moreover, it depends smoothly on p and q.

If two J-holomorphic curves homologous to CP' have a tangential in-
tersection they must agree, since otherwise they would have an intersection
number greater than or equal to 2. From this it follows that a point ¢ and
a complex line in T,(CP?) determine a unique pseudoholomorphic curve ho-
mologous to CP! through the point ¢ whose tangent space agrees with the
complex line.

We apply these results to the symplectic manifolds (Ax,wy) which are
symplectomorphic to (CP? w) and which are equipped with the compatible
almost complex structure Jy introduced in the previous section. We de-
note by My = M Fn the space of unparametrized J, n-holomorphic spheres
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in Ay = CP? homologous to CP'. We may identify an element of My with
the image of a representative which is an embedded Jy-pseudoholomorphic
sphere. Summing up part of the above discussion we have:

THEOREM 2.15. Assume N € N is fized and consider Ay. Given Cy and
Cy in My, either Cy = Cy or Cy and Co have one point of intersection, and the
intersection index is equal to 1. In particular, the intersection is transversal.
In addition, given two different points q1 and qo in Ay, there exists precisely
one curve in My containing q1 and qo.

3. Stretching the neck

We denote by My = ./\/le the moduli space of unparametrized Jy-
holomorphic spheres in Ay = CP? homologous to CP' ¢ CP?. We may
identify an element of My with the image of a representative which is an
embedded J, n-holomorphic sphere. We shall abbreviate by Sy the sphere at
infinity. It is also J, n-holomorphic; recall that near the sphere at infinity all
the almost complex structures under consideration coincide and are equal to 3.
We now fix a point 0o € Soo on the sphere at infinity, and denote by M, the
subset of all elements in My consisting of spheres different from S, which
intersect S, at the point o,. Hence the elements of M(])\, intersect Sy, in
precisely one point, namely o,,. The intersection index is equal to 1.

The main part of the desired finite energy foliation for M will be the result
of a bubbling off analysis applied to MY, in a limiting process as N — oo.

We choose (r,m) € R x M and denote, for N > |r|, by Cn the unique
sphere in M%; containing the point (r, m). In the following we shall describe the
decomposition of a suitable subsequence of (Cy) into solutions of the Problems
(M), (V) and (W).

If C = (Cy) is the above distinguished sequence in MQ; and if ¢ : N — Nis
injective and monotone we shall abbreviate by C¥ the subsequence (Cy(;))jen-

Let wy : S?> — Ay be a jN—holomorphic parametrization of Cy =
wy(S?). Setting S? = C U {oco} we normalize the parametrization as follows.
We require that

(3.1) WN(00) = 0co,

and either wy(0) € W, or the point wy(0) belongs to [N, N] x M and has
the lowest possible R-value. In addition, we require, denoting by D the closed
unit disc in C, that

(3.2) / WNWN =T — 7,
D
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with the closed two-form wy introduced in (2.26) and with a number 0 < v < 7.
Recall that, the sphere being homologous to CP' ¢ CP?,

/ WNWN = / w=T.
S2 cp?

The number + is chosen as follows. It is smaller than every period T of periodic
solutions of the Reeb vector field X on M. Moreover, v is smaller than the
minimum of all numbers |T—T"|, where T" and 7" are mutually different periods
of periodic orbits of X, the periods not exceeding 7. Finally, v is smaller than
the area of a compact J, nv-holomorphic curve through a point in S, having its
boundary outside of a fixed open neighborhood U of S.,. This neighborhood
U is assumed to be so small that it does not intersect the image of the map ¢
defined in (2.21). We observe that on U the almost complex structure Jy is
independent of IV if U is small enough. The existence of such an area bound
is guaranteed by Gromov’s isoperimetric inequality; see [23].

We choose a Riemannian metric gy on Ay which is independent of N on
the piece V U W and which is translation invariant on [N, N] x M inducing
on every {c} x M = M the same metric g. On S? we choose the Fubini-Study
metric. Let Dg denote the closed disc centered at the origin in C of radius ¢.

LEMMA 3.1.  For any 6 > 1 there exists a constant Cs such that
|[Twy(2)] < Cs

for every z € S?\ Ds and N > |r|. Moreover, for any injective monotonic map
¢ : N — N and a sequence (z;) C S? such that |Twy(;)(z;)| — oo and for every
e>0
. . E3

Proof. In order to prove the first part of Lemma 3.1 we argue indirectly
and assume that there exists a converging sequence z; — 2o for 29 € D sat-
isfying R; := [Twy(j)(2j)| — oo for some injective monotonic function ¢. We
choose a sequence p; — 0 such that still

I Tw(5)(25)|pj — .
By the arguments in [24, Lemma 26] we can assume that, in addition,
‘Tw¢(j)(z)‘ S Q‘ng,(j)(zj)) if ‘Z — Zj’ S pj,
after replacing z; by a sequence still converging to zp and replacing p; by

another sequence converging to 0. We have to distinguish the following three
cases:

1. There exists a subsequence such that

Wy . () (Zg(5)) = (15,m5) € [=@ = ¥(j), ¢ = ¥(j)] x M and
min{|r; — ¢ - P(G)l, [rj + ¢ - ()|} — oo.
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2. There exist a subsequence and R > 0 such that
Wy () (2() € WU ([—e =@ = $(j), R— ¢ - ¥(j)] x M).
3. There exist a subsequence and R > 0 such that
W) (Zu) € VU ([p = (5) = Rye+¢ < $(j)] x M).

Simplifying the notation we set u;j(2) = wg,.y;)(2) and z; = zy(;), and
Wj = Wy ;). Considering first the case 1 we recall the standard bubbling off
analysis from [24]. In a small neighborhood of z; we have @; = (a;,u;) € RxM.
Introduce

d; = inf{5 > 0| there exists (; with |[(; — zj| =0 and a;(¢;) = £¢ - d)(j)}.
Note that if §; < p;, then

1
|a;(G) —a;(z)] = la;(G) —rjl < UO [Va;(r¢ + (1 - T)Zj)‘dT} 16— %l
< 2R;0;.
Since the left side is equal to either |r; —¢ - 9 (j)| or |rj+¢ - ¥(j)| we conclude

that R;0; — oo. Abbreviate e; = min{p;,d;}. The mappings u; = (a;,u;) :
D, (zj) — R x M solve the equations

8Sﬁj + j(ﬁj)atﬁj =0 on ng (Zj),

where J is the R-invariant almost complex structure on R x M and z = s +it.
Moreover,
2j — 2
R; = |Tuj(zj)| — oo and Rje; — o0,
Tu;(2)] <2[Tu;(z)] if |2 -2 <ej.
Rescaling the sequence in increasingly smaller neighborhoods of z; we define
for z € Dg,, the mappings

Uj(2) = (bj(2),vj(2)) = <aj (Zj + R%) —a;(zj), u; (Zj + }%)) :

Since J is R-invariant, the sequence v; has the properties

0505 + J(v;)0v; = 0,
T0;(2)| <2 on Dgye;,  [T0;(0)] = 1.
In view of these gradient bounds we conclude, by the Arzela-Ascoli theorem,

that
v; — v in C(C,R x M)
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for a nonvanishing map v = (a,v) : C — R x M solving

0sv + J(0)0w =0 on C.
From the definition of the energy E(w;) it follows immediately that
E() <.

Hence the map v is a nontrivial finite energy plane in R x M. In order to
estimate its d\-energy we note that it was obtained by rescaling maps defined
on small discs with area not exceeding ~ (this follows from the normalization
condition (3.2) and the fact that zg ¢ D). Hence

/ v\ < 7.
C

Since v is nontrivial, the M-part v is asymptotic to a periodic orbit with period
0 < T < . This, however, contradicts the definition of v being smaller than
any period T of X, and shows that the first case cannot occur.

Next we consider the second case. Identifying [—e — N, R— N|] with [—¢, R]
we represent the map u; by u; = (aj,u;) whenever @;(z) € R x M. Define
d; =inf{é > 0| there exists (; with |(; — z;| = 6 and a;({;) = ¢ - ¥(j)} and
set ¢; = min{p;,d;}. Then the sequence of mappings u; : D¢ (z;) — Wu
([—&,¢ = ¥(j)] x M) solves the equations

~

J(ﬂj) ° Tﬂ] :Tﬂj o 7 on ng(Zj).

Moreover,
Zj = 20,

R; = |Tuj(z;)| = o0 and Rje; — o0,
Tu;(2)| < 2|Tu;(z5)|  if |2 — 2] < ey

Rescaling the sequence u; we define the mappings

17j(z) = aj (Zj + Ri]>

for z € Dp,e;. At any point z € Dp,., satisfying v;(2) € [~¢,00) x M,

v;(2) = (bj(2),vj(2)) = (aj (Zj + Rij) Uy (Zj + R%)) :

The sequence v; has the following properties on Dp,.;:
J(@5) « T8 = T0; -4, [TT;(2)| <2, [T5;(0)] = 1.

Since v;(0) € W U ([—¢, R] x M), the sequence v; is, in view of the gradient
bounds, uniformly bounded on compact subsets of C. By applying the Arzela-
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Ascoli theorem we obtain a nonconstant generalized finite energy plane v :
C—W:=WuU ([—5,00) X M),

50 in G (C, WU ([-e,00) x M)).

If 5(C) ¢ WU ([—6,L) X M) for some L > 0, then the puncture at oo is
removable. In this case v can be extended smoothly over oo to the pseudoholo-
morphic map v : $2 — W U ([—¢, L] x M). We will show that o is constant in
this case, contradicting |T0(0)| = 1. Indeed, w,, is exact on wu ([—6, L] x M)

and therefore
—
/S , vw, =0

implying that ¥ = constant, contradicting [T0(0)] = 1. The contradiction
shows that the puncture at co is not removable. Arguing as in Proposition 2.11
(Section 2.2) we have

v(z) € [0,00) x M

for |z| large. Since its energy is finite, ¥ is asymptotic to a T- periodic solution
of X implying

~x _ 27 (s+it) yky
(3.3) /Cv wy = lim . v(e YA=T
for every ¢ € LT satisfying lims_.o ¢(s) = 1. However, the bubbling off
analysis and the normalization show that the first term in (3.3) is bounded
above by 7. Hence T' < . This contradicts the definition of v and shows that
the second case cannot occur either.

Next we exclude case 3. Identifying [—R + N,e + N| with [—R,&] we
obtain in this case a nonconstant generalized finite energy plane v : C — V =
Vu ((—oo, g] x M), where the points in [¢/2,e] x M are identified with points
in V via the map ®~. As a consequence of the bubbling off analysis together
with the normalization condition we again find for the energy of v the estimate

(3.4) 0< Aﬁ*ww <7

for every ¢ € X7 satisfying lims_._ (s) = 1. If the puncture co was remov-
able, the map v would compactify to a nonconstant holomorphic sphere. This
would imply that the above integral would have a value of at least = which is
not possible. Consequently v has a nonremovable puncture at oo, which has
to be negative, since V has a concave boundary. By Proposition 2.11,

(3.5) 5(2) € (—00,0] x M

for |z| large. If v(C) does not intersect the sphere Sy it belongs to the comple-
ment of S, in V. Note that the symplectic forms w, are exact on V'\ So. By
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Stokes’ theorem we obtain, in view of (3.5) and using the asymptotic behavior
described in Proposition 2.11,

4W%:—m,

contradicting (3.4). So, v(C) must intersect the sphere at infinity. The inter-
section number cannot exceed 1, since all the intersection numbers of C'y with
this sphere are equal to 1. In view of (3.5) we therefore conclude from the last

property of + that
/C Trwy, > 7,

in contradiction to (3.4). This finishes the proof of the first part of Lemma 3.1.

Next we proof the second part of the lemma. We again carry out a bub-
bling off analysis for the three different cases. This time z; — 29 € D because
of the first part. In case 1 we obtain a finite energy plane in R x M. In the sec-
ond case we obtain a generalized finite energy plane in W and V respectively.
The energies of these planes are, in view of the asymptotic behavior and the
property v < T, estimated as follows:

In the first case: / VAN > 7.
(&
In the second case: / vtwi > -
C
In the third case: / vtwg > .
C
Here, wy, = wy, for every ¢ € BV satisfying lims . ¢(s) = 1 and wi = wy for

¢ € X7 satisfying limg_,_ o ¢(s) = 1. The desired estimates in the lemma now
follow, unwinding the scaling in the bubbling off analysis from the estimates
(in the short notation from above, for j sufficiently large)

/ ﬁjwj S / 17;&)]‘ = ﬁjwj S / ﬁ;w]‘.
Dr D Be; (%) (%)

Rjej

The left hand side converges to the energy of the corresponding finite energy
plane as j — oo and then as R — oo. The proof of Lemma 3.1 is complete. 0O

A point zg € S? is called a bubbling off point of the sequence w(;) of map-
pings if there exists a converging sequence z; — zg satisfying ]Tw@(j) (zj)] — o0
as j — o0o. The proof of the previous lemma shows that a sequence admits at
most finitely many bubbling off points.
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LEMMA 3.2.  Assume that ¢ : N — N is an injective monotonic map.

Assume that wy;y : S? — Ag(jy is J. o(j)-holomorphic and homologous to CP!,

©@
so that it parametrizes an element in M ;). Suppose there exist sequences (zj)
fori=1,...,m with z§ — 24 for j — oo, where the z{ are mutually different,

50 that |Twe;)(25)| — co. Then the following estimate holds:

m-y < .

Proof. A bubbling off analysis shows that every bubbling off point takes
a certain amount of energy away. This is d\-energy in case 1, wy-energy in the
second and wyp-energy in the third case. All these energies exceed . Choose
€ > 0 such that e-discs around the points 2 are disjoint. Then for j sufficiently

large
= wgo(j Wip(j) = Z/ o (j)-

Taking the liminf as j — oo, the right-hand side is, by Lemma 3.1, greater or
equal to m~y hence proving the lemma. O

We recall from [24] that on a compact almost complex manifold, gradient
bounds of a solution of our elliptic system imply C'*°-bounds. In the case at
hand the target manifolds Ay depend on a parameter and their diameters
converge to oo as N — oo. Nevertheless gradient bounds imply C*°-bounds in
our case also since the metrics gy are, by construction, quite special. In order
to estimate the derivatives we embed V W into some R™ and M into R™~1
for m sufficiently large in such a way that [~ N, N| x M lies in R x R™~1 = R™
for every N. If w : S? — Ay is a smooth map and p € S?, then w(p) € W\@W
or w(p) € V\OV or w(p) € (—e—N,e+N) x M. Using charts we may assume
that a neighborhood of p is mapped into R™ and we can apply the differential
operators D® = 9%10;"*, where s+t are suitable holomorphic coordinates near
p €S2

Using these particular embeddings, the higher order (> 1) derivatives of a
sequence w; near a point are understood in the usual sense. Since our system
is elliptic we conclude from Lemma 3.1, in particular:

LEMMA 3.3.  Given any § > 1, the derivatives of order at least 1 of the
sequence wy : S — An are uniformly bounded on S*\ Ds.

Assume now that the sequence w; : S? — A; has the finite set I' =
{z!,...,2™} of bubbling off points. Then, in view of Lemma 3.3, ' C D. In
the complement of every open neighborhood of T' C S? we have C* bounds. If
z ¢ T then w;(z) & W for all j sufﬁ(nently large. Indeed, arguing by contradic-
tion we assume that w,(;)(2) € W. We find a path in 52 connecting z with oo
and avoiding the points in I'. Since the gradients are uniformly bounded, the
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images of the path under the mappings w,;) must have a uniformly bounded

length. By assumption w,;)(00) = 0s for al]l)j. The distance between w,,(;)(2)
and 0, must exceed the distance between (r,m) and o, and by the choice
of the metric disty((r,m),000) — 00 as N — oo. This contradiction proves
our claim that w;(z) & W if z ¢ T for large j. Since w;(00) = 000 € V we can
identify [—j, j] x M with [—24,0] x M and conclude for a subsequence

— Woo in CX (SQ\F,V).

w loc

e(7)
In particular, wee(00) = 0ss. The map weo : S2\ ' — V is a generalized finite
energy sphere and our next aim is to show that it is not constant. We first

observe that the set I' of bubbling off points of the sequence w5 is not empty.

()
LEMMA 3.4. The set T' C S? contains 0.

Proof. Assume 0 ¢ T, then we find a path in S? connecting 0 with oo
and avoiding the points in I'. The image of the path under the mapping

Wy,(;) must have a uniformly bounded length, since the gradients are uniformly

©(4)
bounded. By assumption, w;y(0) is either in W or has an R-component lower
than 7. We see that dist,(;j)(wy(;)(0),000) = disty(jy((r,m), 000). However,
disty,(jy((r,m),000) — 00 as j — oo. This contradiction proves the asser-

tion. O

Up to this point we have found a subsequence C¥ = (Cgp(j)) of C, suit-
able parametrizations w;y : 5% — Ag(j) of Cyjy with a nonempty set I' of
bubbling off points containing 0 such that w,;) — wee in CR2(S?\ T, V) and
Woo (00) = 000 Moreover, for € > 0 sufficiently small and z € T
(3.6) minf f ) Wem¥et) >
in view of Lemma 3.1.

LEMMA 3.5. The generalized finite energy sphere ws : S2\ T — V is not
constant.

Proof. Arguing by contradiction we assume ws(2) = p for all z € S2\ T.
We choose ¢ > 0 so small that the closed e-discs around the points in I' are
mutually disjoint. Let z € I' and recall the estimate (3.6) on D.(z). On the
boundary S.(z) = 0De(2), the map w,(;) converges to the constant map p
in C*°. Hence we can extend wy(;)|p.(-) to a smooth map e, ; : 5% — Auii
satisfying

/52\[)6(3) emww(j) S gj and g; — 0.

For j large the spheres e, ; have the positive area

*
/52 €% (i) > 0,
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in view of (3.6). This implies that this integral has a value which is a positive
integer multiple of m. Consequently,

T = wy (Yo J)>Z/ so(J We(j)

52 zel
= > [ - [ e
zer 75° zer /S*\De(z

> ' m—4l o;.

Therefore, fI' < 1 if wy is constant, and so I' = {0} by Lemma 3.4. Conse-
quently, wy(;) converges in C* on S2\ Dy 5 to the constant map p € V. By
normalization,

Y= /52\D We(5)We(5)-
Taking the limit as j — oo we find v = 0. This contradicts the definition of ~
and Lemma 3.5 is proved. O

LEMMA 3.6. The punctures I' of weo : S2\ T — V are nonremouvable.
There exists € > 0 such that

weo (D(D)\T) C R x M.

Proof. In view of Proposition 2.11 it is enough to show that the punctures
are not removable. Since wo, # constant we know that

3.7 / wiows > 0.
(3.7) o g VT

Given § > 0 we find g9 = £9(d) and an integer j(d,&¢) so that

/SQ\DE o) P e) 2 /SQ\F WooWy — 0

provided that € € (0,e9) and j > j(d,e0). Assume that the bubbling off point
z € T' is a removable puncture of wo, and hence that we, is defined on D, (z).
We know from (3.6) that

lim inf * NS ’
1]1'11)101(’31 DE(Z)U) (])u}@(]) =7

for every sufficiently small € > 0. Moreover, for a given o and € > 0 small

%
W w < o.
/Decz) v

For j large we may slightly deform w,;) near the boundary (in C*°) of D.(z)

enough

so that we can glue it to wy|p,(») and obtain a map e; : S? — Ay (j) with
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Js2 €jwy(j) having the value exceeding v — 20. Hence the value of [ ejw
must be at least w. This shows that

()

lim Wo,(jyWep(j) = T
J—0 JD.(2)

for every sufficiently small ¢ > 0. Hence

T = /92w;(j)w¢(j): /Sz\DE() () We) T D / W)W (i)

ecl
> / w*w~—5+/ WE AW () -
s OV Dez) PU) ¢(J)
Therefore, passing to the limit as j — oo, we have
> / wi ws — 0+ .
sar oV

This holds true for every § > 0. Hence

*
w: w~ =10
/52\r v

contradicting (3.7). Therefore, the punctures are nonremovable. Since the
map ws admits negative punctures only, the second statement of the lemma
follows from the asymptotics near the negative punctures. The proof of the
lemma is complete. |

1% region

R x M region

Figure 7. The finite energy sphere we,. In this figure there are
three negative punctures.
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We next introduce the mass m(ws, z9) of a puncture zp € I'. For £ > 0
small enough we first set

me(z0) = lim De(20) Wo(5) ()
In order to show that this limit does exist for € small we note that the closed
two-form wy is exact on Ax \ Soo. In addition, wy = dAy for a one-form
satisfying Ay = A on [-N, N] x M viewing A as a form on R x M. Moreover,
the restriction of Ay onto W U (V'\ Ss) does not depend on N. Identifying
[-2N,0] x M with [-N, N| x M we conclude from Lemma 3.6 for sufficiently
small € > 0 and j > j(e) that
wap(j)(aDa(ZO)) C [_90(])’30(.])] X M.

Therefore,

/DE(ZO) W) We(s) = /8D5(zo) W) Aeli) = /E,DE(ZO) Wa(j)A-
On 9Dc(20) the maps wy(;) converge in C°° to the map we so that the last
integral converges as j — oo to

/ wi A = me(20).
OD¢(z0)

We also see that mg(zo) is decreasing as ¢ — 07, which allows us to define:

Definition 3.7.  The mass of we, at the puncture zg € I is the real number

m(Weo, 20) = 51_i>%1+ me(20).

In view of the estimate in Lemma 3.3 we have lim; . ng(zo) W1y W ()
> v, and so,
v < m(wso, 20) < 7.

Taking the limit j — oo and then ¢ — 07 in

o+ / ,
S\U.p D-(2) <P(j Wo(4) ZX@; E() ]) Wo(j)

and recalling the definitions we obtain the following formula for the energy.

LEMMA 3.8. If ws : S?\T — V is the above generalized finite energy
sphere,

™= w Wy + Z woo,
S zel

The next lemma describes more precisely which part of Ay a full neigh-
borhood of bubbling off points is mapped into under the mappings wyj) :

SQ — A@(J) .



FINITE ENERGY FOLIATIONS 173

Ooco

1% region

R x M region

Figure 8. Near the punctures in I' the images of w,(;y are contained
in WU ([—0(), ¢()] x M).
LEMMA 3.9. If 2* € T, then for every e > 0 small and j > j(¢),

we() (D=(2) € WU ([=9(), ¢ ()] x M).

Proof. We fix the bubbling off point 2! € I' C S? of the sequence of jw(j)'
holomorphic spheres wg; : S? - Ag(j)- Arguing by contradiction we find
(possibly going over to a subsequence denoted by the old letters) a converging
sequence (; — 2 satisfying w5 (¢5) € V. For the embedded spheres Cy(j)
we now choose different holomorphic parametrizations and define the maps
vy - 52 - A<p(j) by

v;(2) = wy(j)(15(2)),

where the Mobius transformations 7; : 52 — S2? are chosen such that the
following normalization conditions are met

(3.8) 0i(S%) = Cupyy,  vi(0) = wy(; (&),
vj(0) = 00, /vaw(ﬁ(j):%

In particular, 7;(0) = ¢;. Carrying out a bubbling off analysis for the sequence
vj we denote by IV C 5?2 the finite set of its bubbling off points. Then IV C
S2\ int(D) in view of the last condition in (3.8). In particular, 0 ¢ I'. Away
from I" we have uniform gradient bounds. We use them in order to show that
vj(z) & W if 2 ¢ I provided that j is sufficiently large. Indeed, we can connect
z with 0 by a path avoiding I so that the lengths of its images under the maps

w,(j) are uniformly bounded. However, under the assumption v;(0) € V, this
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contradicts dist,(;y(v;(0),v;(2)) — oo as j — oo if vj(2) € W. Consequently,
a subsequence converges,

Vj — Voo IN C’l@o’%(s2 \F’,f/).

In particular, vso(0) € V. We next show that I # @) by proving that co € I”.
We recall for the circles S.(z%) = D, (z') around 2* € T that

we(y) (S:(21) € | =), 0 ()] x M

for every ¢ > 0 small and j > j(e). Identifying [—¢(j),p(j)] x M with
[—2¢(7),0] x M we know in view of Lemma 3.6 that given R > 0 we can
choose € > 0 small enough so that the R-component of wyj)s,(z) is smaller
than —R for j > j(e). Since 7;(c0) = oo, 7;(0) = (j, and ¢ — z' we de-
duce from the fact that the mass at z* exceeds ~ that the circles 7';1(5’5(21'))

ijl(z) — 00 converge uniformly to co as j — oo as j — oo. This follows
from the fourth condition in (3.8). Since, depending on &, the R-component of

Uil (8. () in V' becomes arbitrarily negative and v;(00) = 0o we conclude

the existence of a sequence z; — oo on S? satisfying |Tv;(z;)| — co. Hence
oo € I” as claimed, and by the arguments of Lemma 3.4 (with 0 € T" replaced
by oo € I'" and with the different parametrization ), the generalized finite en-
ergy sphere vy, : S2\ T/ — V is not constant and has a positive w-energy. Its
punctures I are all negative.

Assume now that vy hits Soo. This intersection cannot be isolated since
otherwise C,(;) would have (together with oo € S?) at least two intersections
for j sufficiently large. Consequently, by the similarity principle (see [1]) the
image of v, denoted by C, is contained in S.. In this case all punctures
are removable so that C' is equal to S, with finitely many points removed. In
particular, C has wy-energy equal to m. However, the mass of every puncture is
at least v > 0 and in view of Lemma 3.8 the wyy-energy of C' is strictly smaller
than 7. This contradiction shows that v,, does not intersect S,,. The closure
of its image lies in the complement of S, in V. If all the punctures IV are
removable we can compactify vy to a sphere in 1% \ Seo of positive w-energy.
On the other hand, the two-form wy; is exact in the complement of Soo; hence
the wi-energy vanishes. This contradiction shows that not all the punctures
are removable.

The nonremovable punctures, still denoted by I", are all negative. So,
we obtain by Stokes’ theorem using the asymptotic behavior of v, near the
punctures as described in Proposition 2.11 (Section 2.2),

0</ Vi ws = — T, <0.
o o = 2T
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Here T, > 0 is the period of the periodic solution of X, on M associated
with the punctures z € IV. With this contradiction the proof of Lemma 3.9 is
complete. O

We summarize the results of the limit procedure reached so far.

THEOREM 3.10.  Choose a point (r,m) € [—Ny, No] x M C Ap,. De-
note by Cy, for N > Ny, the unique unparametrized jN—holomorphz’c sphere
homologous to CP' in Ax and containing the two points (r,m) and 0s € Soo.
Consider the fN—holomorphic parametrization wy : S* = CU {0} — Cx sat-
isfying the appropriate normalization conditions, in particular wy(00) = 0.
Then there exists a subsequence wy(;) of mappings having the following prop-
erties:

There exists a nonempty finite set T' C S? of bubbling off points of the
sequence wy;): (2 € T if 2 = limz; and [Twy;)(z5)] — oo as j — 00).
Moreover, if € > 0 is sufficiently small, then for all j > j(¢) and z € T,

we(j) (De(2)) € W U ([=9(), ()] x M).

When [—N, N|x M ‘s identified with [-2N, 0] x M the sequence w;y converges

© ()
We(y) = Weo in G (S*\ T, V)
to a monconstant finite energy sphere ws : S*\ T — 1% passing through

Woo(00) = 000, having the nonremovable negative punctures I', and the pos-
itwe w-energy determined by the formula

—_— * ~
= /52\F wiws + Z m(Weo, 2).

zel

The mass of the puncture z € I' satisfies v < Moo(Woo,2) < m. The behavior
near the punctures is as follows. There exists an € > 0 such that

weo (Do(D)\T)CR™ x M C V

and if ¢ : D C C — U C S? are holomorphic coordinates near z € I' satisfying
©(0) = z, then in holomorphic polar coordinates

Woo (w(e_2”(5+it))> = (aoo(s,t),uoo(s,t))
for s large, and as s — o0
(oo (8,t) — —00
Uoo (8, 1) — x(—T,t)

in C*(R). Here x is a periodic solution of Xy on M having the period T, > 0.
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4. The bubbling off tree

In Section 3 we introduced the sequence w of maps converging to the

= ©(7)
generalized finite energy sphere we, in V:

We(j) — Woo  IN Cﬁ)’%(SQ \ T, ‘7)

The nonempty finite set I' C D of bubbling off points of the sequence w )
consists of the negative punctures of the maps wq,. In this section we shall

look more closely at these punctures by carefully rescaling the maps w,,(;) near

I". Proceeding inductively we shall produce generalized finite energy Sgl(ljeres in
R x M as well as in W. As it will turn out, it will be convenient to describe the
combinatorial structure of all the finite energy spheres produced by means of a
graph whose vertices (dots in the figures 9 and 10) have different colors. A black
dot will represent a finite energy sphere in ‘7, a gray dot a finite energy sphere
in R x M and a white dot a finite energy plane in W. We shall draw an edge
between two such dots, if the sphere represented by “dot no. 1”7 has a negative
puncture zy whose negative asymptotic limit is the periodic solution of (xg, Tp)
and the “dot no. 2”7 has a positive puncture z; with the same asymptotic limit
(z1,Th) = (x0,Tp). Figure 9 illustrates a possible configuration. Of course,
our construction so far only justifies the configuration illustrated by Figure 10
below.

R x M region

W region

Figure 9. An a priori possible graph. All finite energy spheres
in R x M have either nonzero d\-energy or at least two negative
punctures.
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1% region

R x M region

w region
Figure 10. There are four negative punctures but the finer structure
near these points is not yet known.

We start our procedure by first collecting more information about the
behavior of the sequence w,,(;) of maps near the punctures I'. We fix 2 el
and choose gy > 0 so small that D.,(z%) N D, (2%) = 0 for 2* € T with k # 1.
From Lemma 3.9 we recall

we() (Da(2)) € WU ([=0(5), )] x M)
if g9 is sufficiently small and j > jo(eo) large. We now choose the points v; €
D,,(#%) in the following way: if Wi (j) (Deo(zi)) NW # 0, then W) (V5) € W
and if wy(j) (Dgo(zi)) C [~¢(4), »(4)] x M, then w,;(7;) has the smallest
R-component among the points in w; (Dso(zi)) N ([—cp(j), (7)) x M)
LEMMA 4.1.  The sequence (7y;) converges to z'.

Proof. The asymptotic behavior of ws, : S2\ T — V near the negative
puncture z' € I is, according to Proposition 2.11 (Section 2.2), described by

" (Zz +e27r(s+it)> . (ﬂs 1 d, xi(ﬂt)) ER™ x M

as s — —oo, where (x;,7;) is the associated periodic solution of X, on M.
Identifying [-N, N] x M with [-2N,0] x M we deduce that the R-component
ay(j) of wy(;) can be made arbitrarily negative by chosing € > 0 small and j
large. But away from z* the sequence (aw(j)) is bounded, so that v; — 2 as
claimed. O

Fix a number og € (0,7). Then the following lemma is obvious.

LEMMA 4.2.  There exists a sequence 0; — 0 satisfying

W Wiy = M(Weo, 2°) — 00.
/D(sj(“/j) 20 5P)
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Next we define the subsets 2; C C by
Q= {2 € C |y +8;2 € Doy () }.

Then Dg C §; for j > j(R) since v; — z' and §; — 0. With the help of the
distinguished parameters v; and ¢; we define the rescaled maps v; : {2; — Ay (j)
by

(4.1) 5i(2) = we) (v + 052).

These maps meet the normalization condition
(4.2) / DHANNES / W Wy = M(Weo, 2°) — 00.
o drel) Ds, () P(1)“ ) 00

Given R > 1 and o > 0 we estimate, using J; — 0 and ~; — 2t

/DR\DT);W‘PU) - /DRéj(vj)ww(j)wso(j)_/[)5;W¢(j)
B Wl taty) — mlwoe, 2°) 4 0
/ij(m e(5)*e(d)

< /D , w;(j)ww(j) — m(weo, 2) + 00
o (2°)
if j is sufficiently large. Consequently,

lim sup A \D ﬁ;wW(]') < ma(wooy 22) - m<w007 Zl) + 0o.
j—00 R

The estimate holds true for every ¢ > 0 so that

4.3 lim sup / Viw, i < 09

(4.3) i JDp\D ©(4)

for every R > 1. Since og < v we conclude that there cannot exist a sequence
zj — 20, |20 > 1, satisfying

limsup [T0;(z;)| — oo.

Indeed, by rescaling, such a sequence would allow the construction of a non-
trivial finite energy plane for problem (M) or (W) whose energy would be
smaller than oy < v in view of (4.3). However, the energy of a finite energy
plane is equal to the period T of a periodic solution and 1" > + by definition
of v. This contradiction shows that we have gradient bounds for the sequence
(vj) on Dp \ D, for R > r > 1. From these gradient bounds we obtain the
following uniform bounds for the higher order derivatives, in the metrics gn
on Ap.

LEMMA 4.3.  Every subsequence of (U;) has uniformly bounded derivatives
of order at least 1 on D\ D, for every R >r > 1.
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Fixing the point 2 € C we consider next the sequence v;(2). By Lemma
3.9 we know that v;(2) € WU ([—go(j),cp(j)] X M) We distinguish the two

cases:

1. There exists R > 0 such that a subsequence of (v;(2)) satisfies
(4.4) 5(2) € WU ([=¢(), 0 (j) + B] x M).

2. For j large we have
(4.5)  0;(2) = (rj,my) € [=9(4), ()] x M and [r; + ¢(j)] — oc.

We begin with case 1. We denote by I'? the finite set of bubbling off
points of the sequence v;. Then I'¥ C D in view of Lemma 4.3. The notation
I' refers to the study of the original sequence W) in a neighborhood of 2 eT.
Identifying [~N, N] x M with [0,2N] x M we find a subsequence ;) of v;
satisfying

(4.6) Uy(j) = Voo in CRO(C\ TP, W).
Note that ﬁw(j) has the form
Uy(j) = We-p(j) ° Th»

where 7; is a sequence of Mobius transformations keeping oo fixed.

LEMMA 4.4. Considering case 1 in (4.4), we denote by s : C\ TP — W
the generalized finite energy sphere defined by (4.6). Then I' = () so that the
only puncture is the one at co. The map 1 : C — W is a nonconstant
generalized finite energy plane in w.

We shall prove later on that the asymptotic limit of v, at the puncture
oo coincides with the asymptotic limit of we, at its puncture z* € I'.

1% region

R x M region

Figure 11. The figure depicts the situation in case 1.



180 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

Proof. By construction, Uyjy — Vo in CPy(C \ I, W). Take a smooth
function f: RT — RT satisfying

f=1 on|0,1], f"(s) >0 on (1,00).
Define H : W — R* by
H=1 on W, H(r,m) = f(r) on Rt x M,
and introduce the functions «; : Dy — R,
aj(z) = H - Uy (2)-

Since I'¥ C D, the sequence Uy(j) converges on the circle S2(0) of radius 2 to
the map v... Hence there exists a constant ¢ > 0 such that

aj(z) <c¢ forall |z =2and j large.

At the point z such that Ep(j)(z) = (aj,v5)(2) € [—¢ = ¥(j),¢ - ¥(j)] x M,
which we identify with [0,2¢ - ¥(j)] x M, we calculate

(Aaj)(z) = [£"(aj) - [(Bsay)? + (01a)*) + f'(a5)Aa]
f'(aj)|msv;])* > 0.

AV

If Uy () (2) € W, then Acaj(z) = 0. Hence the maximum principle implies
sup ojp, < ¢

for all j large. If there exists a point 29 € D such that |T0y;)(zj)| — oo for
some sequence z; — 20, then a bubbling off analysis produces a nontrivial finite

energy plane in Wu ([O, c]x M ) Its puncture at infinity is therefore removable

and we obtain a nontrivial holomorphic sphere. This is not possible since Wi

is exact on W U ( [0,¢] x M ) Thus I' = () and the lemma is proved. O

We next consider case 2 in (4.5). The situation is illustrated by Figure 12.
Later on we shall prove that the negative asymptotic limit of ws at z* € T’
and the positive asymptotic limit of v, at oo match up.

LEMMA 4.5.  Consider case 2 in (4.5) Then |r; — (j)| — oo as j — oo.
Moreover, there exist a subsequence vy ;) and a sequence cy(jy € R of constants
such that

Uyp() + Cop(g) = Voo i CPo(C\T R x M).

The generalized energy sphere U : C\T" — R x M is not constant. Moreover,
0 € T'% provided T # (). The point at oo is a nonremovable puncture.
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1% region

R x M region

Figure 12. The figure depicts the situation in case 2.

Proof. We first note that under the assumption of this case v;(z) ¢ w
if z ¢ T% provided that j is sufficiently large. Here I'* stands for the set of
bubbling off points of the sequence v;. Indeed, away from I'¥ we have uniform
gradient bounds. We can connect z with 2 by a path avoiding I' so that the
lengths of its images under the maps v; are uniformly bounded. However, in

view of the fact that r; + ¢(j) — oo, this contradicts dist,; ) (@- (2), W(z)) —
oo as j — oo if v;(2) € W. Next we prove the first statement. We argue by
contradiction and assume (for a subsequence) that

ri —p(J) = e € R.

This implies, after we identify [—N, N] x M with [-2N,0] x M and perhaps
take a subsequence, that

Uy(j) = Voo In CR2(C\TY R x M).
Since I'¥ C D we have, in particular,
Vy(5)(2) = V0(2) = (Toos Moo)-
Because of Lemma 3.9 and our assumption,
Voo (C\ T?) C (—00,0] x M.

This implies that the finite energy sphere v, has no positive puncture. This
is impossible unless v, is constant, because it would imply that the energy is
strictly negative. Hence v, is a constant so that the mass at every puncture
in T is equal to 0. The sequence Uy(j) does not permit any gradient blow
up on D, because such a blow up would produce a puncture for v, with a
positive mass. Consequently, I = () and Uy(j) — Voo In Co(C,R™ x M)
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where U5 : C — R™ x M is a constant map. We conclude using (4.2)
0 < m(wes, 2') =00 = /D Up()We (i)

= lim OAPINS 4:/ vE d\=0.
jmoo Jp ¥ ¥R v() n
Here we viewed d\ as a 2-form on R x M. In fact, frequently we will write A
or d\ for the obvious forms induced on R x M. The above contradiction shows

that indeed
[rj —@(j)| — oo.

Recall now that v,;)(2) = (rj,m;) and assume (r;) to be bounded, so
that a subsequence converges,

(rj,mj) = (Too, Moo).-

Hence
Uy(j) = Do I CR2(C\ ', R x M).

By construction, vy;)(0) is either in W or has the smallest R-component in
[~ = ¥(j), ¢ - ¥(j)] x M. We shall show that 0 € T if T* # ). Argu-
ing indirectly, we assume that I'¥ # () and 0 & I'". We can connect 0 by
a path in C to the point 2 avoiding the points in I'". Along this path the
gradients are uniformly bounded so that v;)(0) stays within a bounded dis-
tance to (reo, Moo). Therefore, U5 has no negative punctures and, moreover,
Uyj)(D2) C [=R,¢ - ¥(j)] x M for some R > 0. Setting vy(;) = (a;,u;) on
D5 the functions a;jgp, are uniformly bounded in view of Lemma 4.3. Since

Aaj = \m?suj\Q > 0

on Dy, the maximum principle gives a uniform bound for a;p,. Hence the
punctures in I cannot be positive either. So, the punctures being neither
positive nor negative are all removable implying as before that I'" = () contrary
to our assumption. We have proved that I'* # () implies that 0 € I"%.

If I'¥ = (), we can take the limit j — oo in the normalization condition
(4.2) to obtain

/ V5 A\ = m(Weo, 2°) — a0 > 0.
D
Hence 74 is not constant. If T'% # (), then 0 is a nonremovable puncture so

that U4 is nonconstant in this case also.
Finally, if (r;) is not bounded then still

lim min{|7“j — ()], |5 + @(J)’} = 00,

J—0o0
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and by a slight modification of the previous argument, namely adding suitable
constants to the R-components, we find a subsequence v,,. ;) + ¢y () converg-
ing to Uso in CL(C\T?, R x M); moreover, Un, has the desired properties. The
proof of the lemma is complete. O

Recall the definition of the mass m(we, 2%) of the sphere wy, at its punc-
ture 2z* € I'. We shall define the masses m(’T)OO,z”) of the sphere ¥4, at its
punctures z? € I' if I'¥ # () similarly. We take our converging sequence
Uy(j) — Voo Of maps, set

me(Boc, 21) = lim, D. (2 Di() % - 45)
for € > 0 small, and define
m(Vso, 2%) 1= ;1_1% Me (Voo 2%).
Recalling I' C D we deduce from the normalization condition (4.2), the defi-
nition of 7 and the bubbling off analysis, the estimate
v < m(Vso, 21) < M(Woo, 2°)
for all 2% € T,

PROPOSITION 4.6. If U 48 a solution of problem (W) (recall that T® = ()

in this case), then
m(Weo, 2 /v Wi

If v is a solution of problem (M), then

MW, 2°) = Vs dN\ + M (Voo, 2
(wner2) = [ A+ 3 m

zel

Proof. Considering the second case we take z' € I' and assume I' # ().
Fix R > 0 and o > 0. Since §; — 0 and y; — z* we find for j sufficiently large,

)+ / / ST
/DR\DE(W) v el 2 Vo)W (i) = Di Uy ()W - 9(5)

z€I"

= W Wy (s
o 5500
S/ WS NWe ()
Do) PP ¥()
Hence, as 7 — oo,

V5o dN + Me (T, 2) < Mg (Woo, 2°).
/DR\DEW) > ;



184 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

Since this holds true for every ¢ > 0, € > 0, and R > 1, we deduce

/ VS dNF Z M Voo, 2) < M(Weo, 2°).
CAr z€el™

Similarly, if T is a solution of problem (W), which implies T = {), then

. Usewir < Mm(Woo, 29).

It remains to prove the reversed inequalities.
Denote by A(r, R) the annulus r < |2| < R in C. Since o9 < v we deduce
from (4.3) the estimates

* <
/A(T’R) VjWo(j) =7

for all 1 < r < R and j sufficiently large. Recalling the definition of the
constant vy, for large j the maps v; meet the hypotheses of the following lemma
from [31], illustrated by Figure 13.

r+h

Figure 13. An arbitrary finite energy cylinder defined on some
interval [r, R] x S, with bounds on the energy and small d\-energy,
maps [r + h, R — h] x S' almost onto some cylinder over a suitable
periodic orbit.

LEMMA 4.7. Assume there exist constants ¢ > 0 and v > 0 such that
all periodic orbits of X having periods T < ¢ are isolated (hence finite in
number) and, moreover, 7y is strictly smaller than the differences |To — Ti|
of two different periods in (0,c| and strictly smaller than the period of every
contractible periodic orbit. Then there exists for every € € (0,7) a (large)
constant h > 0 such that the following holds true. If a j—holomorphic map
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u = (a,u):[r, R] x S' — R x M satisfies
/ uwdA<~v, E(m) <c¢ r+h<R-h,
[r,R]xS1

then
wd\ <e.

/[r-i—h,R—h} x 51

Proof. Arguing by contradiction we find a number 0 < £ < 7, a sequence
of pairs (rg, Rg) with Ry — rp > 2k, and a sequence of J-holomorphic maps
g = (ag, up): [re, Ri] x St — R x M satisfying

0 0
4. —u Up) Uk = pdX\ < E(ug) <
an g dE =0 [ i<y B <e

and, in addition,

(4.8) up dA > ¢,

/[rk—i-k,Rk—k]xSl
for all k. Using the R-invariance in s, we may assume that s = 0 is in the
middle of the cylinder so that r, = —Rg. We define the sequence v, =
(bg,vi): [—k/2,k/2] x S* — R x M by

(4.9) Uk(s,t) = (ag (s + 1+ k,t) —ag (rp + k,0) ,ug (s + 71 + k, 1)) .

Clearly vy, is j—holomorphic and satisfies the estimates

E(vg) <c and vpdA < 7.

/[—k/Q,k/Z]Xsl
We claim that there are constants c¢; and ¢, independent of k, such that

(Vup(s,t)] < e on [—%4_17%_1} % Sl
and
D(s,t)| <ca  on [-5+2,5—2] xS

Indeed, otherwise a bubbling off analysis as in [24] proves, from the assumption
that the energies E(v) < c¢ are bounded, the existence of a finite energy
plane having an asymptotic limit of period T' < =, from (4.7). This, however,
contradicts the definition of the number ~. Therefore, v, has a C, converging
subsequence. Its limit ¥ = (b,v):R x S — R x M is a pseudoholomorphic
cylinder satisfying

(4.10) E(@®)<c¢ and vidA < 7.

If ¥ is not constant, we conclude in view of the results in [32] and the fact
that periodic orbits with period < c are isolated, that v converges as s — +00
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to periodic orbits x4 having periods Ty bounded by c. Consequently, with
Ty = [, v\
|T+—T,|:/ v dN <.
RxS1!

By assumption, «v is smaller than the differences between two different periods
in (0, c]; hence T = T_ and

/ v d) = 0.
Rx St

This and the assumption that v is not constant imply by Theorem 6.11 in [30]
that v is a cylinder over a periodic orbit. Consequently, x_ = x4 =: z_, and

(s,t) = (T-s+c,z—_(T-t+ d))
for (s,t) € R x S'. Therefore, setting s = 0 in (4.9), we find
vk(0,t) = up, (g + k,t) — 2_(T_t) in C>®(S!)

as k — oo.
In the case that v is constant,

v(0,t) = ug, (g + k,t) — constant in C°(S1).
The same arguments show that either
ug (R — k,t) — 2 (T t)  in C°°(Sh)
for a periodic solution z; having period T or
ug (Rg — k,t) — constant in C*°(S1).

Using Stokes’ theorem, (4.7) and (4.8), we can estimate

v > / upd\ = / vp(re + k)" — / v (R — k, )"\ > e.
[Tk-i-k,Rk—k]XSl S St

Taking the limit as & — oo, we obtain a contradiction to the definition of .
This contradiction proves Lemma 4.7. O

We continue with the proof of Proposition 4.6 applying Lemma 4.7. Fixing
€ > 0 sufficiently small we find for every 8 > 0 a constant h > 0 such that for
j sufficiently large

VW) < 0.
Ak, ehie/gy) 2 2D

This implies that

411 / o .:/ - ,+/ _—
( ) Defhi. Vi Wo(j) D ViWo(j) Aeh o—h(£)) VW ()

J
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Here 7 > 0 is sufficiently small. Unwinding the scaling of w;

;) and recalling

v — 2% and &; — 0 we obtain

= lim W (jyWep(j) = Me—he(Woo, 2.

lim v Wo(j) = ’

Jj—o0 Defhi J—00 Defha(’}’j)
%5
In the notation w = wy in the W-case, and w = dX in the M-case we obtain

from (4.11) taking the limit j — oo,
Mg (Woo, 2) < / U O+ Z mr(Vso, 2) + 0.
D n\Dr(I'%) sl
Taking the limit 7 — 0 we obtain in the W-case

(4.12) Mgt (Weo, 2) < /D VoW + B,
h

e

and in the M-case

(4.13) M-tz (Woo, 2°) g/ TaodA + > m(Vos, 2) + 3
Deh\rl ZEFZ

< / T+ Y m(Tns, 2
. 2

Since m(Weo, 2%) < Me—n (oo, 2') and since we find for every 3 > 0 a constant
h so that the estimates (4.12) and (4.13) hold, we conclude

m(Weo, 2') S/ Vs dA + Z M (Voo, 2

C\I* zel

m(Weo, 2 /U Wi

in the W-case. This finishes the proof of Proposition 4.6.

in the M-case, and

The punctures I' of the generalized finite energy sphere wy, : S? \ T’ — 1%
are all negative. Associated with the punctures are periodic solutions of the
Reeb vector field on M. For z near 2z € I' we know that ws(2) € R™ x M
and when weo(2) = (a00(2), Uso(2)), the asymptotic behavior of the projection
Uso Of Woo into M is as follows:

Yoo (Zi + e27r(s+it)) — 2;(Tit)
as s — —oo in C*°(R), for a T;-periodic solution z;(t) of X on M. At the

positive puncture oo of the sphere Uy, : C\ ¥ — R x M (resp. W) we have, in
the notation Uae = (boo, Voo),

Vso <R62Wit> — Zoo(Toot)

as R — oo in C*(R), the asymptotic limit being the T.-periodic solution
of Tso.
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PROPOSITION 4.8. The asymptotic limit of ws at the negative puncture
2 €T coincides with the asymptotic limit of Vs at its positive puncture co.

Proof. Considering the M-case we represent Un, : C\ IV — R x M by
Voo = (G0, Voo ). In the following we abbreviate the mass of we, at the puncture
2t € T by m(2") = m(wee, 2°).

Fix € > 0 and choose 1 > 0 so small that

my(2') < m(z") + g
This implies for j large enough
(4.14) / W) < m(z') + e
Dy (=)

Consider the sequence v; — Us; then for large j,

T = mH/ 7 dA
/DR 7%e(d) /DR\DE(FZ.) J D.(ri)

from which we obtain, using Stokes’ theorem, in the limit j — oo and then
e — 0,

Voo (ReZ™ ¥\ = AN+ ) m(Veo, 2).
Jo BR[| Bt 3 e,

Taking the limit R — oo we deduce using Proposition 4.6
m(z") = lim Voo (ReZ™)* N
R—oo Jg1
With € > 0 as above we choose Ry > 1 so large that

m(z%) > / Voo (Roe%i' )*)\ >m(z') — /2.
S1
This implies
, 2mi-\ * i
(4.15) /S 0 (Roe®™) A = m(z1) <

for j large enough. Setting w,(;) = (a;,u;) we conclude, recalling that v; is
the M-part of ¥; and is given by v;(2) = u;(v; + 6;2), that

/Sl uj (’yj + 5jRoez7ri')*)\ >m(z') —e.

Since 7y; — 2" and 0; — 0, the circles ~; + 5]-R062”it, t € R, are contained in
the ball D, (z*) if j is large enough. Fix ' € (0,n). If j is large enough,

. 1 2mi\* i 2mi-\ * i
/Slu](’y]—i—ne )/\S/Slu](z + ne )/\Sm(z)—i—a,
in view of (4.14). Hence, again, if j is large enough

/S1 v, (n’egm'/dj>*/\ <m(2') +e.
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Since g—; > Ry for j large, we deduce, using (4.15),

(416)  m(z) —e g/

(B Az e e )

This implies

(4.17) / vid\ < 2.
A(Rom'/85)

To summarize, for every € > 0 there exist a large constant Ry = Ro(¢) and
a small constant 1’ = /() such that the estimate (4.17) holds true for every
J > jo(e). It follows that

(4.18) / Vi dA < 2e.
A(Ro(2),00)

Observing that all the E-energies under consideration are bounded by =, in
particular E(v;) < 7 and E(vs) < 7, we see that the maps v; for large j and
Uso meet the assumptions of the following crucial lemma.

LEMMA 4.9. Let 6 > 0 and let ¢ and v be as in Lemma 4.7. Choose
an St-invariant neighborhood W (in the loop space of M) of the distinguished
loops corresponding to the contractible periodic solutions x(Tt), 0 < t < 1,
having periods T < c¢. Choose, also, W so small that it separates loops of these
periodic orbits. Then for any e € (0,7) there exists a constant a > 0 such that
for every J-holomorphic map  : A(r,R) — R x M satisfying

E(w) < ¢ / u*d\ <e,
A(r,R)
/ u* (pe%i‘))\ > 6 forpe[r,R], re®<Re
S1
the following holds:
u(pe®™) e W for p € [re®, Re™.

Hence these loops are all contained in the neighborhood component of W con-
taining the loop of one of the distinguished periodic orbits.

Proof. We work in holomorphic polar coordinates. Arguing by contra-
diction we find an € € (0,7), a sequence (ry, Rx) with Ry — rp > 2k, and a
sequence of pseudoholomorphic maps i = (ak, ux) : [rr, Ri] x S* — R x M
satisfying

E(ug) <e¢, / upd\ <e
[’l‘k,Rk]Xsl

[y A =6 for p€ [ Bul and un(se.) ¢ W
S
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for some sequence sy € [+ k, R —k|. Using the R-invariance we may assume
that s = 0 so that r, — —oo and R — oo. Define the sequence of maps
U = (bk,uk) : [Tk,Rk] xSl - Rx M by setting

(s, t) = (ak(s,t) — a0, O),uk(s,t)).

In view of the gradient bounds of ¥, the sequence has a subsequence which
converges in Cf° to a pseudoholomorphic cylinder v = (b,v) : Rx S L RxM
which satisfies

E®) <e¢, / vidA <e
RxS1t

and
/ v(p, )" A>46 for peR.
S1

In particular, ¥ is nonconstant. As s — +oo, the maps v(s,-) converge to
periodic orbits x4+ having periods T+ bounded by c. Applying Stokes’ theorem
we find

T, —T.| :/ vdA < e < .
RxS1t

In view of the definition of v we deduce 7 = T =: T and [, g1 v*d\ = 0.
Hence vy = x4 =: z and arguing as in Lemma 4.7 we conclude that v is the
cylinder over the periodic orbit z given by v(s,t) = (Ts—i—c, z(Tt—i—d)). Setting
s = (0 we obtain

ug(0,-) — v(0,-) = 2(T - +d) in C*®(S1).

This leads to the contradiction that ug(0,-) € W for all k, but z € W. The
proof of the lemma is complete. O

Continuing with the proof of Proposition 4.8 we conclude from (4.16),
(4.17) and (4.18) taking 2e = £¢ as in Lemma 4.9 that

vi(Re*™ ) e W

if R € [Roel,eh1//§;] for every h > 0 sufficiently large if j > jo(h) and
moreover,

Voo (Roehe%i') ew
for every h > 0 sufficiently large. Now, as j — oo

v; (Roehe%it) N voo(Roehe27rit),
v (77 efheZﬂit/dj) =, (’yj + n/efhe%rit) U (Zz + n/efhe27rit)

in C*°(R). We conclude for every h sufficiently large that the loops v (Roe®e?™)
and us (28 + n'e™"e?™) belong to the closure of the S'-neighborhood of the
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same periodic orbit z(7T"). By the asymptotic behavior near the punctures,
Uoo (zi + n’Roe_he2”1t> — z;(Tit),
Voo (Roehezﬂt) — Too(Toot)

as h — oo, in C°°(R). Consequently, the loops z;(7;-) and o (T ") also belong
to the closure of the S'-neighborhood of z(7-). Since the neighborhood W
separates periodic orbits we conclude

zi(Tit) = oo (Toot +6), t€R

for some phase & € R. In particular, T; = T,,. This completes the proof of
Proposition 4.8 in the (M) case. The (W) case is proved the same way.

PROPOSITION 4.10.  The finite energy sphere U0 : C\T? — R x M
produced above has the following property:

FEither / Vi dA > 0y
C\I”

or / vid\=0 and I > 2.
C\I'i

Proof. If T'* # () then 0 € I'* by Lemma 4.5. Assume I'* = () or I'* = {0}.
From the normalization condition (4.2) for ¥; we obtain in the limit j — oo,

/S1 Voo (e2“i' )*)\ = m(woo,zi) — 0p.

Since voo (Re?) — 2;(Tt) as R — oo in C*(R), in view of Proposition 4.8,

and since T; = m(weo, 2"), we conclude from

/D R\Du;‘;odA: » vo (R*™ )X — /S N G )

in the limit R — oo, that

/ U;od)\ =09 > 0.
C\D

We see that the d\-energy of v is positive in the cases of one puncture and no
punctures. Consequently, #I'* > 2 if the d\-energy of U, vanishes, as claimed
in the proposition. O

In view of Proposition 4.10 we might have f@\ri vid\ = 0 provided
1" > 2. From the classification of finite energy surfaces in R x M having
vanishing dA-energy we know that in this case the image of v, is necessar-
ily a multiply covered cylinder over a periodic orbit of Xy; see the appendix
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of [30]. Since we have only one positive puncture, namely oo, the associated
asymptotic limit in M is [-fold covered,

fr

1= 1,
n=1

where [,,, 1 < n < "%, are the covering numbers of the negative limits. Clearly,
I > 2. In the following we call such a generalized finite energy surface a
connector.

Definition 4.11. A connector is a generalized finite energy surface u =
(a,u) : S\T' — R x M having precisely one positive puncture and at least two
negative punctures and satisfying

/ uwrd\ = 0.
S\

We summarize our construction so far. We used the sequence w;) to
produce in the limit the generalized finite energy sphere ws, : S? \ ' — V.
The nonempty finite set T' = {z', ..., 2*} of punctures is contained in D C S2.
These punctures are all negative. For the puncture z* € I" we constructed a

oo Ty converging either to a generalized finite

rescaled subsequence v; = wy(;

energy plane .
Voo : S2\ {0} =C - W

or, after adding a sequence of numbers to the R-component, to a generalized
finite energy sphere

Boo : C\T? = §%\ (T"U{o0}) > R x M.

In the first case the puncture oo of vy, is positive. In the second case oo
is also a positive puncture, while all the punctures in I'* are negative provided
I # (). In both cases, the asymptotic limit of the positive puncture oo of Vs,
agrees, because of Proposition 4.8, with the asymptotic limit associated with
the negative puncture z* € T' of wue.

Now we proceed inductively. If ¥, constructed in the above first step does
not have punctures, i.e., I'V = (), so that it is either a finite energy plane in 174
or a finite energy plane in R x M, the induction for the puncture z* is already
finished. If T # (), then for the negative punctures I = {2, ... 2%} C D of

Uso We defined the masses m(ﬁoo, zil> satisfying

v < m(ﬁoo,zil> < m(woo,zi)

for all 1 < < #T"%. For the negative puncture z* € I'" we proceed as before
and find by rescaling the sequence v; near 2% precisely as we did above, a
subsequence converging either to a finite energy plane C — W or to a finite
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energy sphere C\I'¥ — R x M having the only positive puncture co and a finite,
possibly empty, set I C D of negative punctures. Moreover, the asymptotic
limit associated with the positive puncture co agrees with the asymptotic limit
of the negative puncture z!. We continue in this way. At every step either a
certain amount of energy is used or one obtains a connector, where because of
Proposition 4.6 the sum of the masses of the negative punctures is equal to the
mass of the corresponding puncture of the previous step. At every step the new
masses showing up are larger than v but smaller than the corresponding mass
of the previous step. In case of a connector, there are at least two negative
punctures. The sum of their masses is the mass of the previous step. Due to
the lack of further punctures the inductive procedure necessarily terminates
after finitely many steps. In the last step a finite energy plane either in w
or in R x M is produced. The asymptotic limit of its positive puncture oo
agrees with the limit of the negative puncture under consideration. All surfaces
produced, except of course the initial surface wes,, have precisely one positive
puncture and a finite, possibly empty, set of negative punctures. The whole
inductive procedure and its resulting configuration can be described with the
help of a graph whose vertices can have three different colors, black, gray and
white. A black vertex occurs only once. It is a solution of the problem (V) and
represents the image of wq, in V. The gray vertex represents the image of a
solution of type (M) and a white vertex a solution of type (W). A white vertex
is always a plane. We draw an edge between two vertices if the asymptotic
limits match up. Following the inductive procedure we represent the graph as
a tree, where we do not exclude the possibility that different vertices in the
graph correspond to the same finite energy sphere. Figure 14 illustrates the
idea with an example.

- - |
SRl

1—*3,1 — {23,1,1723,1,2}

JESEI 2512 17“5 / / _7\
O O O -
r2:{22=1} 2l —g @ Ej Ej U

Figure 14. The evolution of a graph during the inductive construction.
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5. Properties of bubbling off trees

5.1. Fredholm indices. In order to analyze the properties of the bubbling
off tree we first recall some facts about the Fredholm index needed later on.
We abbreviate the Riemann sphere by S = S? and consider the finite energy
spheres

w:8=8\T— A

constructed in the previous section, where A stands for V or R x M or W
and where I' # (ZJ If A=V, then punctures are all negative, I' = '™, while
F=T%for A=W. If @ is an embedding, its Fredholm index is, according to
[36], given by the formula

(5.1) Ind(@) = pun (@) + x(5%) — T

for A=W and A = R x M. Here N denotes a normal bundle to the tangent
bundle of the embedded sphere @(S) C A so that TA = Tw(S) & N. More-
over, N agrees with £ in a neighborhood of the punctures. The normal index
pn (W) = pf; — py € Z is computed in a trivialization of N as explained in
Appendix 8.1. If A=V we imposed the condition w(oco) = 0n. Therefore,
the Fredholm index decreased by 2 so that

(5.2) Ind(@) = pn (@) + x(5%) — T — 2
for A = V. In this case un (@) = —p ~ (W) since all the punctures are negative.
Recalling that M is diffeomorphic to S3 we also have a total Conley-Zehnder
index

p(@) = () — p~ (w),

which, for every periodic orbit z(t) associated with the punctures I, is com-
puted in trivializations of the bundles u*§, where u : D — M are disc maps
spanning the orbits so that z(Tt) = u(e®™).

In order to establish the relation between uy and p we define a new index
wr as follows. We choose a complex line bundle E over S which is a subbundle
of W*TA coinciding with CX near the punctures, where X is the Reeb vector
field. In addition, we choose F so that it admits a nowhere vanishing section
which near the punctures coincides with X. Let now F' be a complex subbundle
which near the punctures coincides with & and which complements F so that

WTA=EoF.

Then F is also a symplectic vector bundle of real dimension 2. Therefore, we
can compute the total Conley-Zehnder index pp(w) € Z using a trivialization
of the bundle F.
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Concerning the computations of indices and winding numbers below it is
useful to recall from [32] and [30] the special compactification of the punctured
sphere S = S \ T to a compact surface S with boundaries. We define this by
adding a circle for every puncture in I', taking polar coordinates centered at
the puncture and distinguishing positive and negative punctures. In view of its
asymptotic properties near I' the map w has a smooth extension w : S — Rx M
for which the added circles parametrize the periodic orbits associated with
the punctures. The vector bundles over S under consideration have unique
continuous extensions to bundles over the compact surface with boundary.
The following formula holds true:

PROPOSITION 5.1.

pn (W) = pp(w) —2[x(S) — £I7.

Proof. By construction,

Tw(S)® N =a*TA=Ea&F.

Choose nowhere vanishing sections ¢ of Tw(S) and n of N. Denote by e a
nowhere vanishing section of E which near the punctures agrees with X and
denote by f a nowhere vanishing section of F. Then (¢(z),n(z)) is, in the
complex basis (e(z), f(z)) represented by

tz) = alz)e(z) +6(2)f(2),
n(z) = 7(z)e(2) +(2)f(2).

Near the punctures I', the matrix

a(2) B(2) -
[wz) 6<z>1’ 2e5

is diagonal. The sum of the winding numbers of the complex determinant at the
positive punctures equals the sum at the negative punctures. The sum of the
winding numbers of a at the positive punctures minus the sum at the negative
punctures is equal to x(S) — I". This implies that the sum of the winding
numbers of § at the positive punctures minus the sum at the negative punctures
is equal to fI" — x(5). Consequently, by means of the Maslov-compatibility
property of the Conley-Zehnder index in Theorem 8.1, we conclude that uy =
2[T" — x(S)] + pr. This completes the proof of the proposition. O

We point out that the crucial property of the bundle F lies in the fact
that it admits a nowhere vanishing section which near the punctures agrees
with X. Given any other complex subbundle of dimension 1, also admitting
a nowhere vanishing section which is X near the punctures, it is isotopic to
FE through complex subbundles of @*TA, the bundles being fixed near the
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punctures during the deformation. All these constructions hold true under
homotopies of w as long as the behavior near the punctures is preserved. We
shall use these remarks in the proof of the next proposition.

PROPOSITION 5.2.
o pp(w)=pu(w)if A=W or A=R x M.

o pp(w) = p(w) + 6 if A =V, provided that the embedded finite energy
sphere w : S — V satisfies W(00) = 0 and the intersection number with
the sphere So at infinity is equal to 1.

Proof. If A =R x M we can choose E to be the complex span of X so
that F' can be chosen to be . Then, clearly, pp = p. If A= W, then we
can homotope W into some curve in RT x M keeping the behavior near the
punctures fixed. The same arguments apply. Assume now that A=V and
assume that it intersects the sphere at infinity precisely once transversally so
that the intersection number is equal to 1. Choose the bundles £ and F as
described above and assume that they coincide near the punctures with CX
and £ respectively. Now choose a smooth map v : T — W which is defined
on a punctured Riemann sphere 7' and which near the punctures parametrizes
half-cylinders over periodic orbits. The periodic orbits in question are those
of @. Gluing this Riemann sphere to S along the periodic orbits we obtain
a map b from a surface ¥ into W U ([-R,R] x M) UV = CP? for some R
sufficiently large. The map b has the intersection number 1 with the sphere at
infinity. Moreover, it is homologous to CP'. Therefore, c; (b*TCP?)[X] = 3. If
we choose complex line subbundles E’ and F’ over the part belonging to T, so
that E’ admits a nonvanishing section which is X near the punctures, and so
that F” is € near the punctures, then £’ and F can be glued along the periodic
orbits to a complex line bundle E over © admitting a global nowhere vanishing
section. Moreover, F' and F’ can be glued to a complex line bundle F over DI
so that

E & F = b*(TCP?).
Since ¢1(E) = 0 we deduce

3 = c('TCP*([X])

— cl@([z])Jrcl(F)([E])
= a(F)([X]).

Consequently, pp + ppr = 2 -3 = 6. By construction, pup = pe = p~(w)
= —u(w) and the proposition follows. O
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In view of Proposition 5.1 and Proposition 5.2 we find the following for-
mulas for the Fredholm index, using the fact that x(S5) = 2:

(5.3) Ind(w) = p(w) — 2 + 4T,
ifﬁzWorﬁ:RxM, and

(5.4) Ind(@) = (@) + 2 + T

for our special surfaces in A=V.

We note that formula (5.4) can heuristically be explained by the following
argument from Fredholm theory. We take smooth disc maps vy : intD) — |74
which parametrize near their boundaries half cylinders over the periodic orbits
P, associated with the punctures A\ € I'. Gluing these maps to w along the
periodic orbits we obtain a map wff (U,\T;)\) : 82 — Ay for sufficiently large N,
which is homologous to CP! and which intersects the sphere at infinity in the
point o, with intersection index 1. Hence, in view of (2.27), Ind (@ﬁ (UA@\)) =
4 — 2 = 2. By the gluing properties of Fredholm maps,

Ind (@4 Uy 9 ) = Ind(@) + Y Ind(vy)
el

and so,

Ind(@) =2 - Ind(v)).
el
Now, Ind(vy) = w(Pr) — 1, by Theorem 2.8 in [36]. Therefore, Ind(w) =
24+ 4T — Y pu(Py) = 2 + I 4+ p(w), which agrees with (5.4). Figure 15
illustrates schematically the construction. So far we have assumed that w is
an embedding. This however is not needed. For a proof of this fact and also
for the proof of the following genericity statement we refer to [7].

Figure 15. Construction of the map wf Uy uy.
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THEOREM 5.3. Fiz a point os on the sphere CP at infinity in CP?,
Then there exists a compatible almost complex structure J onV and on W
which on ®([—e,e] x M) coincides with J, which in a neighborhood of CP!
in V coincides with the standard complex structure ¢, so that the following
properties hold true:

1. For every somewhere injective finite energy sphere w : S — W with
respect to J,
Ind(w) = p(w) — 2+ 4" > 0.

2. For every finite energy sphere @ : S — V with respect to JA7 satisfying

w(00) = 0s and intersecting the sphere at infinity once with the inter-
section number equal to 1,

Ind(@) = p(@) + 2 + 4L > 0.

Here p(w) is the total Conley-Zehnder index computed with respect to M.
Note that in the first case pu(w) = p*(w), so that

pt(w) >2—4T
for a finite energy sphere in W, while u(@) = —p~ (@) in the second case, so
that

p(w) <2 +¢T

for the distinguished finite energy spheres in V.

5.2. Analysis of bubbling off trees. In Section 4 we constructed a tree of
generalized finite energy spheres of type (W), (V) and (M). We shall show
next that the asymptotic limits occurring have their Conley-Zehnder indices
in the set {1,2,3}, in the generic case. The Conley-Zehnder or p-index is
computed with respect to a symplectic trivialization of the plane bundle &
over a natural disc spanned by the periodic orbit under consideration. Since
in our case M = S3, the index neither depends on the trivialization nor on the
choice of the disc. Recall that we always con51der a generlc structure J on &
and a generic almost complex structure J on W and V which coincides near
the boundaries with the R-invariant structure J determined by J.

PRrROPOSITION 5.4.  Consider the bubbling off tree constructed in the pre-
vious section. The bottom white dots representing generalized finite energy
planes in W have at oo asymptotic limits whose Conley-Zehnder indices are
at least 1.

Proof. The generalized finite energy plane u : C — W factors through a
somewhere injective finite energy plane v : C — W so that

U= -p



FINITE ENERGY FOLIATIONS 199

for a polynomial map p : C — C; see Proposition 6.2 in [30]. Since J is
generic on W we know from Theorem 5.3 that w(@) > 2 — 4. In the case
at hand, ' = 1 and p(v) = p*(v) and hence p*(v) > 1. Since a positive
p-index cannot decrease under iteration (see Proposition 8.2 in the appendix)

we conclude pt(u) > pt(0) > 1 as claimed. O
If the plane is contained in R x M we have the following estimate from [30].

PROPOSITION 5.5. Letu:C — R x M be a JN—ﬁm'te energy plane, then
p(a) = 2.

From the Fredholm theory in Theorem 2.1, we recall:

PROPOSITION 5.6. Ifu: S?\T — R x M is a somewhere injective finite
energy sphere for J, then its Fredholm index satisfies

Ind(u) = p(u) =2+ > 1
provided m - Tu # 0.
We shall use the above information in order to prove:

PROPOSITION 5.7.  Assume that J and J are generic. Then the finite

energy spheres occurring in the bubbling off tree have asymptotic limits whose
indices belong to the set {1,2,3}.

Proof. In order to show first that the indices are all > 1 we proceed
by induction starting at the bottom of the tree and working all the way up
to wso. The white dots and the gray dots at the bottom represent finite energy
planes in W and R x M respectively. Here we know from Proposition 5.4
and Proposition 5.5 that the positive puncture has index > 1. We now delete
all these dots from the graph and attach the Conley-Zehnder indices > 1 to
the free edges. If there are no gray dots left with a free edge we are done.
Otherwise we look at a gray dot having one or several free edges. It represents
a finite energy sphere @ = (a,u) : S? \I' — R x M of type (M). We have to
distinguish between the cases 7 - Tu # 0 and w - Tu = 0.

Consider the case m - T'u # 0 and denote by v the underlying somewhere
injective sphere in R x M satisfying & = v - p. The polynomial p: CU{oc} —
C U {oo} maps the punctures I" onto the punctures IV of ¥. Since J is generic
we conclude from Proposition 5.6 that

(5.5) Ind(3) = u(@) — 2 + 17 > 1.

Here pu(v) = pt(v) — p=(v). For the computation of the indices we take a
trivialization of £ over the disc spanning the positive limit in M which is
defined by gluing to the image of v in M suitable discs spanning the negative
limits of the previous generalized finite energy planes whose indices as we know
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already are > 1. Since a periodic orbit with index at most 0 will have iterated
indices with value at most 0, it follows that v has negative limits whose indices
are > 1. This implies that the index u*(?) of the positive puncture of v is at
least 2. Indeed, in view of (5.5) we can estimate

pt@) > pm (@) +2+1 -1
(T — 1) +3 -l = 2.

v

Consequently, p*(u) > pt(v) > 2 in case deg(p) = 1 and p*(u) > 4 if
deg(p) = 2.

Next consider the case m - Tu = 0; then u is a connector and hence has at
least two negative punctures; see Definition 4.11. The map can be written as
u = v - p with a polynomial p as above and with 5(62”(””)3 = (Ts +c, x(Tt))
for a simply covered T-periodic solution z(t) of X on M. Hence the punctures
of u have asymptotic limits of the form (z, k;7). Denote by

e

ko= kj
j=1

the covering number of the positive puncture of w. Then kg > 2. Since the
negative punctures have indices at least 1, the positive puncture also has an
index at least 1. Indeed, by Proposition 8.2 if u(z, k;T) > 1, then p(z,T) > 1
so that u(z, koT) > 1. To summarize, the positive puncture of a finite energy
sphere # in R X M has an index p*(u) > 1.

Since the asymptotic limits of the positive punctures agree with the asymp-
totic limits of the negative punctures of the next generation up the tree we
conclude, iterating our procedure all the way up, that all indices are > 1.

It remains to prove that the indices are < 4. Arguing by contradiction
we assume that a finite energy sphere in the bubbling off tree has a negative
puncture whose asymptotic limit has an index > 4. We already know that all
the other negative punctures of this sphere have indices > 1. Hence arguing
as above we conclude that the positive puncture of this sphere has index > 4.
Iteratively working up the tree we conclude that ws, has at least one negative
puncture with index > 4 while all the other negative punctures have indices
> 1. Recalling the Fredholm index formula (5.4)

Ind(ws) = plwe)+ 0+ 2
= plwes) =2+ +4
we obtain, in view of p(we) = —17 (W) the estimate

Ind(wee) < —4— (0= 1) — 24+ +4 = —1.

This, however, contradicts the fact that Ind(we,) > 0 for our generic J. Having
shown that all indices in the bubbling off tree are < 4 the proof of Proposition
5.7 is complete. O
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From Proposition 5.7 we deduce, using Fredholm theory, the following
proposition.

PROPOSITION 5.8.  Under the genericity assumptions specified above, all
solutions of type (M) occurring in the bubbling off tree are somewhere injective,
provided m - Tu # 0.

Proof. Assume @ : S2\T — R x M is a finite energy sphere obtained
through the bubbling off analysis and satisfying 7 « Tu # 0. Arguing by
contradiction we assume that u is not somewhere injective. Then there exist a
somewhere injective finite energy sphere ¥ : S?\I" — R x M and a polynomial
map p with deg(p) > 2 satisfying & = ¥ - p and p(I') = I'. Since v is
somewhere injective we know from Proposition 5.6 that the Fredholm index of
v is estimated by

Ind(v) = p(v) — 2 + 1" > 1.

From Proposition 5.7 we deduce that the indices of the negative punctures of
v are > 1. Therefore, the positive puncture has an index p*(v) > (I — 1) +
3 — fI" = 2 and hence pt(2) > 4 in view of deg(p) > 2. This contradicts
pt () < 4 and proves Proposition 5.8. O

Another consequence of Proposition 5.7 is the following:

PROPOSITION 5.9.  Assume the solution i = (a,u) : S?\ T — R x M of
type (M) produced through the bubbling off analysis satisfies m « Tu # 0. Then
wind,(u) = 0, and every puncture z € I' has the asymptotic winding number

winds (2) = 1.

Proof. From [30, Prop. 5.6, we recall the formula
(5.6) wind,(2) = winds(a) — 2 + [,
where, splitting the punctures I' = ' UT'~ into positive and negatives ones,

(5.7) windoo (@) = Y windeo(2) — Y windso(2).

zel+t z€l—

If the asymptotic limits of the punctures have their indices in {1,2,3} the
inequalities given in (84) in [30] become

(5.8) windeo(2) < 1 if ze T,
windeo(z) > 1 ifzeI'™.

This implies for the case at hand, in which I't = {oo},

windso () < 1 — (40 — 1) = 2 — #T..
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From wind,(u) > 0 we conclude
winds (u) > 2 — fI.

Consequently, winde () = 2 — #I" and hence wind, (@) = 0. Therefore, in
view of (5.7),

windeo(00) — 1 = Z windeo(z) — I~ = Z ( windo(2) — 1).
zel'~ zel'~

Recalling (5.8), we conclude winde(z) =1 for every z € I'. O

In order to establish the crucial property of the bubbling off tree we need
a result about self-linking numbers. Recalling the gluing construction in Sec-
tion 2.2 we consider a compact symplectic 4-manifold A with a convex contact
type boundary A = BT, in the following denoted by B = BT. Gluing R™ x B
over the boundary to A we obtain the almost complex manifold (A, J ). On
R* x B the almost complex structure J agrees with the R- invariant structure
J determined by the contact form X on B as defined in (2.16).

THEOREM 5.10.  Consider the compact symplectic 4-manifold A with a
convex contact type boundary 0A = B. Let (/I, f) be the associated almost
complex manifold. Assume that u : (D,i) — (A,J) is an embedded almost
complex disc-map satisfying u(0D) C {r} x B for some r > 0. Moreover,
assume that w(0D) C B is transversal to the contact structure £, where u(z) =
(a(2),u(z)) if 4(z) € RT x B. Assume, in addition, that @ : D — A is
homotopic (with boundary fized) to a map w = (r,w) : D — {r} x B so that
u(z) = (r,w(z)) for z € OD. Then the self-linking number of w(0D) with
respect to the disc w is sl(w, w(0D)) = —1.

Proof. Since u is almost complex, the symplectic vector bundle u* (Tﬁ)
— D admits a splitting into two complex line bundles

@(T4) = T(w(D)) ® N,

where T'(u(D)) is the complex tangent bundle of u(D) and where N is a com-
plex line bundle isomorphic to the normal bundle @*(T'A)/T(#(D)) and equal
to & over the boundary dD. Abbreviate x(t) = u(e?™) and consider the split-
ting
W (TA) = Ye & Ze

defined by a nowhere vanishing section Y of @*(T A) satisfying Y (e2™) = i(t)
at the boundary 8D of D, and a nowhere vanishing section Z of @*(TA)
belonging to £ over 0D, and which together with Y spans ﬂ*(Tﬁ) over C.
If now C' is a nowhere vanishing section of N and H is a nowhere vanishing
section of T'(u(D)) — D we have Y (z) = a(2)H(z) + b(2)C(2) and Z(z) =
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c(2)H(2) +d(z)C(z) for z € D. Hence we can define the map ® : D — GL(C?)

by
a(z) b(z)
. l () dz) |

If z € OD, then b(z) = ¢(z) = 0. Since ® is a disc-map, the winding number
of z — det®(z) = a(z) - d(z) € C\ {0} over OD necessarily vanishes. At the
boundary 0D we have Y (z) = a(z)H(z) and Y = &; moreover H extends to
a trivialization of the tangent bundle of the embedded disc u(D). Therefore,
the winding number of a : 9D — C\ {0} is equal to 1 and hence the winding
number of d : 9D — C\ {0} is equal to —1.

Next we push the disc D = @(D) in the direction of Z to obtain the new

disc D'. By assumption, 9D C {r} x B and since Z|5p C § we may also assume
that 9D’ C {r} x B. Clearly, 9D N 9D’ = () and we claim that

(5.9) DND =0 and D' ND=1.

To prove this we shall show by means of the maximum principle that the
interiors of D and D’ lie below the level set {r} x B, i.e., in AU([0,7) x B).
Take a smooth function f: A — R satisfying

f=0 onA
f(s,0) =p(s) onRT x B

where ¢ = 0 near s = 0, and ¢”(s) > 0 otherwise. Consider the composition
a=f-u:D—R.

If u(z) = (a(2),u(2)) at the points z where u(z) € Rt x B, we conclude from
our assumptions that

az)=f - u(z) =¢(r) ifze€dD.

Moreover, for z € D near 0D we have a(z) = f - u(z) = p(a(z)). Since u is a
J-holomorphic disc satisfying #(8D) € R x B and since J = J on RT x B,
the computations in Lemma 4.4 show that

Aa > 0.

Since @ is an embedding, the function a : D — R is not constant. We therefore
conclude by means of the strong maximum principle that

a(z) < p(r) for z € int(D),

g—g(z) >0 for z € OD.
Consequently, intu(D) = int(D) C AU([O,T) X B) as claimed. In view of
(5.9) the intersection number int(D,D’) is well-defined and we claim that

(5.10) int(D, D) = —1.
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In order to prove this we introduce new complex coordinates in which D =
D x {0} ¢ CxCand H(z) = (0,1) € CxC for z € dD. Now D' =
{(2,Z(2)) | z € D} with Z : D — C. By the above discussion the winding
number of Z along 0D is equal to —1 so that Z is homotopic to %(O, 1) over
0D. Consequently, deg(Z, D,0) = —1 and the claim (5.10) follows.

Now we add a piece to the disc D' above the level {r}x B to obtain the new
disc D’ as illustrated in Figure 16. Clearly, int(D, D) = int(D, D ) since the
points of intersection remain the same. Recalling that @ (D) is homotopic (with
boundary fixed) to w(D) we obtain, moving the boundary of dD' sufficiently
high up, that int(D, D’) = int(w, D’) = —1. By assumptions, w(D) C {r} x B.
Hence, by homotopy and the excision, denoting by I C RT an open interval
containing r € I we obtain:

(511) —1 = int(D,D’) = int(D, D’) = int(w, D)
= int(w,I x D) = int(w, R x D) = int({r} x w,R x 9D")
= int(w,dD’).

Recall now that Z is a section of £ over 0D. Therefore, the last integer in
(5.11) is, by definition , equal to the self-linking number sl(w,w(0D)) if we
show that the section Zjpp admits a nonvanishing extension over w*¢.

Rt

Figure 16. Schematic construction of the disc D’ in the proof of
Theorem 5.10.

In order to see this we use a sequence of homotopy arguments. First ob-
serve that along the homotopy of u into w the pair of hnearly 1ndependent
sections Y and Z of u (TA) can be homotoped to a pair Y and Z of point-
wise linearly independent sections of w (TA) where during the homotopy the
sections over the boundary 0D remain the same. We now have two pointwise
linearly independent sections ¥ and Z of @*(T'A) = @*T(R* x B). The loop
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is contained in the level set {r} x B where x is transversal to £ such that &(t)
and the Reeb vector field X (w(e?™?)) point in the same direction. Therefore,
Y can be homotoped as a nowhere vanishing section into the section X (w(z))
for z € D. During this homotopy we can homotope Z in such a way that at any
moment we have two pointwise linearly independent sections and, moreover,

the section Z is fixed at the boundary. The newly obtained section Z is now
equal to Z over the boundary 9D, and linearly independent of X (w(z)). Since

T(Rx B) =C- X ®¢, the section Z can be homotoped to a nowhere vanishing
section of & when it is fixed over the boundary. This finishes the proof of the
theorem. d

We shall make use of Theorem 5.10 in the proof of the following crucial
property of the bubbling off tree.

PROPOSITION 5.11.  Assume u = (a,u) : C\I" — R x M is a solution of
type (M) obtained through the bubbling off analysis satisfying m  Tu # 0. De-
note the asymptotic limit associated with the puncture z € T by (xo,Tp). Then
Ty is the minimal period of xog and the loop xo(R) has self-linking number —1.

Proof. We first consider a positive puncture z € I''. By the bubbling off
analysis, there exists a sequence of Mobius transformations 7; such that

where the R-components of u; are suitably shifted. For sufficiently large R,
the loop u(Sg) € M is embedded. Indeed, if the cylindrical end is not em-
bedded one concludes by the asymptotic behavior of @ near its limit that the
surface is multiply covered contradicting the fact established in Proposition
5.8, that the surface is somewhere injective. Moreover, near the limit the loop
u(Sg) is transversal to . Set ug(z) = (ar(z),ur(z)) and consider the loops
{uk(z) | ax(z) = a}. Then for k and a sufficiently large, the loop is transversal
to £ and by construction bounds an embedded pseudoholomorphic disc satis-
fying the hypotheses of Theorem 5.10. By the invariance of the self-linking
number under deformations of loops transversal to £, we conclude from Theo-
rem 5.10 that the self-linking number of u(Sg) is equal to —1 if R is sufficiently
large.

Recall that wind.(00) = 1 in view of Proposition 5.9. We now work in
the local coordinates near the asymptotic limit as described in the appendix
and use the asymptotic formula for . Then up to a small isotopy irrelevant
for our arguments we may assume that

(5.12) u(s,t) = (kt,e*e(t)) C R x C.

Here k is the asymptotic covering number and A < 0. Moreover, we can find
local coordinates such that the loop e(t) € C\ {0} has winding number equal
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to 1. Note that the first component in (5.12) is to be understood mod Z.
If sp is large, the self-linking number sl(y) of the loop y(t) = u(sg,t) as a loop
in S2 is equal to

(5.13) sl(y) = —1

as we have just concluded from Theorem 5.10. Recall that the self-linking
number is computed by shifting y in the direction of Z(y(t)) into the loop ¥’
disjoint from y. Here Z is a nowhere vanishing section of ¢*¢, where g : D — M
is a disc map which at the boundary 0D satisfies

a(e>™) = ().

Then sl(y) is the intersection number between ¢ and the shifted loop y'. We
extend ¢ to another disc map ¢’ by adding the closure of u([sg,00) x S!) to
the disc q. This way we obtain a disc map whose boundary parametrizes the
asymptotic limit (zq, Tp) of u. By definition of the self linking number of 3/,

(5.14) sl(y) = int(q,y') = int(¢,y) — int (u([so, 00) X Sl),y'>
and we claim that
(5.15) int(u([so,oo) X Sl),y’) =1

This will follow from the representation (5.12) for u. The loop 3’ may be given
by (kt,e**e(t) + ) for some € # 0 small. Hence the intersection points of
u([so,00) x S1) with 3 are the solutions of the equations

e)‘5°e<t —|—j/k) —eMe(t) +e=0

for j =0,1,...,(k —1). The degree of the map is the difference between the
winding numbers for s large and s = sg. Since the winding number of e(t) is
equal to 1, we obtain that the mapping degree is equal to 1 if j = 0 and equal
to0if j=1,...,(k— 1), hence proving the claim (5.15). Next we claim that

(5.16) int(q',y') = sl(zo, Tp) + k-
Indeed, choose s; > sg. Then
int(¢’,y) = int(¢,y) = int(q',u(so, )) = int(q’,u(sl, ))
= int(q,u(sl, )) + int(u([so,oo) x S, u(sy, ))

Shifting x¢ to z(, = (kt,d) for some ¢ # 0 small we obtain, by the definition of
the self-linking number of (z¢, Tp),

sl(x0, To) = int(q', ) = int(g, ) + int (u([s0,00) x ), 2 )
Since s1 > sg, a homotopy avoiding the boundary of ¢ shows that

int (q, u(s1, )) = int(q, zj))-
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Hence
sl(z0, Tp) = int (q, u(s1, ) ) + int (u([s0, 00) x 5%, 7).
Consequently,
int(q',y') —sl(@o, 7o) = int(u([s0,00) x §1), uls1,"))
— int (u([s0, 00) x S*), 7))
= —int(u([so,00) x §1),f).

We have used that since the cylinder is embedded, the first term
int (u([sg, 00) x S1),u(s1,-)) vanishes. Indeed, by shifting the loop u(s1, ) nor-
mal to the cylinder we obtain a loop disjoint from the cylinder. It remains to
show that

(5.17) int(u([so, 00) X Sl),azg) = —k.
The intersection points are solutions of
e)‘se(lH—j/k) —-06=0,

for j = 0,1,...,(k —1). Since the winding number of e(t) is equal to 1 we
obtain for every j that the mapping degree is equal to —1 hence proving (5.17).
The claim (5.16) is proved. Summarizing we conclude from (5.13), (5.15) and
(5.16),

—1=sl(y) =sl(zo,Tp) — 1+ k

so that sl(zg,Tp) = —k. On the other hand, with Ty = kT, we obtain
sl(zo, Tp) = sl(wo, kT) = k?sl(z9,T). Combining this with our calculation
sl(zg, To) = —k we deduce the equality

k%sl(xo, T) = —k

which implies that £ = 1 and sl(xo,T) = —1. In particular, Ty = T so that
Ty is the minimal period of xg. The same arguments apply to the negative
punctures and the proof of Proposition 5.11 is complete. O

Since its asymptotic limits are simply covered, the surface @ constructed in
Proposition 5.11 is an embedding near the boundary. Since it is by construction
the limit of embedded curves, & must be an embedding by the results of McDuff
in [43]. Moreover, this u satisfies the hypotheses of Corollary 2.3 and Theorem
2.7. Using these results we can summarize the properties of @ in the following
theorem.

THEOREM 5.12. A solution u = (a,u) : C\T" — R x M of type (M) ob-
tained through our bubbling off analysis satisfying w - Tu # 0 has the following
properties:
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1. w is a proper embedding.

2. The asymptotic limits associated with the punctures I are simply covered
and have self-linking numbers equal to —1.

3. The Conley-Zehnder index of the positive puncture is equal to 2 or to 3.
The indices of the negative punctures belong to the set {1,2}.

4. The Fredholm index of u satisfies Ind(w) € {1, 2}.

5. The map u : C\I" — M is an embedding transversal to the Reeb vector
field and converging at the punctures I to the asymptotic limits of T”.

According to Corollary 2.2 the possible configurations projected into M
are illustrated in Figure 17.

pt=2 pt =3 pt=3

1 1 1 2 1 1

Ind (%) = 1 Tnd(3) = 1 Ind(7) = 2

Figure 17. Possible configurations of finite energy spheres projected
into M.

We point out that there are no connectors in the bubbling off tree “below”
a surface of type (M) satisfying m - Tu # 0. Indeed, a connector @ : C\ I" —
R x M satisfies m - Tu = 0 and hence has at least 2 negative punctures because
of Proposition 4.10. Hence the asymptotic limit of the positive puncture of a
connector is always multiply covered. Therefore, it cannot be the limit of
a negative puncture of an (M)-type surface satisfying m - Tu # 0 which by
Theorem 5.12 is simply covered.

6. Construction of a stable finite energy foliation

We shall use the results from the previous sections in order to establish a
stable finite energy foliation.
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6.1. Construction of a dense set of leaves. We first recall our earlier bub-
bling off construction. Choose m € M and consider, for the given point
(0,m) € Ay, the sequence of finite energy spheres CV € MY uniquely
determined by (0,m) € CN. Choose the jN—holomorphic parametrization
wy : S? — Ay used in the bubbling off analysis of Section 3 satisfying

wy(S?) = CV,  wn(00) = 0so, /Dw}kaN =T —".

In addition, wy(0) either lies in W or, in case wy(S?) N W = (0, belongs to
[—N, N]x M and has the lowest possible R-value. We constructed an injective
monotonic map ¢ : N — N satisfying

(6.1) Wy(N) = Woo in C2(S2\T,V).

We can assume that v is already the subsequence for which all reparametrized
maps occurring during the inductive bubbling off analysis do converge. Define
the sequence (y € S? by

wy(ny (Cv) = (0,m) € Ap.

For the limit construction in (6.1) we have identified [N, N] x M with
[—2N,0] x M. Consequently, (x — 2% for a bubbling off point 2zt € T". Next,
considering this puncture 2% we constructed special sequences vy — 2°1 and
0y — 0 in order to define the rescaled maps vy by

UN(2) = wy(n) (VN + On2);

see (4.1). Define the new sequence zy € C by
un(zn) = (0,m) € Ap.

Then, by Lemma 4.4 and Lemma 4.5, the sequence vy converges to v, either
in C7X.(C, W) or, modulo adding suitable constants to the R-components, in
C2(C\T,R x M). In the first case we identified [-N, N] x M with [0,2N] x
M so that |zy| — oo. We conclude that (0,m) lies on the cylinder of the
distinguished periodic orbit which is the asymptotic limit of v, associated
with the puncture co. In the second case we have three alternatives. Either
|zn| — 00, or the sequence (zy) remains bounded but stays away from I't for
large N, or has a subsequence converging to a bubbling off point in I'’'. If the
first alternative holds, then again (0, m) lies on the cylinder of the periodic orbit
associated with the puncture co. If the second alternative holds we conclude
that (0,m) € image(Uoo) C R x M. Finally, if the third alternative holds, then
we continue with the bubbling off analysis as before and again have the three
alternatives.
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The bubbling off analysis terminates after finitely many steps due to the
lack of negative punctures. Therefore, after finitely many steps either the first
or the second alternative holds. Consequently, if m does not lie on a periodic
orbit, then there exists a sequence of Mdbius transformations 7y satisfying
7N (00) = oo such that the maps gy := wy,(n) - 7v have the following properties.
The sequence gy converges in C°(C\ I",R x M) to a finite energy sphere g
containing the point (0,m) in its image. Moreover, by Theorem 5.12 the finite
energy sphere is an embedding, its asymptotic limits are simply covered, have
self-linking numbers equal to —1 and indices belonging to the set {1,2,3}.
Moreover, the Fredholm index Ind(g) belongs to the set {1,2}.

Now, since A is nondegenerate we can choose a dense sequence my € M
so that no point in this sequence lies on a periodic orbit. For every k we take
the uniquely determined pseudoholomorphic sphere C’]lf, in M(])V containing the
point (0,my). Then we find a sequence ¥, : N — N consisting of injective
monotonic maps, and finite energy spheres

CECRxM

such that for suitable parametrizations w¥; of C’fzk () We can pass to the limit

as N — oo in order to have a parametrization of C%. Moreover, (0,my) €
Ck . We know that each C% is embedded, has simply covered asymptotic
limits whose self-linking numbers are equal to —1. We also know that there is
precisely one positive puncture but an arbitrary number of negative punctures.
Further, the asymptotic limits have indices in {1,2,3} and Ind(C%) € {1,2}.
In addition, by the positivity of intersections of pseudoholomorphic curves,
two surfaces C%, and O, are either identical or disjoint. Indeed, if two such
surfaces intersect but are not identical, then they have an isolated intersection.
This implies, assuming ¢ < j, that C’i}j (V) and Cfpj( N) intersect for large N in
a point different from 0., which is not possible. We have proved the following
result.

THEOREM 6.1.  Consider a nondegenerate contact form X\ = flg on S°,
a generic admissible multiplication J : §€ — £ and a dense sequence my on
S3 such that my, does not lie on a periodic orbit. Then there exist a constant
¢ > 0 and for every point (0,my) a finite energy sphere C* C R x M having
the following properties:

1. The point (0,my) belongs to C* and E(C*) < c.

2. C* is properly embedded and has precisely one positive puncture. The
asymptotic limits are simply covered, have self-linking numbers equal to
—1 and Conley-Zehnder indices in the set {1,2,3}.
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3. Ind(C*) = u(C*) — 2+ € {1,2}.
4. IfCi neC # (), then Ct= (9.

To distinguish the types of finite energy spheres we introduce the vectors
a= (uT,puy,...,uy), where N is the number of negative punctures, u* the
Conley-Zehnder index of the positive puncture, and y; the index of the gt
negative puncture ordered so that By = - In view of Corollary 2.3, the
following vectors are the only possibilities (see Figure 17):

(37 117 127 ey 1N)7
- (3525117127"'51]\/71))
a = (2,11,12,...,1]\[).

In the first case Ind(C') = 2 while Ind(C') = 1 in the second and the third case.
The numbers N, respectively N — 1, of negative punctures having indices
equal to 1 can, of course, be zero. If this happens, the first and the third
case correspond to finite energy planes, while the second case corresponds to a
cylinder connecting a periodic orbit of index 3 with a periodic orbit of index 2.
We next find a dense set my, for which only the first possibility occurs.

PROPOSITION 6.2. Assume that A and J are generic as in Theorem 6.1.
Consider, for a given ¢ > 0 the set of embedded finite energy spheres
w:S2\T — R x S having one positive puncture and an arbitrary number of
negative punctures, satisfying m - Tu # 0 and E(u) < ¢, having simply cov-
ered asymptotic limits whose indices belong to the set {1,2,3} and Ind(u) = 1.
Then this set is, modulo reparametrizations and R-action, finite.

Proof. Arguing by contradiction we find a sequence ug : S? \ Ty —
R x S3 of embeddings all either of type a = (3,2,11,...,1y) or of type
a = (2,11,...,1x) and having the same fixed, simply covered asymptotic
limits. From the complete bubbling off analysis as carried out below, one
deduces for a subsequence that I'y — ' with §I'y = fI', and up — Uso in
Co(S? \T,R x S3). Moreover, the limit e is an embedded finite energy
surface of type o« = (3,2,14,...,1x) resp. of type a = (2,14,...,1x) having
the same fixed asymptotic limits as ux. Hence Ind(us,) = 1. However, this
contradicts the fact that, for generic J, such an Te is (up to the R-action and
reparametrization), isolated in view of the implicit function theorem in [36],
proving the proposition. O

We now delete all the points m; in Theorem 6.1 for which (0, m;) lies on a
surface as described in Proposition 6.2. The remaining sequence is, of course,
still dense. The new sequence we denote by m; again. With C7 we denote
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the finite energy surface in R x S guaranteed by Theorem 6.1 which contains
(0, m;). The associated vectors are now all of the form

o = (3,11,12,...,1]\[),

where N = 0 indicates a finite energy plane. We note that the bound E(C7) < ¢
for the energies implies the bound 7" < c¢ for the periods of the asymptotic
limits.

6.2. Bubbling off as my — m. First we introduce the c-spectrum o.(A) of
the nondegenerate contact form A. It consists of all strictly positive numbers
of the form

N
(6.2) T - Ty, N >0,
k=1

where T and T}, are periods of periodic orbits of the Reeb vector field Xy
which are bounded above by the constant c¢. Since A is nondegenerate, the
c-spectrum of A is a finite set. In the following oy > 0 denotes a number which
is strictly smaller than the minimum of o.(A). In particular, o¢ is smaller than
the minimum of all periods bounded by c.

Now, fix m € S and choose an injective monotonic map 7 : N — N
satisfying

6.3 My(5y — M on S3.
)

To simplify the notation we shall abbreviate C7 = C7() for the associated
embedded surfaces. In view of Proposition 6.2 we can assume that all these
surfaces are of type a = (3,11,...,1x). In order to control the behavior of
the surfaces as j — oo we have to impose suitable normalizations for the
j—holomorphic embeddings

(6.4) ’Lbj = (aj,wj) i C\F]‘ — R x 53

parametrizing C7 = w;(C \ I';). Note that the set of punctures is I'; U {oo}.
Since the energies are uniformly bounded we have fI'; < K < oo independently
of j. The normalization is as follows.

If T; = 0, we assume that the R-component of @;(0) has the smallest
value. If fI'; = 1, we assume I'; = {0}. In both cases we require, in addition,
the normalization condition
00

Y

for og > as introduced above, with D being the closed unit disc.
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If fT"; > 2 we assume that 0 € I'; and require, in addition,
0o
6.6 / wid\ = wid\ + —,
(66) o\r; p\r; 2

so that again most of the energy lies in D. The first consequences of these
normalizations are the following gradient bounds.

LEMMA 6.3. For every € > 0 there exists a constant C = C(e) such that
for all j

sup{\V@j(zﬂ | z € C\ intD14. and dist(z,T';) > E} <C.

Proof. Arguing by contradiction we find an £ > 0, a sequence of positive
(3 satisfying

numbers ; — 0 and a sequence z; € C\ (D1+€/2 U 38/2(Fj)
|Vw;(z;)|e; — oo,
[V (2)] < 2[Vw;(z)]  for [z — 2] <e.

Here we made use of Lemma 26 in [24]. Abbreviating R; = |Vw;(z;)| we
introduce the rescaled maps

5i(2) = (a5(2) + 2/Ry) — a;(z), wy(z + 2/ Ry) )
defined on the €;R;-balls. In these balls we have gradient bounds from which
we conclude that a subsequence converges to a nonconstant finite energy plane

v; — 0 % constant in C2(C,R x S3).

Given R > 0, the disc Dy, (z;) lies outside of D and away from the punctures
I';, provided that j is sufficiently large. Hence, if j is large we can estimate,
using the normalization (6.6),

a0

/ vrd\ = wid\ < / wid\ = —-.
D Dpyr, (25) C\(DUr) 2
Consequently, as j — oo,
/ v < 20
Dr 2

This holds true for every R > 0 and we obtain for the energy the estimate

~* 00
d\ < —.
/q:” =79

However, the energy of a nonconstant finite energy plane agrees with the period
of its asymptotic limit at co which (by definition of o¢) is larger than oy. This
contradiction proves the assertion. |

As another consequence of the normalization condition we shall see that
the sets I'; C C of punctures are uniformly bounded.
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LEMMA 6.4. There exists a bounded set B C C such that
I'ycB  forallyj.

Proof. If §I'; = 1, the assertion is part of the required normalization. So
we assume that §I"; > 2 for all j. Arguing indirectly we find a subsequence,
denoted again by I'j, containing z; € I'; and satisfying |z;| — co. We may
assume that

|zj| = max |I'j| — oo.

Furthermore, going over to a subsequence we may assume that the asymptotic
limit (200, Too) associated with the positive puncture oo stays the same for
all j. Define now the rescaled maps

5i(2) = (b5(2),05(2)) = (a5(12) = a;(22)), wy(z2))  on C\Ty,
where fj = Z%Fj. Then

T;CcD and 0, 1€T;.

Clearly,

/ _ v;‘d)\ = w;d)\.
D15\ D\T;

Using (6.6) we deduce therefore

(6.7) [ vjir = v+ 2
C\I'; D15\ 2

In other words, most of the dA-energy of v; lies in Dy, | \ fj. Now by an
argument as in Lemma 6.3 and the fact that |z;| — co we conclude that there
exists a finite set of bubbling off points I' C D containing 0 and 1 so that

U — 0 in CX(C\T,R x S%).

Denoting the period of the positive asymptotic limit by T, we deduce from
the normalization condition (6.7) that for R > 0 large enough

Too — 09 < / U;-‘)\ — vE.
SR SR

Hence v is not constant. In order to estimate the energy we use the normal-
ization condition (6.6) and compute

/ _ v;'-‘d)\ = /
Dg\(L Dur) Dyz;1rR\(DUL)

Zj

w;'-‘d)\ = w;‘-‘d/\ — w;'-‘d)\
Dy 1r\L'j D\T';

00

< wid\ — wid\ = —.
- /C\F]- / D\r; 2
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Consequently, as j — oo,

/ a2
Dp\T 2

and so
(6.8) / vtda< 20
C\T 2

The set I' consists of negative punctures and contains 0 and 1. Moreover,
in view of the energy estimate (6.6) and Lemma 4.9, the asymptotic limit of
the positive puncture at co is the periodic solution (ze, Teo), which is simply
covered. If the energy on the left-hand side vanishes, the unique positive
puncture would be at least two-fold covered since we have at least two negative
punctures. This follows from the classification of such surfaces in [30]. We
conclude that the dA-energy of v is positive. By Stokes’ theorem it belongs to
the c-spectrum of A\ and therefore has to exceed og. This contradiction proves
the assertion. O

Consider now the sequence w; = w, ;) of the normalized parametrizations
of CY. Recall that the set of periods is finite by the hypotheses of nondegen-
eracy. Passing to a subsequence we may therefore assume that the asymptotic
limits associated with the punctures I'; of w; are the same for all j. We list
them as

(6.9) (Tooy To),  (21,T1), -+, (zn,IN),

where (o0, Too) is the asymptotic limit of the puncture co.

We may also assume that the cardinality of punctures in I'; having the
same asymptotic limit is independent of j. In view of Lemma 6.4 we find a
subsequence satisfying

(6.10) r; =T cC

as j — oo. In addition to the punctures I';, the sequence w; might posses a
finite set © of bubbling off points disjoint from I'. By Lemma 6.3, © C D. We
deduce the convergence of a subsequence

(6.11) w; — w = (a,w) in C2(C\ (I'ue)).

IfT'; # 0, then 0 € T'j; hence 0 € I'. We claim that I" consists of nonremovable
punctures. Indeed, take v € I" and g9 > 0 so that Be,(v) N B, (7)) = 0 for all
7" € T'\ {7}. Then there exists a sequence z; € I'; satisfying z; — v, and we
find, using Stokes’ theorem:

/ w;-‘/\ > / w;)\ > o9
0Bc,, ) 0B,/ (zj)
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if j is large and ¢’ is sufficiently small. Consequently,

/ w*\ > o9
0B:(v)

for every € > 0, proving the claim. The punctures I' U © of w are all negative.
There is a unique positive puncture, namely oo, whose asymptotic limit is
the periodic solution (oo, Tso). As in Section 4 this is a consequence of the
energy estimates of w; outside of D and of Lemma 4.9. In particular, w is not
constant.

LEMMA 6.5.  The finite energy surface w = (a,w) : C\ (I'UO) —
R x S2 is an embedding. The unique positive puncture oo has the asymptotic
limit (oo, Too) which is simply covered. The asymptotic limits (x.,T,) of the
negative punctures v € I' U O are simply covered. The d\-enerqgy is positive:

/ w*d\ > 0.
C\(Tue)

Proof. We first show that the energy of w is positive. If ' U© = (), then
w is a nonconstant finite energy plane whose energy is equal to Tno. If T' # 0),
then 0 € I'. Moreover, if I' = () and © # (), then 0 € ©. Assume now that
f(I'U®) = 1, then w is a cylinder having the two punctures co and 0, and we
deduce from the normalization (6.6) that

/ widh =22,
C\D 2

/ widr > 20,
C\{0} 2

Finally, if #(T’'UO) > 2, then the energy cannot vanish since the asymptotic
limit of the unique positive puncture oo is simply covered. We have proved
that the dA-energy of w is positive.

Consequently,

It follows that m - Tw # 0 and so, w is not a connector. In view of the
asymptotics, @ is somewhere injective. Moreover, m - Tw(z) # 0 for every
z € C\ (I'UO). Indeed, a zero zy of m « Tw(zp) = 0 is, in view of the
similarity principle, isolated and has positive index. Consequently, for j large,
the sections 7 - T'w; also possess zeros, which by Proposition 5.9 is not the case.
Hence w is an immersion. Because a self-intersection has a positive intersection
number, w cannot have any self-intersections either. Consequently, w must be
an embedding.

Arguing as in Section 5 one sees that the asymptotic limits of w are simply
covered. Indeed, take the orbit cylinder over an asymptotic limit (x,7"). Going
back to the origin of our construction we find a sequence of long stretched
spheres S? in Ay = CP? approaching locally the cylinder in C{2. If we cut
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the cylinder horizontally, the preimages are simply closed curves on S2. Take
the lower parts, whose images do not contain the point 0y, in CP2. This way
we find a sequence of disc maps whose boundaries approach the asymptotic
limit. Using the arguments of Theorem 5.10 and Proposition 5.11 we conclude
that (z,T) has self-linking number —1 and minimal period 7. The proof of
the lemma is complete. O

The same arguments show that all the asymptotic limits showing up in
the bubbling off analysis below are simply covered. In order to carry out the
bubbling off analysis for the subsequence w; we start introducing the masses
of the punctures v € ' U O of w.

If ¥ € © we define, as before,

(6.12) m(9) = lim m.(¥9), m.(Y¥) = lim wjd/\.
E\O J—00 Bs(ﬂ)

If v € T, then its mass m(7y) is defined as follows

(6.13) m(y) = limm.(y), me(y) = lim widA.
eN0 J700 J Be(M\T;
The limit exists by Stokes’ theorem and by the C°°-convergence. For j
large and ¢ small,

wid\ = / wil — lim / wi
/35(7)\1—‘- / 0Bc(7) ! =0 Z ) 836’(3) I

J ZEF]'OBE('Y

= Wi — T,.
/635(7) ! Z

2€0;NB:(7)

Here T, € {T\,...,Tn} is the period of the asymptotic limit associated with
the puncture z € I';. Going over to a subsequence, we see that the last term
is independent of j, and hence

(6.14) m(y)=T,— > T,
ZEFjﬁBE(’y)

where T’ is the period of the periodic orbit (z,,T’,) associated with the punc-
ture vy € I'.
In order to evaluate the energy of w we first note that by Stokes’ theorem,

T — > T.= / widA
ZEF]' C\Fj
for every j. Going over to a subsequence, we see that the left-hand side, by
construction, does not depend on j. The right-hand side is, for j large, equal
to

wid\ + w;d)\.

/(C\BE rue)y ’ B (TUO)\T';
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Taking the limit as j — oo and € — 0 we obtain

(6.15) -3 T.= ]Q\Fue) wdA+ Y

z€T; yel'UO

Assume © # () and take the bubbling off point ¢ € ©. Then m(¢) > oy.
The bubbling off analysis for a bubbling off point is the same as in [36] and
will be merely sketched. We choose € > 0 so small that D.(9) N D.(y) = 0
for all v # 9 € I' U©O. Then choose a sequence z; having the property that
w;(z;) has the smallest R-component on D,(¥), and choose a sequence §; > 0
satisfying

(6.16) / @idx = m(9) — 2.
Dy, (2;) 2

Thus z; — ¥ and §; — 0 and we define the rescaled maps

5i(2) = (a5(z + 052) — a5(25),w5(25 + 6;2) )

for z € D, s,. There exists a finite, possible empty set ©; C D of bubbling off
points for the sequence v; so that a subsequence converges,

6j—>519 in CI%OC(C\@LRXS‘g)

to a finite energy surface vy having positive energy satisfying

m(ﬁ‘):/ wdA+ S m(vh, )
C\&1 91€0,

with m(¥1) > 0p. The punctures ©; are all negative. The asymptotic limit of
the unique positive puncture oo agrees with the asymptotic limit of the negative
puncture ¥ of w we started with. Moreover, the surface is embedded and its
asymptotic limits are simply covered. If ©1 # () we iterate the procedure with
the punctures ¥; € ©1 of vy. The iteration necessarily stops after finitely many
steps due to the lack of masses and we arrive at a bubbling off tree originating
from 9 consisting of embedded finite energy surfaces all having precisely one
positive puncture oo, whose asymptotic limits are simply covered and whose
energies are positive. The surfaces at the bottom of the tree are finite energy
planes closing off the tree as in Figure 18. We would like to point out that our
pictures are schematic representations of the actual situation. In particular,
the directions of the approach of two surfaces to a common asymptotic limit
are linearly independent. So the surfaces near a common asymptotic limit
should be visualized as in Figure 19.
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(29, Ty), €O

Figure 18. For a generic J the Conley-Zehnder index of the periodic
orbit (xy,Ty) at the top of the tree is > 2.

Figure 19. Two surfaces in the tree approach an asymptotic limit
in linearly independent directions.

If J is generic, the Fredholm indices of all surfaces C' in the tree are > 1.
Indeed, Ind(C) = p* — = — 2+ ('~ + 1) > 1, by Proposition 5.6. Recall
that the Conley-Zehnder index of the asymptotic limit of a finite energy plane
is > 2, by Proposition 5.5. Consequently, checking successively the Fredholm
indices of all the surfaces in the tree generated by 9 from the bottom to the top
we deduce for the periodic orbit (zy,Ty) at the top of the tree the estimate
u(xy) > 2. Moreover, u(ry) = 2 if and only if the tree consists of a finite
energy plane whose asymptotic limit is (zg, Ty) as illustrated in Figure 20.

Consider next a puncture v € I', and denote the associated asymptotic
limit by (x,Ty). It is simply covered, by Lemma 6.5. Then either m(y) = 0
or m(7y) > o9 since a positive m(7y) belongs to the c-spectrum. Assume first
m(vy) > 0. Define

L={GeTilg -}
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/ (z9,Ty), V€O
w(zy) =2

Figure 20. The tree consists of a finite energy plane whose asymp-
totic limit is (xy, Ty) if and only if pu(xy, Ty) = 2.

and take a sequence z; € fj. Then there exists a sequence ¢; — 0 satisfying

/ . wid\ =m(y) - %.
D5 (z)\I';

Choose €9 > 0 so small that the discs D. (), v € I' U ©, are disjoint, and
define the rescaled maps

5(2) = (a;(z5 + 052) — a2 + 26), wy(25 + 652) )

for z € %DEO \1~“j, having the punctures

and satisfying the normalization condition

a0

vid\ = - —.
A®% m(y) - %

Using the fact that m.(vy) — m(v), and choosing D, (7) sufficiently small, we
deduce the estimates
) _ v;d\ < 0y,

(5; D=o \DN\L;
for j large. It follows as in Lemma 6.3 that the gradients of v; are uniformly
bounded away from D and the punctures fj. Moreover, as in Lemma 6.4, the
punctures fj lie in a bounded set independent of j. Here we use the fact that
the asymptotic limit (z,7T’,) is simply covered. Hence we find a subsequence
satisfying

5 -, mcE(c\@riueh), 0

where ©! C D is a finite, possibly empty set of bubbling off points for the
sequence v;. The punctures rtue! of vy are all negative. The unique positive
puncture oo has the periodic orbit (z.,T,) as asymptotic limit. Moreover,

m(y) = vEdN + m(7,0;).
<”.@mwu” 3 minw)
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The energy of v, is positive and hence belongs to the c-spectrum. Indeed, if it
vanishes, then #(I'' U©') < 1 since the limit of the unique positive puncture
of ¥, is simply covered. Consequently, I'' = {0} and ©! = () so that v, is a
cylinder over the periodic orbit having the negative puncture 0. It follows that
its mass m(0,v,) vanishes so that m(y) = 0, in contradiction to m(vy) > 0.

In the case that m(y) = 0 we argue as follows. We find £ > 0 small enough
so that m.(v) < 0¢/4. Hence for j large

* g0
widh < —.
me~] T2

J

Denoting f‘j ={¢j €I'j | {;f = v} we may assume that € > 0 is so small that
B.\T; = B: \fj We first claim that §I"; N Bc(y) = 1 for j large. Indeed, if
I'; N B; has more than one point, we pick a point z; € I'; N B:(y) and let Z; be
a point in I'; N B.(y) with maximal distance to z;. Then we take a sequence
(17) of M&bius transformations satisfying

7i(z) =0,  7(%) =1 7j(00) =00
and define
55(2) = (a(7(2)) = a3(55(2)), w5 (75(2)) ).
Perhaps, after passing to a subsequence we may assume that
T]-_l(lqj) —~TcD,
where I’ contains {0,1}. Moreover, for evey R > 0 and j large we have
Dpr C ijl(BE(y)).
Hence we may assume (modulo R-action) that
Vi — Voo in C2°(C\T,R x S3).
We observe that v, has at least two negative punctures, namely 0 and 1. The
dA-energy satisfies the estimate
00

vid\ < —,
/@\F T2

so that vy has to be a connector. But this contradicts the fact that the
positive asymptotic limit is simply covered. Hence B.(y) NT'; = {%;}, and
we may assume that at the punctures z; the surfaces w; are asymptotic to
the same limit, say (x, 7). We arrange reparametrizations by a sequence
of Mobius transformations keeping oo fixed and converging to the identity as
Jj — 00, so that z; = 0 for all j and the new puncture is v = 0. Define now
the rescaled maps

17](,2) = @j((SjZ), for z € (C\ %Fj,
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for a positive sequence d; — 0 specialized later on. From

vid\ = / wid\ < / vidA = mg(7y) + 1y,
/A@,e/éj) ’ A@2e) -0) 7 !

where r; — 0 as 7 — oo, we deduce

(6.17) lim vid\ < me(v)
J—00 JA(85,¢/05)

for every . Since m(y) = 0, bubbling off for the sequence v; is not possible in
C\ {0}. Therefore, we conclude for a subsequence,

v; — 0 = (b,v) in C2(C\ {0}, R x S3).
From (6.17) we deduce for the limit v, with m(vy) = 0, that

/ vd\ = 0.
Cc\{o0}

We claim that v is not constant. From

v*)\:/ w’f)\:/ uf’-‘)\—/ widA
/51<0> T Uss 00 T s T Jawe

we obtain

lim VIN = wix—m .
j—00 S (0) 7 S.(0) 7 -(7)

VA =T,
fra=t

proving the claim. Hence v is a nonconstant cylinder over a periodic solution
x having period T’,. Choose now an Sl-invariant neighborhood W in the loop

Consequently,

space separating the loops of the periodic solutions of periods < ¢ from each

27it

other. For fixed j we know that w; <6e ) — x1(t) as e — 0. We choose

d; — 0 such that w; (5je2”it) € W for all j. Recalling that w(ee*™) — z.(t)
as ¢ — 0 we conclude, from estimate (6.17) and Lemma 4.9 arguing as in
Section 4, that z(t) = x;(t + ¢) = z(t + d), so that ¥ is a cylinder over z..

If the mass of a puncture v € T'! in (6.16) is positive and if ©! # 0 we
repeat the process. It necessarily stops after finitely many iterations when we
reach punctures with zero mass or run out of bubbling off points. We obtain
a tree of embedded finite energy surfaces having a unique positive puncture
whose asymptotic limit agrees with the corresponding asymptotic limit of the
negative puncture belonging to the previous generation. The asymptotic limits
of the surfaces are simply covered and their energies belong to the c-spectrum.
At the bottom of the tree we find finite energy planes from branches of the
tree originating from bubbling off points, and the periodic solutions (z;,T}) in
the list (6.9) originating from punctures. This is illustrated in Figure 21.
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(x’Y?T’Y)a vyel

Figure 21. Possible tree originating from a puncture having a pos-
itive mass.

Since the periodic orbits at the bottom of the tree have all u-indices equal
to 1 and since the asymptotic limits of finite energy planes have p-indices > 2
we deduce from the estimates Ind(C) > 1 for the surfaces C' in the generic
case the inequality p(z) > 2 for the asymptotic limit (x.,T’,) at the top of
the tree where we started.

Carrying out the bubbling off analysis for every puncture v € I' U © of
w we find that their asymptotic limits all have p-indices > 1. Recalling that
(o) = 3, the Fredholm index satisfies

Ind(@) =3 — p~ (@) — 2+ ({7~ +1) > 1

for generic J, by Theorem 2.1. If N ; denotes the number of negative punctures
whose asymptotic limits have p-indices equal to j, then p~(w) = 25'21 J Nj
and '~ = 22‘21 Nj so that the inequality Ind(w > 1 becomes

l
j=1

implying No < 1 and N3 = Ny = --- = N; = 0. Therefore, w is necessarily
either of type a = (3,2,1,...,1) or of type a = (3,1,1,...,1). In particular,
w allows at most one negative puncture whose index is equal to 2. Hence the
complete bubbling off analysis of the sequence w; : C\T'; — R x S3 results in
a bubbling off tree which belongs to one of the following three simple types.

I. The tree consists of only one surface C of type o = (3,11,...,1x) having
the asymptotic limits listed in (6.9). Here fI' = N and © = (). Moreover,
Ind(C) = 2. We illustrate the situation for N = 4 in Figure 22.
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3 (Toos Too)
Ind (C) =2

(1, Th) (22, 12)  (23,T3) (24,T4)

Figure 22. An example of a bubbling off tree of type I.

II. The tree consists of two surfaces, namely Cj of type a =
(3,2,11,...,1y_) and Cy of type a = (2,1N_g+1,...,1n). Here fI' < N
and © = (). Moreover, Ind(C;) = 1. This is visualized in Figure 23.

Figure 23. Possible bubbling off trees of type II.

III. The tree consists of two surfaces, namely C; of type a =
(3,2,14,...,1x) and the finite energy plane C of type a = (2, (). Here fI’' = N
and O = 1. Moreover, Ind(C;) = 1. See Figure 24.

In the special case of a sequence w; : C — R x S? of finite energy planes
of type a = (3,0) we have two types of bubbling off trees as illustrated in
Figure 25.
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Figure 24. An example of a bubbling off tree of type III.

I. (for N=0) II.  (for N =0)
3
3

i
N
U ' ?
Figure 25. Bubbling off trees in the special case of finite energy
planes of type a = (3,0).

Recall that m € S? is given and m; — m, where (0, m;) € C™0). We shall
show that parametrizations of a subsequence converge in C, to a parametriza-
tion of an embedded finite energy sphere C™ containing (0,m). More precisely,
using the above bubbling off analysis we shall prove the following result.

THEOREM 6.6.  When (0,m;) — (0,m), there exists a subsequence of C7,
(0,m;) € CV and parametrizations u; of C? satisfying

u;(¢j) = (0,m;) and (G —¢

so that the set of punctures and bubbling off points of u; stay away from ¢ and,
moreover, near ¢ the maps u; converge in CPo (C\I') to a parametrized surface
w:C\T — R xS so that

u(¢) = lim u(¢;) = (0,m).

J—o0
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The map u is an embedding having simply covered asymptotic limits. Denote
the surface obtained this way by

C™ =w(C\I),  (0,m)eC™.

Then C™ 1is either one of the two finite energy surfaces obtained through the
bubbling off analysis or a cylinder over an asymptotic limit belonging to one of
the two surfaces obtained by the bubbling off analysis.

Proof. Take the normalized parametrizations w; : C\T'; — R x $3 of C7
introduced in the bubbling off analysis above and define the points (; € C by

w;(¢5) = (0,my).
Either ¢; stays away from I'U © U {oo} and hence a subsequence converges,
G — ¢ ZTuBU{oco}
or, there is a subsequence
(G —CeTUOU{oo}.

In the first case we conclude from w; — w in CX, ((C \ (T'u @)) that
@(C) = lim @;(¢;) = (0,m) € w(C\ (TUV))
j—oo
proving the theorem in the first case. In the second case we first study the
situation
(¢ — ¢ = oo.
Reparametrizing by a sequence of Mobius transformations we define the new

sequence

() = §(Gz), 2 E€C\ LTy
J

so that
u;(1) = w;(¢;) = (0,m;).

We claim for a subsequence that @; — @ in C22(C\ {0},R x $3), where @ is
the cylinder over the asymptotic limit (20, Too) of the puncture co. It then
follows that

(1) = lim (1) = (0,m) € a(C\{O}),

proving the theorem in this case. In order to prove the claim we first observe
that due to the normalization (6.6) of w;,

wid\ = widA + —,
/C\Fj / D\r; 2
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we have

/ widh < 2.
C\(DuT}) 2

Recalling I'; — I' for a subsequence, we see that the punctures Cijl“j of u;
shrink to 0 and obtain from the above energy estimates

/ wdy < 2
C\eD 2

for every € > 0 provided j is sufficiently large. The energies are so small that
the sequence u; does not admit bubbling off points away from 0. We deduce
the convergence of a subsequence

i — a4  inC2(C\ {0}, R x $3).

Moreover, using the above energy estimate, the behavior of w; at oo, and the
definition of g, we conclude that the limit @ = (a, u) satisfies

/ wdx< 2% and lim | wth=T..
C\{0} 2 R—o0 /sy

Hence, arguing as in Lemma 4.9 we obtain

/ T*d) = 0,
c\{0}

so that @ is a nonconstant cylinder over a periodic orbit (z,7Tw). Since the
asymptotic limit of the puncture oo of w; is, independent of j, equal to
(Toos Too) We find (2, Ts) = (oo, To) as claimed. We next consider the case

(=~vel and m(y) = 0.

In this case we find a sequence of punctures z; € I'; satisfying lim; . z; =
and B.(y) NT; = {z;} for some ¢ > 0. In addition, the asymptotic limits
associated with the punctures z; of w; and with the puncture v of w are all
equal to the fixed periodic orbit (xj,T)). Reparametrizing by a sequence 7; of
Mobius transformations satisfying 7; — Id we arrange that z; = 0 for all j, so
that the new puncture is v = 0. Define the parametrization

ﬁ](z) = @j(gjz), for z € (C\ Cijl—‘j'

Then (1) = w;(¢;) = (0,m;), and ¢; — 0. In view of the fact that m(y) =0,
one verifies that the small energies prevent the occurrence of bubbling off points
of w; in C\ {0}. Moreover, since I'; — I and 0 € I', we have Cljl“j \ {0} — oc.
Hence a subsequence converges

g~ in G (C\ {0}, R x S?)
to the cylinder over the periodic orbit (z,T)) and

u(1) = lim @;(1) = lim (0, m;) = (0, m),
j—00 j—00
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proving the theorem in the case considered. In the case of positive mass,
(=~e€el and m(y) >0

we denote the associated asymptotic limit by (z-,T5). As a result of our
bubbling off analysis there are no bubbling off points © for the sequence w;.
Take the rescaled sequence v; of the second round in the bubbling off analysis,
defined by

0j(2) = wj(z + 6;2)-
Here z; € ~; satisfies z; — 7 and §; — 0. The sequence v; is normalized by
(6.16). Recalling (; — ¢ = v we define 2; by

zj + 02 =

where w;(¢;) = (0,m;). We know that the sequence v; has no bubbling off
points ©. We also know that a subsequence converges,

U, =7 inCR(C\T',R x S3).

If Z; stays away from I'! and {oo}, then a subsequence converges to a point
2 € C\TI'!. Consequently, 9(2) = limj_o 0;(2j) = limj_o0 w;(¢j) = (0,m). We
see that (0,m) belongs to the finite energy surface v obtained in the second
round of the bubbling off analysis.

If |2;| — oo, we introduce the parametrization

_ ~ . ~ . 1~ A 1
uj(z) =0j(252) = wj(z; + 0;2;2), z€C\ ;I‘j, I';= gj(l“j — zj).
J
It satisfies @w;j(1) = (0,m;). Proceeding as in the first case one verifies by

estimating the dA- energles of u; that there is no bubbling off in C\ {0}. Since
T; — T, the punctures 3 F move to {0} as j — oo. It follows that for a
subsequence,

loc

B = inCX(C\ {0}, R x $),

where @ is an orbit cylinder over the asymptotic limit (x,7). It contains
ﬁ(l) = limj_wo ﬂj(l) = (O,m)

Finally, assume that 2; — 4! € T'. By the bubbling off analysis we
know that m(’yl,ﬁy) = 0. Hence the arguments already used in the case
m(y) = 0 for all v € I' show that there exist reparametrizations u; of v;
satisfying (1) = (0,m;) and @; — @ in C22(C \ {0}, R x S3), where @ is the
cylinder over the orbit (z;,7}) associated with the massless puncture ' of v.
Again, u(1) = lim;_.o @;(1) = (0, m). The remaining case, namely (; — ¢ € ©
if © # (), is treated similarly and we omit the details. This completes the proof
of Theorem 6.6. O

The possible positions of the given m in the projection of a bubbling off
tree of the sequence w; into S? is illustrated by Figure 26.
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(Too, Too)

S P

e (;,Tj)

Figure 26. Possible positions of a given point m in the projection
of a bubbling off tree.

The uniqueness question related to our construction will now be answered
by once more using the intersection theory of pseudoholomorphic curves in
dimension 4 due to McDuff [43] and Micallef and White [46]. We recall our
construction. Given any injective monotonic map 7 : N — N satisfying Mo () =
m and any injective map ¢ : N — N we constructed another such map ¢ : N —
N and parametrizations of the surfaces C™" ¢ %U) which converge in Ci. to
a parametrization of a surface C' containing the point (0,m). Assume now
that we start with a different 7/ still satisfying m(7'(j)) — m. Then for
every ¢’ there exist 1)’ and parametrizations of cr o) converging to a
parametrization of a surface C” also containing (0,m). Hence C N C’ # (), and
we shall show that C = C’. If C and C’ are not identical they have, in view of
the asymptotic behavior and the similarity principle, an isolated intersection
which, by the positivity of intersections has a positive local intersection index.
It also follows that C7 ¢ %) and C™ ¥ *¥'(7') have an isolated intersection for
j and j’ large. However, this contradicts the fact, Theorem 6.1, that these two
surfaces are either identical or disjoint, so that indeed C' = C’. Assume that
m = my, belongs to the dense sequence of Theorem 6.1 so that (0, my) € C™*,
7(j) — ™k; then there exist parametrizations of C7 ¢ %) converging
to a parametrization of a surface C' containing (0,my). The same argument as
above shows that C' = C™k. We have verified that the surface C" through a
given point (0,m) is uniquely defined by our construction.

and m

Summarizing this section, we have proved the following existence result.

THEOREM 6.7.  Given a nondegenerate contact form X = flg on S, a
generic multiplication J : £ — & with associated almost complex structure J on
R x S3, then there exists for every m € S® an embedded finite energy sphere
C™ C R x 83 containing the point (0,m) and having the following properties.
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1. There exists a constant ¢ > 0 such that E(C™) < ¢ for every m € S3.
2. Two surfaces C™ and C™ are either disjoint or identical.

3. Every C™ has precisely one positive puncture and a finite set of negative
punctures whose cardinality is bounded in terms of the c-spectrum.

4. The asymptotic limits of C™ are simply covered and have u-indices in
{1,2,3}, and self-linking numbers are equal to —1.

5. If C™ s not a cylinder over the asymptotic limit, then Ind(C™) =
w(C™) — 2 + g{punctures of C™} belongs to the set {1,2}. In addition,
the projection of C™ into S® is an embedded surface, transversal to the
Reeb vector field and converging at the punctures to the asymptotic limits

of C™.

6.3. The stable finite energy foliation. We shall use the R-invariance of the
structure J on R x $3 in order to extend the family {C™ | m € $3} of surfaces
by means of translation in the R-direction. Let 4 = (a,u) : C\T — R x S3 be
a finite energy surface and r € R; then the translated map

ip(2) = (a(z) + 7,u(2))

is also a finite energy surface. We can define, for every pair (r,m) € R x S3,
the set
ctrm) = {(r +s5,2) eRx S| (s,2) € Cm}.

Then C"™) is an embedded finite energy surface parametrized by @, if @ is a
parametrization of C"™. Clearly,
(r,m) € C"™) and cOm — cm,

Hence through every point in R x S? we have an embedded finite energy surface
having the properties of C™ listed in Theorem 6.7. We abbreviate this family

of surfaces by
Fo={Ctm | (r,m) e R x 5%},

There is a natural action T : R x F — F of R defined by the translation
T, (C(s,m)) — rtsm)

The fixed points of this R-action are the cylinders over periodic solutions be-
longing to F, as we shall see next.

LEMMA 6.8. 1. If F € F and r # 0, then either
T (F)NF =10

or: T,(F) =F and then T4(F) = F for all s € R and F = R x P, where P is
a periodic orbit of the Reeb vector field.
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2. If F € F is not a fized point of the R-action, then its projection p(F')
is a smooth embedded surface in S® transversal to the Reeb vector field.
Here p: R x S3 — S3 denotes the projection onto the second factor.

Proof. Assume that F' € F is not a cylinder over a periodic orbit and let
@ = (a,u) be a parametrization of F. If T,.(F) N F # (), there exist two points
z1 and zy solving (a(z1) + 7, u(z1)) = (a(z2),u(z22)). By Theorem 6.7, u is an
embedding; hence z; = 29 and r = 0. If on the other hand F is a cylinder over
a periodic orbit, then clearly T5(F') = F for every s proving the first statement.
The second statement follows in view of Theorem 6.7. O

LEMMA 6.9.  Any two surfaces C""™ e F are either disjoint or identical.

Proof. Assume that Fy, Fy € F satisfy F|y N Fy # () and Fy # F,. Since
Fy =T, (C™) and F» = T,,(C™2) we conclude that C™ # T,.(C™2), where
r =19 —r1. We may assume that » > 0. In view of the asymptotic behavior
of the surfaces there is an isolated intersection having a positive intersection
index. Hence C™! and T5(C"™2) have an isolated intersection for all s > 0.
Consequently, C™ N C™2 # () and C™ # C™2. This contradicts the fact
(Theorem 6.7) that C™ and C™2 are either disjoint or identical, and the
lemma is proved. |

Clearly, p(F1) = p(F3) if F} and F, belong to the same orbit of the R-
action.

LEMMA 6.10. Assume F} and Fy € F do not belong to the same orbit of
the R-action. Then p(Fy) Np(Fy) = 0.

Proof. Assume T,(Fy) # F; for all s € R, and p(F1) Np(F2) # 0. If uy
and Uy are parametrizations of F} and F5 we find two points z; and 2o solving
u(z1) = u(z2). So, <a(zl)+r,u1(zl)) = (CLQ(ZQ),’U,Q(ZQ>§ for r = ag(z2) —ai(z1)
and hence T,(F1) N Fy # 0. Since, by assumption, T,(F;) # F» we have a
contradiction to Lemma 6.9. O

Finally, we shall show that the family F defines a foliation of R x S3.
Recall that there is a leaf F' € F through every point. It remains to show that
locally the leaves form a 2-dimensional family of 2-dimensional surfaces.

Assume (rg,mg) € Fy and Fy is of type a = (3,1,1,...,1) so that
Ind(Fp) = 2. Using the R-action we can assume that 79 = 0. In view of
the implicit function theorem, Theorem 1.6 in [36], Fy belongs to a smooth
2-parameter family Fo of finite energy spheres having the same asymptotic
limits as Fy. Moreover, one parameter accounts for the R-action and .7?0 is
a foliation near Fy. Note that Theorem 1.6 in [36] is stated merely for the
special case of an embedded plane. However, its proof also applies for the case
at hand if we observe that for type a = (3,1,1,...,1) surfaces u = (a,u) we
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have 7 - Tu(z) # 0 for all z € S? \ T', by Corollary 2.6. It is sufficient to

show that C™ € F for m near mg. This is a consequence of our bubbling off
analysis. Indeed, take myj — mg and abbreviate C¥ = C™. Then there are
parametrizations of a subsequence C¥U) converging in Cr. to the parametriza-
tion of a surface C' containing (0,mg). Consequently, C' N Fy # () and hence
C = Fy € F because otherwise we would find an isolated intersection and
would conclude by the positivity of the intersection index, that Fy N C%¥0) £ ()
and Fy # C%U) for j large, in contradiction to Theorem 6.7. Since C' = F
we are in case I of our bubbling off analysis and conclude that there is no
bifurcation so that all the surfaces C¥() have the same asymptotic limits as
Fy. Therefore, by the completeness theorem, Theorem 7.1 in [36], we deduce
that indeed C¥\9) € Fy. There are only finitely many (modulo R-action) leaves
F € F satisfying Ind(F') = 1 or F = R x P. Consequently, every piece of such
an F’ fits smoothly into the 2-parameter families nearby, when we use, as above,
the Cp. convergence and the positivity of the intersections. Having shown that
F is a foliation, the proof of our main result, Theorem 1.6, is complete.

The following three Figures 27-29 visualize examples of foliations of S3.

—N
)

N/
'v’_/\\\f//?\\//ﬂ\;m

Figure 27. An example of a foliation by disk-like and annuli-like
surfaces. The pair of white dots represents a hyperbolic orbit of
index 2, and pairs of black dots represent periodic orbits of index 3.
There are two families of disk-like surfaces asymptotic to periodic
orbit of index 3. These families are represented by thin curves.
The bold curves represent rigid surfaces. There are two rigid sur-
faces of annuli-type which connect periodic orbits of index 3 with
the hyperbolic orbit, and two disk-like surfaces asymptotic to the
hyperbolic orbit.
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The 3-sphere is viewed as R3U{oo}. The figures show the traces of the foliations
cut out by the plane R? C R3. Periodic orbits are represented by dots. Two
dots of the same color belong to the same periodic orbit, and the periodic orbits
are perpendicular to the page. In these figures black dots represent periodic
orbits of index 3, white dots represent hyperbolic orbits of index 2, and grey
dots represent periodic orbits of index 1. The rigid surfaces are indicated by
bold curves, while the families of surfaces are indicated by thin curves. The
arrows indicate the Reeb flow lines.

Figure 28. Here the pair of grey dots represents a periodic orbit of
index 1. The periodic orbit of index 3 is indicated by the pair of
black dots, and the hyperbolic orbit of index 2 by the pair of white
dots. The dotted lines represent a family of annuli-like surfaces
connecting the periodic orbit of index 3 with the periodic orbit of
index 1. The thin curves constitute a family of disk-like surfaces
asymptotic to periodic orbit of index 3. The rigid surfaces, bold
curves, are of two types: the annuli-type surfaces either connecting
the periodic orbit of index 3 with the periodic orbit of index 2 or
connecting the periodic orbit of index 2 with the periodic orbit
of index 1, and of disk-type asymptotic to the periodic orbit of
index 2.



234 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

Figure 29. In this example there are two families of annuli-like sur-
faces connecting periodic orbits of index 2 with periodic orbits of
index 1. They are represented by dotted and dashed thin curves.
There are also two families of disk-like surfaces asymptotic to pe-
riodic orbits of index 3. The two rigid surfaces of disk-type are
asymptotic to periodic orbits of index 2. The remaining rigid sur-
faces are of annuli-type. They either connect periodic orbits of
index 3 with the periodic orbits of index 2 or connect the periodic
orbits of index 2 with the periodic orbit of index 1.

7. Consequences for the Reeb dynamics

7.1. Proof of Theorem 1.9 and its corollaries. We first observe that the
foliation F constructed contains a finite energy plane.

ProOPOSITION 7.1.  The foliation F contains a finite energy plane whose
asymptotic limit P has index p(P) € {2,3}.

Proof. For the following it is useful to recall that the foliation F is inde-
pendent of the choice of the dense sequence (0,my) used in the construction,
as long as my does not belong to a periodic orbit and the finite energy sur-
face containing (0, my) has Ind(C)) = 2. This follows from the positivity of
the intersection index as in the proofs of Theorems 6.1 and 6.7. In order to
find the finite energy plane we take a sequence of points (0, py), pr € M, such
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that the unique J, ~N,-holomorphic sphere CNe in A N, passing through o, and
(0, pr.) has in the part [— Ng, Ni| the lowest possible R-value equal to 0. Choose

~

Jn,-holomorphic parametrizations wy := wy,, : 52 A N, satisfying

(7.1) By(00) = o (0) = (O.p0). [ o, =7

Then, in view of the maximum principle, we find a sequence Ry — oo such
that D, C {z € C| ax(z) < Ni}. Define a sequence vy, := Wkpg, * DR, —
R x M, still satisfying v;,(0) = (0, p) and converging in C{2 to a nonconstant
pseudoholomorphic map v : C\ T' — R x M. In view of the normalization
in (7.1) the set of punctures I lies outside of D so that 1,,(0) = (0, p), where
p = limpg € M. The punctures I' are necessarily negative. Since 0 is the
minimum of the R-component of vy, we deduce that I' = () and U, : C — Rx M
is the desired finite energy plane. In view of the positivity of the intersections,
this plane belongs to the foliation F. The index p(P) of a finite energy plane
is always > 2; hence p(P) € {2,3} as claimed. O

PROPOSITION 7.2.  Assume F contains a finite energy plane of index
w(P) = 3. Then either F has precisely one fized point of the R-action or F
contains also a finite energy plane of index 2. In the first case the projection of
F into M is an open book decomposition into planes having the periodic orbit
of the fized point as binding orbit.

Proof. By the arguments in [35], the finite energy plane of index 3 is
contained in a maximal 1-parameter family of such planes all having the same
asymptotic limit P. By the uniqueness arguments in Theorems 6.1 and 6.7 all
these planes belong to the foliation F. The family is parametrized either by
an open interval I in the noncompact case or by the circle S' in the compact
case. As shown in [35], in the compact case the projection of the S!-family
of planes into M constitutes an open book decomposition of M into planes
having P as binding orbit. Therefore, F possesses precisely one fixed point of
the R-action, whose projection into M is the binding orbit of the open book
decomposition. If, however, the family of planes, is parametrized by an open
interval, the projected surfaces degenerate towards the ends giving rise to a
periodic orbit @ having index u(Q) = 2. More precisely, by our bubbling off
analysis, the planes converge to a broken trajectory consisting of rigid surfaces
(C~,C™), namely a cylinder C~ connecting the positive limit P having index
pu(P) = 3 with the negative limit @ having index u(Q) = 2. This periodic
orbit is also the positive limit of a finite energy plane whose projection into M
is the rigid surface C*. This finishes the proof of Proposition 7.2. O
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The situation is illustrated in Figure 30.

=
U
N
N

Figure 30. The figure illustrates the second case of Proposition 7.2.
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The consequences of the open book decomposition of S for the flow ¢! of
the Reeb vector field X associated with A are described in [35]. We recall that
every plane, compactified in a natural way, is a global surface of section D of
disc type whose boundary 0D is the binding orbit P. The Poincaré section
map ¢ : intD — intD is an area-preserving diffeomorphism, the area element
being dA. The total area of intD is equal to the period T of the periodic orbit
P and hence finite. Consequently, Brouwer’s translation theorem guarantees
a fixed point p € intD of the map . It is the initial condition of a periodic
orbit of X different from the boundary orbit P. In addition, by a theorem of J.
Franks in [20], the map 1) possesses infinitely many periodic orbits, provided
has at least one periodic orbit different from the fixed point p. We have proved
the following proposition.

ProproSITION 7.3. If the foliation F has precisely one fized point of the
R-action, the Reeb vector field X on M possesses either two or infinitely many
periodic orbits.

It remains to study the dynamics of the Reeb vector field in the case where
the foliation F contains a fixed point of the R-action whose associated periodic
orbit P has index u(P) = 2. Such a periodic orbit is necessarily hyperbolic and,
therefore, lies in the intersection of its oriented stable manifold W+ (P) and
its oriented unstable manifold W~ (P). We shall first describe the positions of
the local invariant manifolds W= (P) near P, with respect to the rigid surfaces
having P as positive and negative limit.

The tangent spaces of W*(P) along the periodic solution P = (z,T)
having minimal period 7' are spanned by the Reeb vector field X (z(¢)) and
vector fields v*(¢) belonging to the contact planes &(z(t)). In the symplectic
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trivialization of the bundle £ over P, as used in asymptotic formula for the rigid
surfaces approaching P (see the appendix), the vectors v*(¢) are the solutions
of the following boundary value problem

for some 3 > 1. Here A(t) = A(t +T) is real and symmetric. We shall abbre-
viate in the following the fundamental solution by ®(t) = d@'((0))(¢(z(0)) 50
that v (t) = ®(¢t)vT(0). Let e(t) be the asymptotic direction of a (necessarily
rigid) surface having P as positive or negative limit. The vector e appears
in the asymptotic formula; see the appendix. Then e is an eigenvector of the
eigenvalue problem

(7.3) —ié = A(t)e + Ae, e(0) = e(T).

Moreover, A = AT < 0 if P is the positive limit and A = A~ > 0 if P is the
negative limit. Since the winding numbers of the asymptotic directions e are
all equal, namely winds(e) = 1 according to Proposition 5.9, the Conley-
Zehnder index pu(P) = 2 implies that AT < 0 is the largest negative eigenvalue
and A\~ > 0 is the smallest positive eigenvalue of (7.3). In addition, the corre-
sponding eigenspaces are 1-dimensional. We conclude that there are precisely
two directions de™ for positive surfaces and two directions +e~ for negative
surfaces. Since F is a foliation it follows from the asymptotic formula in R x §3
that P is the asymptotic limit of at most four rigid leaves of F. Figure 31 il-
lustrates the situation. The vectors e™(¢) and e~ (¢) constitute a basis of the
contact planes £(z(t)) = C and hence define four open quadrants in C depend-
ing on t and denoted by I, II, IIT and IV. See Figure 32. The positions of
the local invariant manifolds Wy, (P) and W, (P) with respect to the rigid
surfaces are described by the following proposition.

PROPOSITION 7.4. v (t) €1 orlll and v*(t) €1 orlV.
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Figure 31. A hyperbolic periodic orbit may be an asymptotic limit
of at most four rigid surfaces of F.
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Figure 32. The vectors e™ and e~ define four quadrants in C.

Proof. Consider a solution h(t) of —ih = A(t)h. Assume h(7) = et (7)
for some 7. If e™(¢) is the solution of (7.3) belonging to AT < 0 we compute,
abbreviating e™ = e and AT = ),

i(h-) = h-e+he
(he) = €+ he

= i(Ah)-&—ih- (Ae) — iA(hé) = B(h, e) — iA(he),
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where B(h,e) = B(e, h). We conclude that h(t) enters I for ¢ > 7, and IV for
t < 7. Similarly, assuming h(7) = e~ (1) we see that h(t) enters I for ¢t > 7
and II for ¢ < 7. This is illustrated in Figure 33. Hence, the solution h(t)
starting at h(0) = e*(0) satisfies h(t) € I for all ¢ > 0 and h(t) € IV for all
t < 0. Representing this solution in the basis v*(¢) and v~ (¢) and recalling
O(t+nT) =0(t)P(T)" for all n € Z and t € R, we find

. h(t+nT) (1)
)] T o] <

i h(t—nT) ot (t)
WD) T et

A similar argument applies if the solution h(t) starts at h(0) = —e™(0). This
finishes the proof of the proposition. O

Figure 33.
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The sets W*(P) are images of injective immersions of a cylinder. The
transversal foliation in the complement of the binding orbit allows the study
of their global behavior.

PROPOSITION 7.5.  Assume the foliation F possesses a spanning orbit of
index p(P) = 2. Then its unstable invariant manifold W~ (P) intersects the
stable invariant manifold W (Q) for a possibly different spanning orbit Q of
F having index p(Q) = 2.

Proof. In view of our bubbling off analysis a binding orbit P satisfying
u(P) = 2 is the positive limit of a rigid surface C* € F and the negative
limit of a rigid surface C~ € F. Moreover, there is a unique family of surfaces
C; parametrized over the interval (—1,1) so that as 7 — —1, the surfaces
decompose into the broken trajectory (CT,C~). Figure 34 visualizes such a
situation, when projected into S® and cut by a plane.

Figure 34. A family of surfaces C; decomposes as 7 — 1 into the
broken trajectory (C+,C7).

On S3 we take a smooth tubular neighborhood U of the periodic orbit P
equipped with a metric having the property that the distance d(¢~t(w), P) for
w € W, (P)NU strictly decreases with increasing time ¢. Here ¢ is the flow
of the Reeb vector field X. We choose U so small that 0U N W _(P) are two
smoothly embedded circles on dU.

LEMMA 7.6.  The cylinder Wy, (P) cuts out a smooth embedded circle S;
on the projected surface p(C;), for T close to the left end of the interval:

Sr = Wi (P) Np(Cr),

where p : R x §3 — S3 is the projection.
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Proof. Let ST be a smooth circle 9U N W, (P) contained in the family
p(Cr), 7 € (—=1,1), and denote by B the cylinder obtained by the backward
flow starting at ST,

B={¢'(b) |be ST, t <0}.

We shall show that B Np(Cr) = S; is a smoothly embedded circle for 7 close
to —1. Recall the bubbling off analysis leading to the broken trajectories. The
surface C; is parametrized by a map @, = (ar,u,), in appropriate coordinates
given by a cylinder

Uy : Zy = [-R;, R;] x S' = R x M,

with R, — oo as 7 — —1. The loops u,({—R,} x S') and u,({R,} x St) are
close to p(C~) and p(C™) and near the limit P. In view of the choice of the
metric and Proposition 7.4 one deduces that the algebraic intersection number
is equal to

int (b-R™,ur(Z)) = 1

if 7 is close to —1 and b € S'. Since the local intersection indices of the
pseudoholomorphic curves (s, ¢!(b)) and @, are equal to 1, there is precisely
one intersection point b-R~Np(C;) for every b € S'. The flow being transversal
to p(C.) defines a diffeomorphism of the smooth circle ST onto the intersection
set W .(P) N p(Cr) hence proving the lemma. O

In view of the above lemma, the flow ¢’ for ¢ > 0 defines a family of
smooth embedded circles S; C p(C;) for all =1 < 7 < 1. We shall show that
these moving loops hit the stable manifold W (Q) of a hyperbolic spanning
orbit @ of index p(Q) = 2.

Arguing indirectly we assume that this never happens. Then as 7 — —1,
the family C; decomposes along a binding orbit P; into two rigid surfaces
(C{,Cy) and the loop cut out by the unstable manifold W~ (P) has to sit
entirely on one of the two rigid surfaces p(Cy"), p(Cy ). Recall from Lemma
5.2 in [35] in case of an odd index p(Py), that the solutions nearby make a full
turn around the binding orbit P; in a short interval of time. On the other side
of the rigid surface hit, the foliation continues again by a 1-dimensional family
and moving the loops along the transversal flow we can argue as before. There
are only a finite number of rigid surfaces and 1-dimensional families. Therefore,
we find a rigid surface R of the foliation hit infinitely often in forward time.
By the uniqueness of the initial value problem, the loops S; cut out on R by
the unstable manifold W~ (P) are mutually disjoint. Since the Reeb vector
field X lies in the kernel of dA, the X integral over such a loop S; is the same,

namely equal to
T= / A.
Sj
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The 2-form dA induces on the surface R an area form for which the total area
is finite, in view of the energy estimates leading to the following contradiction.
Every circle Sj on R encloses an area on R of value [ s A minus the sum of the
periods of the enclosed punctures of R.

Since there are only finitely many punctures the total sum of the disjoint
areas enclosed by the circles S; on R must be infinite. This contradiction shows
that W~ (P) necessarily intersects W1 (Q) for a hyperbolic spanning orbit of
index p(Q) = 2, hence proving the proposition. See Figure 35.

Figure 35.

PROPOSITION 7.7.  Assume A = fAg is generic, i.e., f € Os. If F has
more than one fized point of the R-action, there exists a hyperbolic binding
orbit Py whose stable and unstable invariant manifolds intersect each other
transversally, W+ (Py) "W~ (Py) = {z}, in a homoclinic orbit z # P.

Proof. By Proposition 7.5, there exists a hyperbolic binding orbit P whose
unstable invariant manifold intersects the stable invariant manifold of a hy-
perbolic binding orbit P, also having index u(P;) = 2. If P, = P we are
done. Otherwise we find by repeating the construction of Proposition 7.5 a
heteroclinic chain between hyperbolic binding orbits P, P, P, ..., all hav-
ing index equal to 2. There are only finitely many binding orbits and we
deduce a hyperbolic orbit Py possessing a heteroclinic loop. Since the intersec-
tions are transversal, Py possesses a nontrivial transversal homoclinic orbit, as
claimed. d

It is well known that the existence of a generic homoclinic orbit compli-
cates the orbit structure of X considerably; see for example [47]. It allows,
in particular, the construction of an embedded Bernoulli-shift for an associ-
ated local Poincaré section map. Its infinitely many periodic points are the
initial conditions for infinitely many periodic solutions of the vector field X.
Consequently, if in the generic case, the foliation F is not an open book decom-
position, then the Reeb vector field X on S3 possesses infinitely many periodic
orbits. This completes the proof of Theorem 1.9 and its corollaries.
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7.2. Weakly convex contact forms. The foliation F has a simple descrip-
tion if there are no spanning orbits of index 1. We recall from [35] the following
definition.

Definition 7.8. A nondegenerate contact form A\ on S? is called dynami-
cally convez if for every periodic orbit (x,T') of the associated Reeb vector field
the inequality p(z,T) > 3 holds.

The spanning orbits of F in the case of a tight dynamically convex contact
form A = f)\g have indices all equal to 3. Apart from the fixed points of the
R-action, the leaves therefore appear in 1-dimensional families of finite energy
planes. Such a family is necessarily parametrized by S'. Indeed, otherwise
at the ends of the parameter interval the family necessarily splits into 2 rigid
surfaces giving rise to a spanning orbit of index 2, which is excluded. Hence,
arguing as above, we see that the foliation F possesses precisely one spanning
orbit of index 3 and the projection of F onto S® is an open book decomposition
into planes. Moreover, if compactified by the spanning orbit P, it is a global
surface of section of disc type for the Reeb vector field. Studying the Poincaré
section map we deduce by means of the area-preserving character as before the
following result for the Reeb flow.

THEOREM 7.9. The Reeb flow of a dynamically convex contact form
A = f)g possesses either precisely two or infinitely many periodic orbits.

An interesting example is the Hamiltonian flow on a strictly convex energy
surface in R, As shown in [35], such a flow is conjugated to the Reeb flow
on S? defined by a dynamically convex tight contact form A = f)\g, and hence
possesses, in the generic case either two or infinitely many periodic orbits. The
result actually holds true without the assumption of genericity, as shown in
[35]. We next introduce a new concept.

Definition 7.10. A nondegenerate contact form \ on S2 is called weakly
convez if for every periodic orbit (z,T) of the associated Reeb vector field the
inequality p(z,T") > 2 holds.

If A = f)g is weakly convex the foliation F consists of finitely many fixed
points of the R-action, finitely many rigid cylinders having their origin in the
spanning orbits of index 2, and the complement is filled with a finite number of
1-parameter families of finite energy planes, parametrized over intervals. We
describe the projection of F into S® more precisely: Every spanning orbit P
of index 2 is the boundary of precisely two disjoint rigid planes C*. Their
union C~ U PUC™ is a smoothly embedded 2-sphere S? in S whose equator
is P. One of the hemispheres, CT, is the entrance set for the Reeb flow, the
other hemisphere, C'~, is the exit set of the 2-sphere. Moreover, inside the
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ball and in the complement of the ball there exist binding orbits of index 3
connected with the equator P by rigid cylinders. Inside of the ball there is
possibly another rigid cylinder connecting the index 3 binding orbit with an
index 2 binding orbit inside the sphere, which again is the equator of a smaller
rigid 2-sphere inside the larger sphere already described. Proceeding this way
we end up after finitely many steps with a smallest rigid sphere containing no
further rigid spheres. The smallest sphere contains precisely one binding orbit
of index 3 connected by a rigid cylinder with the equator of the sphere and
is filled with a 1-parameter family of planes, whose boundaries agree with the
index 3 binding orbit. The dynamical consequences of such a family are not
yet worked out. We visualize the projection of F in S3 by Figure 36. In the
figure the white dots represent periodic orbits with index 2 and the black dots
periodic orbits with index 3.

Figure 36. An example of a foliation for a weakly convex contact
form. The figure shows the foliation by disk-like and annuli-like
surfaces projected onto S® and the trace of a foliation cut by a
plane. The white dots represent periodic orbits of index 2 and the
black dots periodic orbits of index 3. They are perpendicular to
the page and two dots belong to the same periodic orbit. The rigid
surfaces are represented by bold curves. The arrows indicate the
Reeb flow. The 3-sphere is viewed as R3 U {oo}.



246 H. HOFER, K. WYSOCKI, AND E. ZEHNDER

8. Appendix

8.1. The Conley-Zehnder index. For the readers’ convenience we shall col-
lect some facts about the index of a nondegenerate contractible periodic orbit
of the Reeb vector field X on M. Assume (z,T) is a T-periodic solution, which
is nondegenerate and contractible. The linearized map T¢*(2(0)) : Ty0)M —
TptyM maps the contact plane ;) onto ;) and is, moreover, symplectic
with respect to dA. We choose a smooth disc map u : D — M satisfying
u(eQ’Tit/T> = z(t), where D = {z € C | |z| < 1}. Then we choose a symplectic
trivialization 3 : u*¢ — D x R? and consider the arc ® : [0,7] — Sp(1) of
symplectic matrices ®(¢) in R? defined by

1) 1= () - Tl - 670

The arc starts at the identity ®(0) = Id and ends at ®(7"). The integer 1 is
not an eigenvalue of ®(7') if and only if (z,7) is nondegenerate. With every
such arc we shall associate an integer pu(®) and then define the index of the
periodic solution (z,T') by

M(CII, T, [u]) = :U’((I))

This index will only depend on the homotopy class [u] of the chosen disc map
having the boundary fixed. If, as in our applications, M = S3, the index is
independent of the disc map chosen.

In order to define p(®) we abbreviate the set of arcs under consideration by
Y1) ={®:[0,7] — Sp(1) | ®(0) =1d and ®(T) € Sp(1)*}, where Sp(1)* =
{A € Sp(1) | det(A — Id) # 0}. We recall that the eigenvalues of A € Sp(1)*
occur in pairs, namely (A, A) € S'\ {1} or (A, A1) € R2\ {(1,1)} and A > 0, or
(A, A1) € R? and A < 0. According to the spectrum of the end point ®(T) we
therefore distinguish elliptic, (+)-hyperbolic and (—)-hyperbolic arcs ®. The
characterization of the integer u(®) is as follows.

THEOREM 8.1. The Conley-Zehnder index is the unique map
w:X*(1) =2
characterized by the following four properties:

Homotopy invariance: If ®" is a homotopy of arcs in X*(1), then u(®7)
does not depend on T.

Maslov compatibility: If L : [0,7] — Sp(1) is a loop, i.e., L(0) = L(T) and
¢ € ¥*(1), then

w(L - ®) =2 maslov(L) + u(P).
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Invertibility: With ®~1(t) = ()7},

In addition, the map p : X*(1) — Z is surjective.

For a proof we refer to [26]. There are several ways to present the integer
p(®) and we recall first the geometric construction from [26]. We consider
a differentiable arc ®(¢). It is the resolvent of a linear Hamiltonian equation
®(t) = JA(t)®(t) starting at ®(0) = Id. Let z € C\ {0} and choose for the

solution z(t) = ®(t)z a continuous argument

e2ﬂ'ig0(t) — Z(t) , 0 S t S T)
|2(1)]

introduce the winding number of ®(¢)z by

A(z) = o(T) — ¢(0) € R,
and define the winding interval of the arc ® by
I(®) ={A(z) | z € C\ {0}}.

The length of this interval is strictly smaller than 1/2. Indeed, for two solu-
tions z(t) and w(t), we define the curve z;(t) = z(t)w(t) in C and observe
that A(z1) = A(z) — A(w). Assume that |A(z1)] > 1/2. Then we find
to € [0,T] satisfying z1(t9) € R\ {0} implying z(tg) = Tw(to) for some 7 €
R\ {0}. Consequently, z(t) = Tw(t) for all t € [0,T] and hence A(z) = A(w)
in contradiction to |A(z) — A(w)| > 1/2. We have proved that |I(®)| < 1/2.
The winding interval either lies between two consecutive integers or contains
precisely one integer and we can define

241 i I(®) C (kk+1)
n(®) = { 2k if k € I(®),

for some integer k € Z. It is proved in [26] that u(®) satisfies all required
properties in Theorem 8.1.

Clearly, the winding number A(zp) is an integer if and only if ®(7")zp = Az
and A > 0. Hence (+)-hyperbolic arcs are characterized by even indices. For
a (—)-hyperbolic arc we have an eigenvector ®(7T")zgp = —Azp, A > 0, so that
A(zp) = k+ 1/2 for an integer k and hence p(®) = 2k + 1 is odd. The elliptic
arcs also necessarily have odd indices.
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Observe now that the differentiable arc ®(¢) coming from the periodic
solution (x,T) is defined for all ¢ € R and satisfies, moreover,

B(t+T)=dH)®(T), teR.

This allows us to define the indices ;(®(™) for the iterated periodic solutions
assuming that ®™ are all nondegenerate. Here ®™ is the arc O(t) for 0 <
t<nT,n>1.1If z € C\ {0}, the winding number can be written as the sum

(8.1) Az, ™) = A(2) + A(B(T)z) +--- + A(®((n — 1)T)z).

If ® is a (+)-hyperbolic arc there is an eigenvector ®(7")zp = Azp with A > 0.

Hence k = A(zp) = A(P(T)zp) = -+ = A(P((n—1)T")2p) and we deduce from
(8.1) that
(8.2) w(®™)) = npu(®), for all n > 1.

The same iteration formula holds for a (—)-hyperbolic arc. The iterations of
elliptic arcs is more subtle. However, in the elliptic case we conclude from (8.1)
the estimates

nlp(®) — 1+ 1 < p(@™) < nfu(@) +1] - 1.

We made use in previous sections of the following monotonicity property of
the index, which follows immediately from (8.1) and (8.2).

PROPOSITION 8.2.

FEither w(@M™) =0 foralln>1
or 0 < p(®) < p(@@) < p(@®)) < ..
or 0> u(®) > (@) > p(@®)) > ..

In previous sections we also used the fact that p(®) > 2 implies
(@) > 4. This is proved as follows. If u(®) = 2k, k > 1, then by (8.2)
w(@®®) =4k > 4. If 4(®) = 2n + 1 is odd and n > 1, then I(®) C (n,n + 1)
and hence by (8.1) I(®®) c (k,k + 1) for some k > 2n. Consequently,
(@) =2k +1>4n+1>5.

We next recall that the index u(®) is related to the rotation of ®(¢) in
Sp(1). There is a unique decomposition

B(t) = Ot) - P(t)

into an orthogonal matrix O(t) € Sp(1) and a symmetric and positive definite
matrix P(t) = eA() € Sp(1). Since ®(0) = Id, we conclude from the uniqueness
of the decomposition that O(0) = Id and P(0) = Id. Hence with O(t) = e2™()
we obtain for the winding number A(z) of z € C\ {0} the representation

A(z) = Ao+ A( arg[P(t)z]) =: Ag + 0(2),
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where Ay = «(T) is the rotation of the arc O(t), for 0 < ¢t < T, in Sp(1).
From (P(t)z,z) > 0 we deduce the estimate |6(z)| < 1/2. This implies for an
eigenvector P(T")zp = Azp and A > 0 that §(z9) = 0. Hence Ay € I(D).

We deform the arc ® within ¥*(1) by prolonging the endpoint ®(7),
keeping the spectrum of ®(7") fixed. Note that after conjugation with a suitable
orthogonal matrix u we have,

1 [ cos2mAg —sin2mAg . A0
u - &(T) - u _<sin27rA0 cos 2mA\g 0 Xt )’ A>0,

and the eigenvalues p € o(®(T')) are

2
Assume at first that ®(7') is (+)-hyperbolic. Then

1 1 1 1\?
Ni:_()‘+X>COSZWAOi 1<)\+X> cos? 2w Ao — 1.

1 1\?
cos2mAg > 0 and 1 ()\ + X) cos? 2rA\g — 1 > 0.
In particular, Ag € (k — 1/4,k + 1/4) for some integer k. Denote by R(s) the
rotation with angle 27s. We prolong ®(T) = O(T)e*(") keeping the spectrum
fixed by the arc

O(T)R(e(s))e )
cos2m(Ag +e(s)) —sin2m (AO + 5(3)) A O
| sin2n(Ag +£(s) cos 27T<A0 + 5(8)) 0 1/As )’
for 0 < s < &*. Here e(s) = [ sign(k — Ag)|s and £* = |k — Ap|. Adding this
piece of arc we homotope ®(t), 0 < ¢ < T, within ¥*(1) into the arc ¥ € ¥*(1),

U 1d -2 (7)) — 1d e,
In view of the homotopy invariance in Theorem 8.1 we conclude p(¥) = u(®).
The rotation of ¥ in Sp(1) is clearly an integer A := A+ sign(k—Ag))e* = k
so that u(®) = () = 2A and p(®") = 2nA. Similarly, in the (—)-hyperbolic
case we continue the endpoint ®(7") keeping the spectrum fixed to the matrix
—1Id-e*™). This way we homotope the arc ®(t), 0 < t < T, within ¥*(1) to
the arc ¥ € ¥*(1) given by

U 1d 2 () — —1d e,
This time the rotation of ¥ is equal to A = Ag+ 8 = k + 1/2 for an integer k.

Using the homotopy invariance we conclude p(®) = pu(¥) =2k +1 = 2A, and
w(®") = 2nA. Finally, if ®(7T) is elliptic, then

1(A4r1)2 2971Ag—1<0
1 \ cos” 2w
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and there is a unique function (s), 0 < s < 1, satisfying £(0) = 0, £(1) = ¢,
and |e(s)| < 1/4 and such that the arc

cos 27 (Ao +e(s)) —sin2m (Ao + 5(5))
sin 27 (Ao +e(s) cos 27 (Ag + E(S))

< s+ (1—9)A 0 )
’ 0 1
s+(1—s)A

has the same spectrum as O(T') - e2T). Prolonging ®(T') by adding this piece
of arc we homotope ®(t), 0 <t < T, in ¥*(1) to the arc ¥ € ¥*(1) given by

O(T)R(e(s))es(T) = (

v 1d -2 &(T) — O(T) - R(e)
E?:nd hence ending at a nonﬁrivial rotation. Since the arc is elliptic, the rotation
A = Ag + ¢ satisfies k < A < k + 1 for an integer k. Therefore, by homotopy
invariance, pu(®) = p(¥) = 2k + 1 and hence

w(®) =2A+r, |r|<1.

In order to determine the index u(®™) of the iterated arc ®(t), 0 < t < nT, in
the elliptic cases we recall that o(®(T')7) € S'\ {1} for all iterates j > 1. Using
the above prolongation of ®(T") in Sp*(1) we homotope ®(t), 0 < t < nT, in
¥*(1) to the arc ¥ of rotations,

v:ld 5 ory 2D, oy ..

WO, oryr LEEEE o) - Ree),

(8.3)

where 0 < ¢t < T and 0 < 7 < 1. The deformation &, of ® is defined as
follows. We set ®4(t) = O(t)e?A® for 0 <t < T and 0 < s < 1, and add
successively the arcs ®4(t)®4(T)7 for j = 1,2,...,(n — 1), where 0 < t < T,
and finally prolong the endpoint in Sp*(1) by the arc (O(T)R(e(t))e*AT))™ for
s <t < 1. From (8.3) we compute for the rotation of ¥ in Sp(1) the number
nAg 4+ ne = nA. By the homotopy invariance, ju(®(™) = u(®). Therefore, we
obtain the following iteration formula for the index in the elliptic case

(8.4) w(®™) = 2nA + 1, || < 1.

Note that the rotation number A € R is uniquely determined by d(t), for
0 <t < T. It splits into two parts A = Ag + &, where Ag = a(T) — a(0) is
determined by the orthogonal part of ®(t) = O(t) - P(t) over 0 < ¢ < T and
8o is determined by the spectrum o(®(T')) of the end point. The number A is

irrational in the elliptic case, while A = k € Z for a (+)-hyperbolic arc and

A = k+1/2 for a (—)-hyperbolic arc. To summarize the index p(z,T) = u(P)
of a periodic solution of a Reeb vector field on S? has the following properties:
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THEOREM 8.3.  Assume that the periodic orbit (z,T) and its iterates
(x,nT), n > 1, are nondegenerate.

L. If (x,T) is (4)-hyperbolic, then
w(X,nT) =nu(x,T), n>1
and p(z,T) = 2k is even.
2. If (z,T) is (—)-hyperbolic, then
wX,nT) =nu(x,T), n>1
and p(z,T) =2k + 1 is odd.

3. If (x,T) is an elliptic periodic solution, then
w(X,nT) =2nA +1,, |rn] <1

with p(z,T) = 2k + 1 odd. The real number A € (k,k + 1) is irrational
and uniquely determined by (z,T).

Crucial for the geometry of finite energy surfaces near the punctures is
the characterization of the index u(®) in terms of spectral properties of the
asymptotic linear operator. The differentiable arcs ® : R — Sp(1) satisfying
O(t+T) = P(t)®(T) and ®(0) = Id are in one-to-one correspondence with the
linear Hamiltonian vector fields JA(t) = ®(t)®~1(t), where A(t+T) = A(t) is
periodic in time and a symmetric matrix in £(R?). Define the linear operator
L4 in L*(SY,R?) by

d

Li=—J— — At
A= T Al)

on the domain H?(S!,R?), where S! = R/TZ. The operator L 4 is self-adjoint
and its spectrum o(L 4) consists of countably many isolated eigenvalues and is
unbounded from above and from below. Moreover, ker L4 = {0} if and only if
® e ¥*(1).

An eigenfunction v # 0 in L? belonging to the eigenvalue A € o(L 4) solves
the first order boundary value problem

—Jo(t) — A)u(t) = 2(t), v(0) = o(T).

Consequently, v(t) # 0 for all ¢ and hence v defines a continuous map from S*
into C\ {0} which has a winding number, denoted by w(v, \) € Z. One easily
verifies that two linearly independent eigenfunctions belonging to the same
eigenvalue A have the same winding number, so that with every A\ € o(L4) we
can associate the winding number w(\, A) € Z. For every integer k € Z there
are precisely two eigenvalues (counted with multiplicities) A\ and A2 € o(Ly)
satisfying k = w(A1, A) = w(A2, A); see [30, Lemma 3.6]. If there exists only
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one such eigenvalue, its multiplicity is 2. In this sense every winding number
occurs twice in o(Ly4). Moreover, the map A — w(\, A) from o(L 4) onto Z is
monotonic, see [30]. Define now two integers a(A) € Z and p(A) € {0,1} as
follows: «(A) is the maximum of the winding numbers w(\, A) belonging to
the eigenvalues A\ < 0 of the operator L, and p(A) = (1 + (—1)%)/2, where
b is the number of eigenvalues (counted with multiplicity) strictly less than 0
which have winding numbers equal to a(A).

THEOREM 8.4. If & € ¥*(1),
1(®) = 2a(A) + p(A).

The proof is given in [30, Theorem 3.10]. The arc ® is (+)-hyperbolic
if and only if p(A) = 0. We observe that u(®) = 3 if and only if a(A4) =1
and p(A) = 1. Since the asymptotic behavior of a finite energy surface near a
puncture is governed by an eigenvector of the asymptotic operator L 4 we can
gain information about the geometry of the surface from the knowledge of the
index p(z,T) of the asymptotic limits, see [30].

Consider a finite energy surface & = (a,u) : S\I' — R x M with the punc-
tures ' = I'" U™ and assume the asymptotic limits are nondegenerate. Since
the surface converges to finitely many periodic orbits we can define an index
() as follows. We compactify the puncture surface S = S\ T’ by adding a
circle for every puncture distinguishing positive and negative punctures. Using
the asymptotic behavior of the surface, we see that the map v : S\ T' - M
can be extended to a smooth map @ : S — M such that the boundary circles
of S parametrize the periodic orbits associated with the punctures. Choose a
symplectic trivialization ¥ of @*¢ — S. Then the Conley-Zehnder index s,
for the periodic solution associated with the puncture z € I' can be computed
with respect to the trivialization as above and we define the index u(u) € Z

by
p(a) =Y p.— > ps €7

zelt zel—

This integer p(u) does not depend on the choices involved, in contrast to the
integers p, which depend on the choice of the trivialisation ¥, [30, Prop. 5.5].
We point out that the integer u(u) enters the formula for the Fredholm index
Ind(w) = p(w) — x(S) + tT'; see [36].

8.2. Asymptotics of a finite energy surface near a nondegenerate puncture.
From [35] and [32] we recall the behavior of a nonconstant pseudoholomorphic
curve near one of its punctures, assuming the energy to be bounded and the
contact form to be nondegenerate. In the following, M is a three manifold
equipped with the contact form A determining the contact bundle £ and the
Reeb vector field X. Choosing a complex multiplication J on £ we denote by
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J the associated distinguished R-invariant almost complex structure on R x M
and consider the finite energy surface

u=(a,u): S\ = Rx M

with the nonempty finite set I' of punctures. Near the puncture zy € T we
introduce holomorphic polar coordinates. We take a holomorphic chart h : D C
C — U C S around zj satisfying h(0) = 2z and define o : [0, 00) x S1 — U\ {20}
by

O'(S, t) _ h(e727r(s+it)) )

Then 2y = limg_,o 0(s,t). In these coordinates, & becomes, near zg, the posi-
tive half cylinder

= (bv) =1 - 0:[0,00) x S =R x M.

The map v solves the Cauchy-Riemann equation

Us+ J(0)0, =0
and has bounded energy E(v) < FE(u) < co. Because of the energy bound the
following limit exists:

m(u, zp) = Slggo . v(s, ) A

Indeed, by Stokes’ theorem,

/Slv(s,-)*)\ = /SIU(O,‘)*/\%— v dA

[0,s]x St

= co+ % 0ulxs! Uﬂvs]?f + lwvtla] dsdt
so that the map s — [g1 v(s,)*\ is monotonic and bounded. The real number
m = m(u, zp) is called the charge of the puncture zy. It is positive if zp is a
positive puncture and negative for a negative puncture. Moreover, m = 0 if
the puncture is removable. The behavior of the surface near zy is determined
by periodic solutions of the Reeb vector field having periods T' = |m(u, 2g)|.
Namely, every sequence s — 0o possesses a subsequence, still denoted by s
such that
u(sg, t) — x(mt) in C>(S1)

for an orbit z(t) of the Reeb vector field &(t) = X (z(t)). Here m is the charge
of zg. If m # 0 the solution is necessarily a periodic orbit of X having the
period T' = |m|. If the periodic orbit is nondegenerate, hence, in particular,
isolated among periodic orbits having periods close to |m/|, then

Jim. v(s,t) = z(T'm) in C>(S1)

and
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lim bls,t) =m in C°°(S1).

5§—00 S
In this case we call the uniquely determined periodic solution (z,T") with period
T = |m| the asymptotic limit of the puncture zg.

The energy surface v approaches, in the nondegenerate case as s — oo,
the orbit cylinder v (s,t) = (sm,xz(mt)) in R x M in an exponential way.
In order to describe this in detail we represent the contact structure A in a
tubular neighborhood of the asymptotic limit (z,T) in a normal form. In the

following lemma we denote by
Ao = di + xdy
the contact form on S x R? with coordinates (9, z, ).

LEMMA 8.5. Let M be a three-dimensional manifold equipped with a
contact form X and let (x,T) be a periodic solution of the Reeb vector field X .
Denote by T the minimal period of x so that T = k7 for an integer k. Then
there exist open neighborhoods U of S* x {0} € S' x R?2 and V. C M of
P =z(R) C M, and a diffeomorphism ¢ : U — V mapping S* x {0} onto P
and satisfying

©*A = fAo.

The smooth function f : U — (0,00) has the properties f(9,0,0) = 7 and
df (9,0,0) =0 for all ¥ € S*.

Working in the covering space R of S!, the curve o is, in the coordinates
of the lemma, represented as a map

(8.5) v = (bv):[0,00) x R — R*,
(st) = (b(s,),9(5,8), 2(s,1)),

where the functions b : [0,00) x R — R and z : [0,00) x R — R? are 1-periodic
in ¢, while ¥ : [0,00) x R — R satisfies J(s,t + 1) = 9(s,t) + k. The last
factor R? in (8.5) is in the contact plane along the asymptotic limit in these
coordinates.

THEOREM 8.6 (Asymptotics). Let zg € I' be a nonremovable puncture of a
finite energy surface  : S\I' — Rx M whose charge is m(u, z9) = m and whose
nondegenerate asymptotic limit is (x,T), where T = |m| = kT with the minimal
period 7. Introduce near zo the cylindrical coordinates [0,00) x S* and near
the asymptotic limit the normal form coordinates of the lemma. In these local
coordinates, the finite energy surface has the form v = (b(s, t), (s, t), z(s, t)) €
R x R x R?, where

b(s,t) =ms+c+b(s,t),  I(s,t) = —t+d+I(s,t)
T
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and either z(s,t) =0 for all (s,t) € [0,00) x R with s > 0, or
2(s.1) = efo I e(t) 4 7(s,1)].
Here, ¢ and d are two real constants, and
0°7r(s,t) =0 ass— o0

uniformly in t € R and for all derivatives a = (a1, ). In addition, there are
constants My, > 0 and 6 > 0 such that

9°(s, )

: ‘8%?(5,75)’ < Mye P

for s > 0 and all derivatives . Moreover, the smooth function 7 : [0,00) — R
converges, y(s) — p as s — 0o. The limit p is a negative eigenvalue of a self-
adjoint operator A in L?*(SY,R?) if m > 0, while —p is a positive eigenvalue
if m < 0. The function e(t) = e(t + 1) # 0 represents an eigenvector belonging
to p resp. —p. The operator Ay, is related to the linearized flow of the Reeb
vector field X restricted to the invariant contact bundle along the periodic orbit

(x,T).

The proofs of these statements can be found in [1], [25], [24], [32], [36],
and [38]. Also, note that the above asymptotic formula is used in the Fredholm
theory [36] for embedded finite energy surfaces. It also plays an important role
in the geometric description of finite energy surfaces in [35], [30], [31], [33].
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