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Preface

The discoveries of the past decade have opened new perspectives for the old field of
Hamiltonian systems and led to the creation of a new field: symplectic topology.
Surprising rigidity phenomena demonstrate that the nature of symplectic map-
pings is very different from that of volume preserving mappings which raised new
questions, many of them still unanswered. On the other hand, due to the analysis
of an old variational principle in classical mechanics, global periodic phenomena in
Hamiltonian systems have been established. As it turns out, these seemingly differ-
ent phenomena are mysteriously related. One of the links is a class of symplectic
invariants, called symplectic capacities. These invariants are the main theme of
this book which grew out of lectures given by the authors at Rutgers University,
the RUB Bochum and at the ETH Ziirich (1991) and also at the Borel Seminar in
Bern 1992. Since the lectures did not require any previous knowledge, only a few
and rather elementary topics were selected and proved in detail. Moreover, our se-
lection has been prompted by a single principle: the action principle of mechanics.
The action functional for loops in the phase space, given by

1

Fo) = [pta— [ H(to®)de

0

differs from the old Hamiltonian principle in the configuration space defined by a
Lagrangian. The critical points of F' are those loops v which solve the Hamiltonian
equations associated with the Hamiltonian H and hence are the periodic orbits.
This variational principle is sometimes called the least action principle. However,
there is no minimum for F. Indeed, the action principle is very degenerate. All
its critical points are saddle points of infinite Morse index, and at first sight, the
principle appears quite useless for existence proofs. But surprisingly it is very effec-
tive. This will be demonstrated using several variational techniques starting from
minimax arguments due to P. Rabinowitz and ending with A. Floer’s homology.
The book includes the following subjects:

The introductory chapter presents in a rather unsystematic way some back-
ground material. We give the definitions of symplectic manifolds and symplectic
mappings and briefly recall the Hamiltonian formalism. For convenience, Cartan’s
calculus is used. The classification of 2-dimensional symplectic manifolds by the
Euler-characteristic and the total volume is proved. Some questions dealt with
later on in detail are raised and discussed in special examples. We illustrate the
so-called direct method of the calculus of variations in order to establish a periodic
orbit on a convex energy surface of a Hamiltonian system in R?". The Birkhoff
invariants are introduced in order to describe without proofs the intricate orbit

ix
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structure of a Hamiltonian system near an equilibrium point or near a periodic
solution. These local results are quite in contrast to the global questions dealt with
in the following chapters.

In a systematic way the symplectic invariants, called symplectic capacities, are
introduced axiomatically in Chapter 2. Considering the family of all symplectic
manifolds of fixed dimension 2n, a capacity c¢ is a map associating with every sym-
plectic manifold (M,w) a positive number ¢(M,w) or co satisfying these axioms:
a monotonicity axiom for symplectic embeddings, a conformality axiom for the
symplectic structure, and a normalization axiom which rules out the volume in
higher dimensions. For subsets of R?", the capacity extends a familiar linear sym-
plectic invariant for positive quadratic forms to nonlinear symplectic mappings.
If M and N are symplectically diffeomorphic then ¢(M,w) = ¢(N, 7). In view of
its monotonicity property a capacity represents, in particular, an obstruction to
certain symplectic embeddings and it will be used in order to explain rigidity phe-
nomena for symplectic embeddings, discovered by Ya. Eliashberg and M. Gromov.
In particular, Gromov’s squeezing theorem is deduced using capacities as well as
Eliashberg’s C%-stability of symplectic diffeomorphisms. We introduce a notion
of a symplectic homeomorphism, a concept which raises many questions. There
are many different capacity functions. For example, the size of the largest ball
in R?" which can be symplectically embedded into a symplectic manifold (M, w)
leads to a special capacity called the Gromov width. It is the smallest capacity
function originally introduced by M. Gromov. There are many other “embedding”
capacities.

Chapter 3 is devoted entirely to a very detailed construction of a distinguished
symplectic capacity cy. It is dynamically defined by means of Hamiltonian systems.
It measures the minimal C%-oscillation of a Hamiltonian function H : M — R
which allows to conclude the existence of a fast periodic solution of the corre-
sponding Hamiltonian vector field Xz on M. In the special case of a connected
2-dimensional symplectic manifold, the capacity ¢y agrees with the total area. The
existence proof is based on the above action principle which is introduced from
scratch in its proper functional analytic framework. The interesting aspect of this
principle is that it is bounded neither from below nor from above so that stan-
dard variational techniques do not apply directly. Techniques going back to P.
Rabinowitz permit us to establish effectively distinguished saddle points of the
functional representing special periodic solutions of the system. In the special case
of a convex, bounded and smooth domain U C R?", the capacity is represented by
a distinguished closed characteristic of its boundary OU: it has minimal reduced
action equal to ¢(U). But, in general, it is rather difficult to compute the invariant
cop. Some of the recent computations based on more advanced techniques of first
order elliptic systems and Fredholm theory are presented without proofs. With the
construction of the capacity cg, the proofs of the rigidity phenomena described in
Chapter 2 are complete. Due to its special properties this invariant turns out to
be useful also for the dynamics of Hamiltonian systems.
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In Chapter 4 the dynamical capacity cg is applied to an old question of the
qualitative theory of Hamiltonian systems originating in celestial mechanics: does
a compact energy surface carry a periodic orbit? We shall demonstrate that many
well-known global existence results previously obtained by technically intricate
proofs emerge immediately from this invariant. The phenomenon is simply this:
if a compact hypersurface in a symplectic manifold possesses a neighborhood of
finite capacity cg, then there are always uncountably many closed characteristics
nearby. If one poses, in addition, symplectically invariant restrictions, such as of
“contact type”, then the hypersurface itself carries a closed characteristic. We
shall prove, in particular, the seminal solution of the Weinstein conjecture in R?"
due to C. Viterbo. A nonstandard symplectic torus shows that, in contrast to
the Gromov width mentioned above, not every compact symplectic manifold is
of finite capacity cy. Our special example is related to M. Herman’s celebrated
counterexample to the closing lemma which answers a longstanding open question
in dynamical systems. M. Herman’s “non-closing-lemma” is proved at the end of
the chapter.

In Chapter 5 we study the subgroup D of symplectic diffeomorphisms of R?"
which are generated by time dependent Hamiltonian vector fields of compact sup-
port. The distance from the identity map or the energy E(p) of such a symplectic
diffeomorphism ¢ will be measured by means of the oscillation of its generating
Hamiltonian function. This will lead to a surprising bi-invariant metric on D called
the Hofer metric and defined by d(p,v) = E(¢~! o 4). The definition does not
involve derivatives of the Hamiltonian and is of C%-nature. The verification of the
metric property requiring that d(y, 1) = 0 if and only if ¢ = ¢ is the difficult as-
pect. It is based on more refined minimax arguments for the action functional valid
simultaneously for a large class of Hamiltonians. We shall investigate the relations
of this distinguished metric to the dynamical symplectic invariant cq introduced
in Chapter 3 and also to another symplectic invariant which is defined for subsets
of R?" and called the displacement energy. The displacement energy of a subset
U measures the minimal energy F(p) needed in order to dislocate a given set U
from itself in the sense that U N ¢(U) = (). The bi-invariant metric will also be
compared with the standard sup-metric. Geodesic arcs associated with the metric
will be defined and described in detail. A special example of a geodesic arc is the
flow generated by an autonomous Hamiltonian. An important role in our approach
is played by the action spectrum of a Hamiltonian mapping ¢ € D, which turns
out to be a nowhere dense subset of the real numbers. Our minimax principle
singles out a nontrivial continuous section of the action spectrum bundle over D
called the y-invariant. This invariant is the main technical tool in this chapter. It
allows the characterization of the geodesics and is used also in the existence proof
of infinitely many nontrivial periodic points for compactly supported Hamiltonian
mappings.

The subject of Chapter 6 is the fixed point theory for Hamiltonian mappings
on compact symplectic manifolds (M,w). It differs from topological fixed point
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theories. A Hamiltonian map is a special symplectic map: it is homotopic to the
identity and the homotopy is generated by the flow of a time dependent Hamilto-
nian vector field. Prompted by H. Poincaré’s last geometric theorem, V.I. Arnold
conjectured in the sixties that such a Hamiltonian map possesses at least as many
fixed points as a real-valued function on M possesses critical points. Reformulated
in terms of dynamical systems, the conjecture asks for a Ljusternik-Schnirelman
theory respectively for a Morse theory of forced oscillations solving a time periodic
Hamiltonian system on M. We shall first prove the conjecture for the special case
of the standard torus T2". The proof is again based on the action principle. But
this time the aim is to find all its critical points. Our strategy is inspired by C.
Conley’s topological approach to dynamical systems: we shall study the topology
of the set of all bounded solutions of the regularized gradient equation belonging
to the action functional defined on the set of contractible loops on the manifold M.
This way the study of the gradient flow in the infinite dimensional loop space is
reduced to the study of a gradient like continuous flow of a compact metric space,
whose rest points are the desired critical points. Their number is then estimated
by Ljusternik-Schnirelman theory presented in 6.3. A reinterpretation will then
lead us to the proof of the Arnold conjecture for the larger class of symplectic
manifolds satisfying [w]|me(M) = 0. In this general case there is no natural regu-
larization and we are forced to investigate in 6.4 the set of bounded solutions of
the non regularized gradient system which now are smooth solutions of a special
system of first order elliptic partial differential equations of Cauchy Riemann type.
These solutions are related to M. Gromov’s pseudoholomorphic curves in M. The
compactness of the solution set will be based on an analytical technique which is
sometimes called bubbling off analysis. Following this procedure, we shall arrive
at the high point of these developments: A. Floer’s new approach to Morse theory
and Floer homology. We shall merely outline Floer’s beautiful ideas in 6.5. A com-
bination of Floer’s approach with the construction of the dynamical capacity cg
results in a symplectic homology theory which is not yet in its final form and which
will be sketched without proofs in the last section. The technical requirements of
these theories are quite advanced and beyond the scope of this book. Floer’s ideas
and further related developments will be presented in detail in a sequel. Chapter 6
illustrates, in particular, that old problems emerging from celestial mechanics still
lead to powerful new techniques useful also in other branches of mathematics. We
should point out that the Arnold conjecture for a general symplectic manifold is
still open in the dimensions > 8.

The Appendix contains some technical topics presented for the convenience of
the reader. In A.1 we show that a symplectic diffeomorphism can be locally rep-
resented in terms of a single function, the so-called generating function. This clas-
sical fact is used in Chapter 5. Appendix A.2 illustrates the generating functions
in the construction of action-angle coordinates for integrable systems occurring in
Chapter 4. A special Sobolev embedding theorem required in the analysis of the
action functional (Chapter 5) is proved in A.3. We derive some basic estimates
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for the Cauchy-Riemann operator on the sphere (A.4), elliptic estimates near the
boundary (A.5) and prove the generalized Carleman similarity principle (A.6); all
these results for special partial differential equations are important in Chapter 6.
While the analytical tools required in the first five chapters are introduced in de-
tail, we make use of topological tools without explanations: we use the Brouwer
mapping degree (Chapter 2), the Leray-Schauder degree (Chapter 3), the Smale
degree (mod2) and (co-) homology theories (Chapter 6). References concerning
these topological topics are given in A.7 and A.8 where we explain the Brouwer
degree and the continuity property of the Alexander-Spanier cohomology. This
continuity property is important to us for the proof of the Arnold conjecture in
the general case.
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Chapter 1
Introduction

We shall introduce the concepts of symplectic manifolds, symplectic mappings and
Hamiltonian vector fields. It is not the intention to give a systematic treatment of
the Hamiltonian formalism, because it is already presented in many books. Rather
we shall ask some questions related to these concepts which recently lead to new
phenomena and interesting open problems. The question: “What can be done with
a symplectic mapping?” leads, for example, to new symplectic invariants different
from the volume and discussed in detail in subsequent chapters. We shall illustrate
that a seemingly very different and old problem originating in celestial mechan-
ics is related to these invariants. Namely, prompted by the Poincaré recurrence
theorem, we ask whether a compact energy surface of a Hamiltonian vector field
possesses a periodic orbit. For the very special case of a convex hypersurface in
R2", historically one of the landmarks in this qualitative problem of Hamiltonian
systems, we shall give an existence proof in order to illustrate the so-called direct
method of the calculus of variation. This classical method is in contrast to the more
recent methods introduced in the following chapters in order to establish global
periodic solutions. At the end of the introduction we shall illustrate without proofs
the rich and intricate orbit structure to be expected near a given periodic orbit.
The considerations are based on the local, nonlinear Birkhoff-invariants presented
in detail.

1.1 Symplectic vector spaces

Definition. A symplectic vector space (V,w) is a finite dimensional real vector
space V equipped with a distinguished bilinear form w which is antisymmetric
and nondegenerate, i.e.,

(1.1) w(u,v) = —w(v,u), uveV

and, for every u # 0 € V, there is a v € V satisfying w(u, v) # 0. This nondegen-
eracy is equivalent to the requirement that the map

(1.2) V-V ve—w,:)

is a linear isomorphism of V' onto its dual vector space V*. An example is the
so-called standard symplectic vector space (R?", wg) with

(1.3) wo(u,v) = (Ju,v) forall wu,veR>",

H. Hofer and E. Zehnder, Symplectic Invariants and Hamiltonian Dynamics, 1
Modern Birkhiuser Classics, DOI 10.1007/978-3-0348-0104-1_1, © Springer Basel AG 2011



2 CHAPTER 1 INTRODUCTION

where the bracket denotes the Euclidean inner product in R?", and where the
2n x 2n matrix J is defined by

1.4 J = v
(1 (1))

with respect to the splitting R?" = R"™ x R". Clearly det J # 0 and since J7 = —J
the form wy is nondegenerate and antisymmetric. We note that

(1.5) J'=Jt = —J

In particular J? = —1 and
wo(u, Jv) = (u,v).

Therefore, J is a complex structure on R?" compatible with the Euclidean inner
product. Recall that a complex structure on a real vector space V is a linear
transformation J : V — V satisfying J? = —1. It makes V into an n-dimensional
complex vector space by defining

(a + if)v = av + BJv

for a, 4 € R and v € V. In the example (R?",wg) we may identify R?" with C" in
the usual way by mapping z = (z,y) € R® x R” onto x + iy € C". The linear map
J corresponds to the multiplication by —i in C”.

In the following we shall call v orthogonal to u and write v L w if w(v,u) = 0.
If F is a linear subspace of V', we define its orthogonal complement by

(1.6) Bt = {uEV’w(v,u):0 for all UEE}.

E+ is a linear subspace and in view of the nondegeneracy of the bilinear form w,
we have

1.7 dimE + dimE't = dimV.
(1.7)

Indeed, choosing a basis eg,...,eq in E, the subspace E* is the kernel of the
linearly independent functionals w(e;,-) on V such that dim E+ = dim V — dim E
as claimed. Since u L v is equivalent to v L u we see that

1L
(1.8) (EY)” = E.
The concept of orthogonality in symplectic geometry differs sharply from that
in Euclidean geometry: F and E* need not be complementary subspaces. For
example, every vector v € V is orthogonal to itself since w(v,v) = —w(v, v). Hence
if dim £ = 1 we have E C E*.
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We can, of course, restrict the bilinear form w to a linear subspace £ C V.
This restricted form will obviously be antisymmetric but, in general, fails to be
nondegenerate. It is nondegenerate on F if and only if

(1.9) EnE+ = {0},

which follows immediately from the definitions. In view of (1.7) the statement (1.9)
holds precisely if E and E+ are complementary, i.e.,

EaoEL = V.

We see that (E,w) is a symplectic vector space if (1.9) is satisfied and we call F
a symplectic subspace. Because of the symmetry of (1.9) in £ and E+, we conclude
that E is symplectic if and only if E* is symplectic.

The following proposition shows that every symplectic space looks like the
standard space (R?",wy).

Proposition 1. The dimension of a symplectic vector space (V,w) is even. If dim V' =

2n there exists a basis e1,...,€en, f1,..., fn of V satisfying, for i, =1,2,...n,
w(e,e;) = 0
w(fiafj) =0

1if i=j
w(fires) = {0 it i

Such a basis is called a symplectic (or canonical) basis of V. Representing
u,v € V in this basis by

S
I
g

<
Il
—

(Ij €+ Tn+; fj)

I

<
Il
—

(yj €j + Ynij fj)

one computes readily that

w(u,v) = (Ja,y), z,ycR™,
where the matrix J is defined by (1.4). The subspaces V; = span {e;, f;} are
symplectic and orthogonal to each other if i # j, so that the vector space V is the

orthogonal sum

(1.10) V=Viehe -aV,
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of 2-dimensional symplectic subspaces. With respect to this splitting the bilinear
form w is, in symplectic coordinates, represented by the matrix

(0)
()

0 1

-1 0
Proof of Proposition 1. Choose any vector e; # 0 in V. Since w is nondegenerate

we find u € V satisfying w(u, e1) # 0, and we can normalize f; = au such that

w(fi,e1) = 1.

Consequently, f; and e; are linearly independent since w is antisymmetric so that
E = span {ej, f1} is a 2-dimensional symplectic subspace of V. If dim V' = 2 the
proof is finished. If dim V' > 2 we apply the same argument to the complementary
symplectic subspace E+ of V and thus find the desired basis in finitely many
steps. B

We see that for fixed dimension every symplectic vector space (V,w) can be
put into the same normal form, quite in contrast to the situation of nondegenerate
symmetric bilinear forms. The symplectic form w singles out those linear maps of
v which leave the form invariant.

Definition. A linear map A : V — V of a symplectic vector space (V,w) is called
symplectic (or canonical) if

A'w = w.
By definition, A*w is the so-called pullback 2-form given by A*w(u,v)=w(Au,Av).
In the standard space (R?",wy) a matrix A is, therefore, symplectic if and only if
(JAu, Av) = (Ju,v) for all u,v € R?", or equivalently,

(1.11) AT JA = J.

In the special case R? of two dimensions this is equivalent to the condition that
det A = 1. In general we conclude from (1.11) immediately that (det A)? = 1. It
turns out that

(1.12) det A = 1,

so that symplectic matrices in R?" are volume-preserving. This requires a proof
and it is convenient to use the language of differential forms . Recall that, with the
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coordinates z = (21,...,22,) € R?". the bilinear form dz; A dz; on R2" is defined
by

(dz; Ndzj)(u,v) = u;v; — ujv;,
for u,v € R?". Introducing the notation z = (z,y) € R?", we can, therefore,

represent wg in the form
n
Wy = Z dyj/\dﬂij.
j=1

Then the 2n-form
Q= wyAwoA...Awy (n times)

on R?” is the volume form
Q = cdry N...Ndxy Ndyy A ... Ndy,

with a constant ¢ # 0. If A is a matrix in R?" then A*Q = (det A)Q2 by the
definition of a determinant. Assuming that A*wy = wy we conclude A*Q) = Q and,
hence, det A = 1 as claimed.

The set of symplectic matrices in R?", which meet the conditions (1.11), is
a group under matrix multiplication. It is one of the classical Lie groups and is
denoted by Sp(n).

Proposition 2. If A and B € Sp(n) then A~', AB € Sp(n). Moreover, AT € Sp(n)
and J € Sp(n).

Proof. By multiplying AT”JA = J with A~! from the right and with (A7)~! from
the left, we find J = (AT)"1JA~! so that A= € Sp(n). Taking now the inverse
on both sides of the latter identity we find J~! = AJ~'A” and since J~! = —J

we find (AT)TJAT = J and AT € Sp(n). A

Note that if a 2n by 2n matrix is written in block form

1.1 vo (4
(113) _<C D>

with respect to the splitting R?" = R” x R, it is symplectic if and only if
ATc, BTD are symmetric and ATD —CTB =1,

as is readily verified. For example, a matrix U having B = 0 is symplectic if and
only if A is nonsingular and U can be written as

A 0 1 0
U = 1 )
0 (A7) S 1

with some symmetric matrix S.
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Definition. If (V;,w;) and (Va,ws) are two symplectic vector spaces we call a linear
map A : Vi — V5 symplectic if

A*(U2 = Wi,

where, by definition, (A*wq)(u,v) = wa(Au, Av) for all u,v € V;. Clearly A is

injective such that dim V; < dim V5.

Proposition 3. If (V},w;) and (V2,ws) are two symplectic spaces of the same dimen-

sion, then there exists a linear isomorphism A : Vi — V5 satisfying A*ws = wy.
This means that all symplectic vector spaces of the same dimension are, in this

sense, equivalent; they are symplectically indistinguishable.

Proof. The proof follows immediately from the normal form in Proposition 1.

Choosing symplectic bases (e;, f;) in (Vi,w1) and (é;, f;) in (Va,ws) we define the

linear map A : Vi — V5 by

Aej = éj and Afj = fj

for 1 < j < n. Then clearly A*wy = w; by definition of a symplectic basis. B

Since the choice of e; and é; in the construction of the symplectic bases is at our
disposal we conclude from the above proof that the group Sp(n) acts transitively
in R?™. Moreover, it also acts transitively on the set of symplectic subspaces of R?"
having the same dimension. This follows because a symplectic basis in a subspace
FE can always be completed to a basis of V' by adding a symplectic basis of its
complement E, as we did in the proof of Proposition 1.

1.2 Symplectic diffeomorphisms and Hamiltonian
vector fields in (R*", wy)

We now turn to nonlinear maps in the symplectic space (R** wg). A diffeomor-
phism ¢ in R?" is called symplectic if

(1.14) Y we = wo,
where, by definition, the pullback of any 2-form w is given by
(P w)a(a,b) = wy() (¢ (z)a, ¢'(x)b)

for # € R* and for all a,b € T,R?>" = R?". Here ¢'(x) denotes the derivative
of ¢ at the point = represented by the Jacobian matrix. In view of the definition
of wp, a symplectic diffeomorphism in (R?",wy) is, therefore, characterized by the
identity

(1.15) S TP (x) = T, xzeR™
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for the first derivatives of ¢. Hence ¢'(x) is a symplectic matrix and, in particular,
(1.16) det¢'(z) = 1,

so that symplectic diffeomorphisms are volume-preserving. However, if n > 1 the
class of symplectic diffeomorphisms is much more restricted than that of volume-
preserving diffeomorphisms. This will become clear below when, taking our lead
from Gromov, we look at the question: what can be done with symplectic diffeo-
morphisms?

A symplectic diffeomorphism ¢ in (R?",wg) not only preserves wg and the
associated volume form € but also the action of closed curves, as we shall see
next. The form wq is an exact form, since

(1.17) wo = Y dy; Adr; = dA,
j=1

with the 1-form A defined by

A= Z Yj d:r;j.
j=1

Therefore, A — p*\ is a closed form provided ¢ is symplectic. Indeed, d(A—p*\) =
A\ — d(p*\) = d\ — *d\ = wy — p*wy = 0. Using the Poincaré lemma one finds
a function F: R?"” — R satisfying

(1.18) A — p*A = dF.

If ~ is an oriented simply closed curve we can integrate and find in view of (1.18)
[r=[er= [
gl v e ()

since the integral of an exact form over a closed curve vanishes. Defining the action
A(7y) of a closed curve 7 by

(1.19) A(y) = /A €R,

Y

we see that
(1.20) A(w(v)) = A(7)

provided ¢ is symplectic; hence ¢ leaves the action invariant as claimed. Con-
versely, of course, if a diffeomorphism ¢ in R?" satisfies (1.20) for all closed curves
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in R?" we conclude that ¢ is symplectic. Parameterizing v by x(t), with 0 <t < 1
and 2(0) = x(1), the action becomes

1
(1.21) Aly) = /<—Ja:=,x> dt.
0

Examples of symplectic diffeomorphisms are generated by the so-called Hamilto-
nian vector fields which we now recall. To the symplectic form wg and to a smooth
function

H:R?>™ SR,

we can associate a vector field Xz on R?" by requiring
(1.22) wo (XH(:E), a) — —dH(2)a
for all a € R?*™ and = € R?". Since wy is nondegenerate, the vector Xy (z) is deter-

mined uniquely. The condition (1.22) is equivalent to (J X (x),a) = —(VH(x),a)
where the gradient of H is, as usual, defined with respect to the Euclidean inner

product. Therefore, JXp(x) = —VH(x) and in view of J?2 = —1 we find the
representation
(1.23) Xy(z) = JVH(z), z¢€R™.

Clearly the Hamiltonian vector fields are very special. They differ in particular
sharply from vector fields X = VH(z) of gradient type, since J is antisymmetric.

In the following we denote by ¢! the flow of a vector field X. It is defined by
Lot = x(v@)
Px) = =, zeR™.

The curve z(t) = ¢'(z) solves the Cauchy initial value problem for the initial
condition = € R2". Assume now that X = Xy is the Hamiltonian vector field
determined by wg and H. Then every flow map ¢! preserves the form wp:

(1.24) (¥") wo = wo,

and is, therefore, a symplectic map. This is easily verified and will be proved in
the next section in a more abstract setting.

It is useful for the following to recall the transformation formula for vector
fields X on R™. Assume z(t) is a solution of the differential equation

= X(z), xzeR™
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If u: R™ — R™ is a diffeomorphism we can define the curve y(t) by

2(t) = u(y(t)).
Differentiating in ¢ we conclude that y(¢) solves the equation
y =Yy, yeR”
for the transformed vector field Y defined by
Y(y) = du(y)™" - X ou(y).
In the following, we shall use the notation
(1.25) WX = (du)”' - Xou.

We have demonstrated that the two flows ¢! of X and %* of u*X are conjugated
by the diffeomorphism wu, i.e.,

Plou = uort.

If we subject a Hamiltonian vector field X i in R?” to an arbitrary transformation u
its special form will be destroyed. However, a symplectic transformation preserves
the class of Hamiltonian vector fields. Indeed, if u*wy = wp then

(126) u*XH = XK and K = Hou.

This is easily verified: defining the function K as the composition K = H o u,
then by the chain rule, dK = dH o u - du, and the gradient with respect to the
Euclidean scalar product becomes VK = (du)? VH o u. By assumption, du is, at
every point, a symplectic map and, therefore, also (du)” so that du-.J - (du)” = J.
Consequently, in view of the definition (1.23) of a Hamiltonian vector field

Xk = JVK = J(du)TVHou
= (du) " (JVH)ou
= u'X H,
as we set out to prove.
1.3 Hamiltonian vector fields and symplectic manifolds

In order to introduce Hamiltonian vector fields on a manifold, we first have to
extend the symplectic structure

n
wy = Z dy; Ndx; on RZ"
j=1

to even dimensional manifolds.
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Definition. A symplectic structure on an even dimensional manifold M is a 2-form
w on M satisfying

(i) dw =0, ie., w is a closed form.
(i) w is nondegenerate.

The second condition requires that for every tangent space T, M if w, (u,v) =0
for all v € T, M then u = 0. The pair (M, w) is then called a symplectic manifold.
Thus every tangent space T, M of a symplectic manifold becomes a symplectic
vector space with respect to the distinguished antisymmetric and nondegenerate
bilinear form w, at x. Therefore, M has even dimension.

An example is the symplectic manifold (R?",wg); indeed, since wy is a constant
form we have dwy = 0. Since the symplectic form w is assumed to be closed, every
symplectic manifold looks, locally, like (R?",wp); we shall now prove that there
are always local coordinates in which the symplectic form is represented by the
constant form wy.

Theorem 1. (Darboux) Suppose w is a nondegenerate 2-form on a manifold of
dim M = 2n. Then dw = 0 if and only if at each point p € M there are coordinates
(U, ) where ¢ : (x1,...,Zn,Y1,.--,Yn) — q € U C M satisfies p(0) = p and

n
P'w = wy = Z dy; N dz;.
j=1

Such coordinates are sometimes called symplectic coordinates. They are clearly
not determined uniquely; the most general coordinates of this sort are related to
(x,y) by symplectic transformation u*wg = wg in R?", as previously introduced.
We see that we can define a symplectic manifold alternatively as follows: it is
a manifold of dim M = 2n for which there are local coordinates ¢; mapping
open sets U; C M onto open sets of the fixed symplectic space (R*",wp) such
that the coordinates changes ; o <p;1 defined on ¢;(U; N Uj) are symplectic local
diffeomorphisms in (R?", wy).

Proof. Choosing any local coordinates, we may assume that w is a 2-form on R?"

depending on z € R?" and that p corresponds to z = 0. By a linear change of
coordinates we can achieve that the form be in normal form at the origin, i.e.,

n
w(0) = Z dy; Ndxz; at z=0.
j=1
This is precisely the same as the statement that any nondegenerate antisymmet-
ric bilinear form can be brought into normal form (Proposition 1). With wy we
shall denote the constant form Xdy; A dx; on R?". The aim is to find a local
diffeomorphism ¢ in a neighborhood of 0 leaving the origin fixed and solving

©w = wp.
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We shall solve this equation by a deformation argument. We interpolate w and wy
by a family w; of forms defined by

wp = wy + tlw—wo), 0<t<1,

such that w; = wy for t = 0 and w; = w, and look for a whole family ¢’ of
diffeomorphisms satisfying ¢° = id and

(1.27) (")'w = wy, 0<t<1.

The diffeomorphism ¢! for ¢ = 1 will then be the solution to our problem. In order
to find ¢’ we shall construct a t-dependent vector field X; generating ¢ as its
flow. Differentiating (1.27), such a vector field X; has to satisfy the identity

d

1.2 - —
(1.28) 0=

* * d
@) w = (@) {Lxw + Zwif.

Here Ly denotes the Lie derivative of the vector field Y. Now we use Cartan’s
identity

(129) Lx = ixod + doix

and the assumption that dw; = 0 and find

0 = (¢ {dlix,w) + w—w}.
Hence, X; has to satisfy the linear equation
(1.30) dlix,w:) + w—wp = 0.

In order to solve this equation we observe that w — wqg is closed, hence, locally
exact by the Poincaré lemma and there is a 1-form A satisfying

w—wy = dx and A0) = 0.

Since wi(0) = wp the 2-forms w; are nondegenerate for 0 < ¢ < 1 in an open
neighborhood of the origin and hence there is a unique vector field X; determined
by
itht = wt(Xt, ) = =

for 0 <t <1 which then solves the equation (1.30). Since we normalized A(0) =0
we have X;(0) = 0 and there is an open neighborhood of the origin on which the
flow ¢! of X; exists for all 0 < ¢ < 1. It satisfies ¢ = id and ¢'(0) = 0. We can
follow our arguments backwards: by construction this family ¢! of diffeomorphisms

satisfies
d

dt
wi = (©°)*wo = wp for all 0 <t < 1, as we wanted to prove. Bl

(")V'we =0, 0<t<1,

*

hence ()
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The method employed in the proof above is the so-called deformation method
of J. Moser. Its unusual aspect is that one searches for a differential equation to be
solved. J. Moser introduced the method in [160] in order to prove, in particular,
that two symplectic structures wg and wy on a compact manifold M are equivalent,
in the sense that

P'w1 = wo

for a diffeomorphism ¢ of M, provided the forms can be deformed into each other
within the class of symplectic forms having their periods fixed. Incidentally, the
classification of symplectic forms up to equivalence is still open.

From Darboux’s normal form we conclude that any two symplectic manifolds
having the same dimension are locally indistinguishable: symplectic manifolds do
not possess any local symplectic invariants other than the dimension. This is in
sharp contrast to Riemannian manifolds: two different metrics generally are not
locally isometric, e.g., the Gaussian curvature is an invariant. It is our aim later
on to construct global symplectic invariants.

Every manifold M carries a Riemannian structure. In contrast, not every even
dimensional manifold admits a symplectic structure. For example, spheres S?" do
not admit a symplectic structure if n > 2. Indeed, arguing by contradiction we
assume w is a symplectic structure. Then Q@ = w Aw A ... Aw (n times) is a
volume form, since w is nondegenerate. But w = da for a 1-form « on S?" since
the second de Rham cohomology group vanishes: H?(S5?") = 0. Therefore, Q = d3
with B =wAwWA ... AN\w A« and by Stokes’ theorem

0= / 5 =0
SQTL 6S2n
which is, of course, not possible for a volume form. This argument evidently applies

to any compact manifold M without boundary having H%(M) = 0 for some
1<ji<n-1.

Next we introduce the analogue of symplectic maps in (R?",wp). A differen-
tiable map f : M; — My between two symplectic manifolds (M7, w;) and (M, ws)
is called symplectic if

ffwg = wr,

where, by definition of the pullback of a 2-form w
(f*w)z(u,v) = wp(e (df (x)u, df (x)v) for all u, ve T, M.

Since w; is nondegenerate the tangent map df (z) must be injective at every point
and hence dim M; < dim M,. If dim M; = dim M then f is a local diffeomor-
phism. In the case that f maps a symplectic manifold (M,w) into itself the con-
dition for f to be symplectic becomes

ffw=w,
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i.e., f preserves the symplectic structure. Expressed in the distinguished local
symplectic coordinates defined by Darboux’s theorem, this condition for f agrees
with our previous condition for a map to be symplectic in (R?", wy). It is useful to
point out that locally such a symplectic map can be presented in terms of a single
function on R?", a so-called generating function and we refer to the Appendix for
details.

The symplectic structure, being nondegenerate, defines an isomorphism be-
tween vector fields X and 1-forms on M given by X — w(X,-). In particular,
if

H:M—R
is a smooth function on M, then dH is a 1-form on M and hence together with w
determines the vector field Xy by

(1.31) (iwa)(x) - w(XH(z),-> — —dH(2),

x € M. This distinguished vector field X is called the Hamiltonian vector field
belonging to the function H. Since dw = 0 we deduce from (1.31) using Cartan’s
formula Lx = dix + ixd and ddH = 0 that

(1.32) Lxyw = 0.

We conclude that the maps ¢! belonging to the flow of a Hamiltonian vector field
X g leave the symplectic form invariant,

(1.33) (W)'w = w,

hence are symplectic. Indeed, the derivative 4 (p*)*w = (¢!)*Lxw = 0 vanishes
in view of (1.32) and since (¢")*w = w the claim follows. The set of Hamiltonian
vector fields is invariant under symplectic transformations as we shall verify next.
Recall that u* X = (du) =X owu for a vector field X and a diffeomorphism u, and,

equivalently, o o u = u 09! for the associated flows ¢! of X and ¥ of u*X.

Proposition 4. If u : M — M satisfies u*w = w then for every function H : M — R

WXy = Xg and K = Hou.

Proof. In view of the definition of a Hamiltonian vector field

iXpouw = —d(Hou) = —u*(dH)
= w(ix,w) = iuxyUw)
= iu*XHW

and since w is nondegenerate the vector fields X g, and u* Xy must be equal. B

From the symplectic structure we shall deduce an auxiliary structure which
will be convenient later on. Recall that an almost complex structure on a manifold
M associates smoothly with every x € M a linear map J = J, : T,M — T, M
satisfying J2 = —1.
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Proposition 5. If (M,w) is a symplectic manifold there exists an almost complex
structure J on M and a Riemannian metric (-,-) on M satisfying

(1.34) we (v, Ju) = (v,u),

for v,u € T,, M. From the symmetry of the bilinear form (,-) it follows that
(1.35) we(Ju, Ju) = wy(v,u),

i.e., J is a symplectic map of the symplectic vector space (T, M, w,.). Moreover,
(1.36) Jr=Jt = —J,

where J* is the adjoint of J in the inner product space (T, M, (-, )).

Proof. We choose any Riemannian metric g on M. Fixing a point x € M we shall
construct J = J, in T,, M. All the constructions will depend smoothly on = and, for
notational convenience, the dependence on x will not be explicitly mentioned. Since
w is nondegenerate there exists a unique linear isomorphism A : T,M — T, M
satisfying

w(u,v) = g(Au,v), wu,v €T, M.

Since w is antisymmetric we infer g(Au,v) = w(u,v) = —w(v,u) = —g(Av,u) =
—g(v, A*u) = g(—A*u,v), where A* is the g-adjoint map of A. Hence

A" = —A

Consequently, A*A = AA* = —A? is a positive definite g-self-adjoint map and we
denote by Q = v/—A?2 the positive square root of —A?. Set

J = AQ™ L.

Since A and A* do commute, A is a normal operator and consequently A and Q'
commute and we compute

J? = AQTAQT! = A%(—A%)7! = —id.

Finally,
W, Jv) = g(Au,Jv) = g(Au, AQ'v)

= 9(A*Au, Q') = g(Q*u, Q" 'v)
= g(Qu,v).
Since @ is symmetric and positive definite we conclude that
(u,v) : = g(Qu,v)

defines a Riemannian metric on M which, in general, is different from g. It is the
desired metric. The remainder of the statement is now readily verified making use
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of the fact that the metric (u,v) = (v,u) is symmetric. Since the construction
depends smoothly on x the proof is completed. B

This almost complex structure compatible with w extends the complex struc-
ture in (R?*",wy) considered above. Moreover, if VH denotes the gradient of a
function H with respect to the Riemannian metric (-,-) of Proposition 5, i.e.,
(VH(z),v) = dH(x)v for all v € T, M, we find for the Hamiltonian vector field
X the representation

(1.37) Xpy(z) = JVH(z) € T,M

using that J? = —1. This agrees with the representation of Xy in (R?",wy).

We should point out that the almost complex structure is not unique. If we
denote by J,, the set of almost complex structures compatible with w in the sense
of (1.34), it can easily be shown that this set is contractible. Indeed, for every
J € J, there exists, by definition, a unique Riemannian metric g; satisfying
w(u, Jv) = gy(u,v). Starting from any Riemannian metric g, we constructed in
the proof of the proposition an almost complex structure J = J, and a metric g
such that J,, = J. Hence, fixing any metric g* on M, we can define the contraction
in J, by

(t,J) = Ja—t)g,+tg*
for0<t<1andJ € J,.

In view of Darboux’s theorem there are locally no symplectic invariants other
than the dimension. On the other hand, the total volume is a trivial example of
a global symplectic invariant. Indeed, if u : (My,w1) — (M2, ws) is a symplectic
diffeomorphism of M7 onto My then it follows from u*ws = wy that the associated
volume forms Q7 = w; A ... Awp (n times) on M; and similarly € on My are
related by

(138) U*QQ = Ql.

Since the diffeomorphism u : M7 — M, preserves the orientation we have

/U*QQ = /QQ

My M,
and in view of (1.38),
/ Ql = / QQa
My M,

so that the total volumes of €1 and 25 have to agree. Consider now the special case
of compact, connected and oriented manifolds of dimension 2, i.e., surfaces. The
orientation will be given by a volume form denoted by w. It evidently is a closed
form, since every 3-form on a surface vanishes. Therefore, (M,w) is a symplectic
manifold with the volume form as the symplectic structure.
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Assume now that (M;,wq) and (Ma, ws) are two such surfaces and let w : M7 —
M> be a symplectic diffeomorphism u*ws = w1, which in dimension 2 is the same
as a volume-preserving diffeomorphism, then

(1.39) /wl = /wg,

My M

so that the volumes agree. Our aim is to prove the converse. We shall prove that if
two compact, connected and oriented surfaces (M;, w1 ) and (Mz,ws) are diffeomor-
phic (which is the case if their Euler characteristics are equal) and if, in addition,
their total volumes agree, then there exists a diffeomorphism v : M; — Ms, which
satisfies u*ws = wq. This gives a classification of compact connected 2-dimensional
symplectic manifolds according to the Fuler characteristic and the total volume.
More generally we shall prove the following statement for volume preserving dif-
feomorphisms.

Theorem 2. (Moser) Assume M is a compact, connected and oriented manifold of
dimension m without boundary. If & and 3 are two volume forms such that their
total volumes agree, i.e.,

(1.40) AZ o = N/ 8,

then there is a diffeomorphism u of M satisfying u*§ = «a.
Consequently the total volume is the only invariant of volume-preserving dif-
feomorphisms.

Proof. We proceed as in the proof of Darboux’s theorem and deform the volume
form « into § defining

ap = (I—t)ha + 6, 0<t<1

These forms «; are volume forms since locally « and [ are represented by a =
a(z)dzi A. . .Adzy, and 8 = b(x)dzy A. . . Adx, with nonvanishing smooth functions
a and b, which, by assumption (1.40), must have the same sign. We shall construct
a family ¢! of diffeomorphisms satisfying

(1.41) (<pt>*ozt =a, o =id

for 0 <t < 1, so that the diffeomorphism u = ' will solve our problem. Since M

is compact, connected and oriented we conclude from [ (8 — «) = 0 that
M

(1.42) b—a = dy
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for some (m — 1)-form v on M. This is a special case of the de Rham theorem.
Since a; is a volume form we find a unique time-dependent vector field X; on M
solving the linear equation

Ix, ¢ = —7

for 0 <t < 1. Denote by ¢! the flow of this vector field X; satisfying ¢° = id.
Since M is compact it exists for all ¢. Since day = 0 for volume forms we find,
again using Cartan’s formula,

S o = () (on + g
(¢) (dlixo0) + 5-a),

which vanishes since d(ix, o) + 0 — a = d(ix,ou +v) = 0 by our choice of the
vector field X;. Therefore (1.41) holds and the proof is finished. B

We have seen that symplectic diffeomorphisms are volume-preserving diffeo-
morphisms so that the total volume is a (trivial) global symplectic invariant. More-
over, for volume-preserving diffeomorphisms, this is the only invariant. One of our
aims later on is to establish symplectic invariants other than the volume which
will prove that symplectic diffeomorphisms are of a different nature than volume-
preserving diffeomorphisms. An example of such a global symplectic invariant is
prompted by Darboux’s theorem. Recall that this theorem states that locally near
every point on a symplectic manifold (M,w) there is a local diffeomorphism ¢
from a small ball of R?" into M satisfying ¢p*w = wp. This means in particular
that there is always a symplectic embedding of a small open ball B(r) into M,

Y (B(r),wo) — (M,w),

where B(r) = {z € R?" ||z|* < r2}.

We should mention that this is, of course, only a local result; even on R?" with
n > 2 there exist symplectic structures w of infinite volume for which there is
no diffeomorphism ¢ of R?" solving ¢*w = wy. The existence of such an exotic
symplectic structure is a deep result due to M. Gromov [107].

We now look for the largest ball B(r) C R?" which can be symplectically
embedded into a given symplectic manifold (M, w) of dimension dim M = 2n, and
define

o | there exists

D(M; w) = sup {WT a symplectic embedding

w: (B(r),wo) — (M,w)}.
This is a positive number or oo which we shall call the Gromov width of (M,w).
At this point we cannot explain why we choose 772 in the definition and not,
for example, the volume of B(r). We mention, however, that mr? agrees with
the action |A(7)| for every closed characteristic v on the boundary dB(r) of the
standard sphere of radius 7 in R?”. This will be explained later on.



18 CHAPTER 1 INTRODUCTION

It is easy to see that D(M,w) is a symplectic invariant. We first show that
D(M,w) has a monotonicity property in the sense that

(1.43) D(M,w) < D(N,7),

if there exists a symplectic embedding v : M — N. To every symplectic embedding
@ : B(r) — M there is a symplectic embedding B(r) — N defined by ¥ o .
Therefore, the supremum in the definition of D(N,7) is taken over a possibly
larger set so that indeed D(N,7) > D(M,w) as claimed. If f : M — N is a
symplectic diffeomorphism of M onto N we can apply the monotonicity property
to f and also to f~! and conclude:

Proposition 6. If (M,w) and (N, 7) are symplectically isomorphic, then D(M,w) =
D(N,T).

We see that the Gromov width is a symplectic invariant. It will turn out, and
this is not obvious, that this invariant is quite different form the total volume
if n > 2. The Gromov width is merely one example in the class of symplectic
invariants called symplectic capacities which will be introduced in Chapter 2.

1.4 Periodic orbits on energy surfaces

The existence problem we shall briefly describe originates in the search for periodic
solutions in celestial mechanics and is, as we shall see in Chapter 4, related to
special symplectic invariants. For simplicity we consider the standard symplectic
manifold (R?",wp). We have seen that a function H : R*® — R together with wy
determines the Hamiltonian vector field Xz on R?" by

(144) iXH Wy — —dH.

The flow ¢ of the vector field X leaves the function H invariant, i.e.,

(1.45) H(gp%x)) = H(z), zeR™

for all t for which the flow is defined, hence H is an integral of X . Indeed differ-
entiating (1.45) we find, using the definition of the flow

dH(e) = dH(g") Lot = dH(9") - Xu(e')
= —wo (XHvXH) o (¢'),
which vanishes since wq is antisymmetric. Geometrically, the level sets

S = {x€R2"

H(xz) = const } C R*™
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are invariant under the flow of Xy. We shall assume now that S is a compact
regular energy surface, i.e.,

(1.46) dH(xz) #0 for x € S.

Then S is a smooth hypersurface, i.e., a submanifold of R?" of codimension 1,
whose tangent space at © € S is given by

T,8 — {v e T,R?"

dH (z)v = 0}.

VH(x)

Fig. 1.1

Evidently Xy (x) € T,.S for x € S since dH (z)- Xy (v) = —wo(Xpu(x), Xu(z)) =0,
so that X g defines a vector field on S which does not vanish. Since S is compact the
flow o' on S exists for all times. It should be emphasized that this flow is, in general,
extremely complicated, since Hamiltonian vector fields describe systems without
friction in which oscillations never decrease. However, the flow on S has strong
recurrence properties due to the volume-preserving character of Hamiltonian flows.
We shall briefly recall this phenomenon known to H. Poincaré.

Let Q = wg A ... Awp be the volume form on R?". Since dH(z) # 0 in a
neighborhood U of S we find a (2n — 1)-form « on U satisfying

(1.47) Q =dHANa on U
Denoting by j : S — R?" the inclusion mapping, the (2n — 1)-form
(1.48) p=j'a on S

is clearly a volume form on S. It is uniquely determined by (1.47). Indeed, if
Q=dHANa =dH A then dH A (o — 3) = 0 so that a« — f = dH A+ for a
(2n — 2)-form v on U. In view of j*dH = 0 we find j*a = j*S+ j*(dH Nv) = j*
as claimed. The volume form g is invariant under the flow ¢ of Xp:

(1.49) @) 'u = p
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This follows from (¢')*Q = Q and (¢')*dH = dH. Indeed, in view of (1.47) we first
find @ = dH A (¢')*«, and using the uniqueness we conclude j*(¢!)*a = j*a.
But ¢! oj = joe! and hence (¢!)*(j*a) = (j*a), proving the claim (1.49). If we
denote the regular measure on S associated to the form p by m we see that

(1.50) m(cpt(A)> = m(4), AcCS.

Moreover, m(S) < oo since S is compact.

Theorem 3. (Poincaré’s recurrence theorem) Let S be a compact and regular energy
surface of the Hamiltonian vector field Xz with flow (. Then almost every point
(with respect to m) on S is a recurrent point, i.e., for almost every = € S there is
a sequence t; T oo satisfying

lim ¢"(z) = .

J—

Proof. The proof is surprisingly easy. By ¢ we denote the time-1 map of the flow
©'. We first use the invariance and finiteness of the measure to show that for every
AcCS

(1.51) m(Am [ NuU @j(A)D = m(A).

k>05>k

Observe that the points x in the above set [ - | are those points x € S which have
the property that for every integer k there is an integer j > k such that z € ¢ =7(A)
i.e., ¢/ (z) € A. The intersection with A consists of the points z in A which return
infinitely often to the set A. In order to prove (1.51) we abbreviate

Ae=J ¢(4), k=012, ..
i>k

and have the decreasing sequence of subsets Ag D A; D As D .... Clearly,
©*(Ar) = Ap and consequently m(A;) = m(Ag) since ¢ preserves the measure.
Since m(Ag) < oo we conclude that Ay = Ay almost everywhere for k = 0,1,2, ...

and consequently, (| Ap = Ao almost everywhere. Hence, in view of A C Ay we
k>0
find
AN ﬂ A = ANAg = A almost everywhere,

k>0

which is the desired equation (1.51). Now we use the topological fact that there is
a countable basis in S. For every n there are countably many open balls Bj(%) of
radius % covering S. Applying the first step to every ball, we find a null set N C §
having the property that every x € S\N returns infinitely often to every ball to
which it belongs. Since for every n there exists a j = j(x) such that z € B;(%),

the theorem is proved. B
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We note that the compactness is not relevant: the statement follows if the
invariant measure on S is finite and the topology of S has a countable basis.
This observation allowed Poincaré to apply his theorem to the restricted 3-body
problem.

In view of the recurrence theorem it seems quite natural to search for periodic
phenomena on S. One could hope that by perturbing the Hamiltonian system
slightly some of the recurrent points do not only return infinitely often but close
up in finite time, thus giving rise to a periodic orbit. This is the so-called Closing
Problem. In their celebrated Closing-Lemma, C.C. Pugh and C. Robinson ([179]
1983) proved that generically (in the C2-category of the Hamiltonian functions) the
periodic orbits are dense on a compact and regular energy surface. In sharp contrast
to this generic phenomenon we are interested in the following global existence
question:

Question. Does a compact and regular energy surface S in (R?", wg) possess a
periodic solution of the Hamiltonian vector field Xg?

The question is still open. It should be emphasized that we are looking for
periodic solutions of a very restricted class of vector fields on S and recall that H.
Seifert ([193], 1950) raised the question, whether every nonvanishing vector field
on the three sphere S has a closed orbit. The problem remained open for many
years. In 1974, P.A. Schweitzer [192] constructed a surprising vector field in the
class C! on S? which has no periodic solutions, and only very recently in 1993
K. Kuperberg [132] gave an example of a C* vector field on S? with no periodic
solutions. For manifolds with dimension higher than three the question had been
answered similarly in 1966 by F.W. Wilson [228]. One could ask whether there
are vector fields in the more restricted class of measure-preserving smooth vector
fields not admitting any periodic solution. For the special class of Reeb vector
fields, however, the existence of closed orbits has been established quite recently
by H. Hofer [118]: every smooth Reeb vector field on S? possesses a periodic orbit.
A vector field X on S? is called a Reeb vector field, if there exists a 1-form A on
S3 with A A d\ defining a volume form and satisfying

Zxd)\ = 0 and ix)\ = 1.

We shall come back to Reeb vector fields in Chapter 4 in connection with the
Weinstein conjecture on contact manifolds.

It will be crucial later on that the above question is independent of the par-
ticular choice of the Hamiltonian function representing S. It only depends on the
hypersurface and the symplectic structure. This fact is well-known from the regu-
larization of collision singularities in the celestial 2-body problem. Assume that F’
is a second function defining S, such that

(1.52) S = {x‘H(x) = c} = {x‘F(m) = c’}
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with dH # 0 and dF # 0 on S. Then kerdF(x) = ker dH(z) and, therefore,
dF(x) = p(x)dH (x) for every x € S, with a nowhere-vanishing smooth function
p. Consequently, the Hamiltonian vector fields are parallel:

(1.53) Xp = pXyg on S,

with p(x) # 0. It follows that Xy and Xz have the same orbits on S although
their parametrization will be different, in general. To be more precise, if ¢? is the
flow of X on S, then the flow ¥® of X on S is given by

(1.54) Vi) = pl(x), t=t(s,2), €S,

where the function ¢ is defined by the differential equation

% = P(sot(x)), #0,2) = 0,

depending on the parameter = € S. We see that, in particular, Xz has the same
periodic orbits as Xpg.

For example, if X has the energy surface S = {z € R*" | 1 |z|?> = R > 0}, then
all the solutions of Xz on S are periodic. Indeed, also the Hamiltonian F' defined
by F(z) = 1 |z|? represents S = {z | F(2) = R} as a regular energy surface. The
vector field X is linear and has the flow

Pi¥(x) = e*’x = (coss)x + (sins)Jz,

which evidently is periodic.

We can reformulate the problem more abstractly in terms of a distinguished
line bundle. Assume S is a hypersurface in R?”. Then 7, S has dimension 2n — 1
so that the restriction of wy onto 7,5 must be degenerate and of rank (2n — 2).
Its kernel is, therefore, 1-dimensional and we see that wy and S determine the line
bundle

(1.55) Ls = {(m@) GTS‘ wo(&,v) = 0 for all veTxS}.

If S is a regular energy surface for Xy, then wo(Xg(x),v) = —dH (z)v = 0 for all
v € T, S. Therefore,
XH($)€ES(.’£), r €S

for every Hamiltonian vector field having S as a regular energy surface. Conse-
quently, the periodic solutions for Xy on S correspond to the closed character-
istics of the line bundle Lg. These are defined as the 1-dimensional submanifold
P C S diffeomorphic to circles for which the tangent spaces belong to Lg, i.e.,
TP = Lg|P. Therefore, the existence question of periodic solutions of Hamilto-
nian equations on regular energy surfaces can be reformulated geometrically as
follows:
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Question. Does a compact smooth hypersurface S C (R?",wp) admit a closed
characteristic of the distinguished line bundle Lg7

Note that Lg is defined by the hypersurface and wy. It will be demonstrated in
Chapter 4 that there are hypersurfaces S C R?" and symplectic structures w near
S and different from wg, such that the line bundle of S with respect to w does not
admit closed characteristics.

The breakthrough in this global existence question is due to A. Weinstein
[225] and P. Rabinowitz [225] in 1978 who established the existence of a closed
characteristic on a convex respectively star-like hypersurface in R?2". The proofs are
based on variational principles. In particular P. Rabinowitz demonstrated that the
highly degenerate action principle previously used to derive formal transformation
properties for Hamiltonian vector fields can be used very effectively for existence
proofs. This crucial idea turned out to be decisive in the further development in
which the next landmark was C. Viterbo’s proof of the A. Weinstein conjecture in
R2™ in 1987. The conjecture states that every hypersurface of contact type carries
a closed characteristic. This type of symplectically restricted hypersurfaces will be
described in Chapter 4, which is devoted to the existence of closed characteristics
on hypersurfaces in symplectic manifolds. We should mention that every compact
hypersurface S gives rise to an abundance of periodic orbits which, however, are
not necessarily on the given surface but on surfaces nearby. We illustrate this with
a result which also will be proved in Chapter 4. Assume the hypersurface S belongs
to a family defined by

Se = {x’H(m):l—i—s} c R

for € in an interval I around 0, where S corresponds to Sy.

Theorem 4. For almost every € € I, the hypersurface S, in R?" possesses a periodic
solution for Xpg.

In Chapter 4 we shall easily deduce this phenomenon from a distinguished
symplectic invariant.

1.5 Existence of a periodic orbit on a convex energy surface

In this section we shall prove a very special qualitative existence result, which
historically marked the beginning of a rapid development in global questions of
symplectic geometry and Hamiltonian mechanics. Our purpose is to illustrate the
classical technique of direct methods of the calculus of variations. This technique
is in sharp contrast to the more recent technique introduced in Chapter 3. In
Chapter 4 the result itself will be an immediate consequence of the existence of a
special symplectic invariant.



24 CHAPTER 1 INTRODUCTION

Theorem 5. Assume the hypersurface S C (R®",wp) is the smooth (in the class
C?) boundary of a compact and strictly convex region in R?". Then S carries a
closed orbit.

We conclude, in particular, that every Hamiltonian vector field Xy having S
as a regular energy surface possesses a periodic solution on S. The result is due to
P. Rabinowitz [180] and A. Weinstein [225], 1978. The proof we shall give below
is based on an idea due to F. Clarke [53].

In order to prove the theorem we make use of the freedom to choose a convenient
Hamiltonian function and introduce a particular Hamiltonian H which is positively
homogeneous of degree 2 and which represents the hypersurface as S = {x €

R?" | H(z) = 1}. S is the boundary of a compact and strictly convex region C

in R?", and we may assume that C' contains the origin in its interior. Then each
ray issuing from the origin meets S in exactly one point nontangentially. Thus if
x # 0 is given, there is a unique point ¢ = A~'2 on S, where A > 0.

Fig. 1.2

If we define the function F on R?" by F(x) = A if & = A"tz € S for x # 0,
and F(0) = 0, then the manifold S is represented by S = {x | F(z) = 1}. We
would like to describe S in terms of a strictly convex function H as the level set
{z | H(z) = 1}, i.e., a function whose Hessian H,.(z) is positive definite at every

point & # 0. Since F' is homogeneous of degree 1, it is obviously never strictly
convex. Indeed, differentiating Euler’s formula (F,, x) = F gives F,,x = 0. By the

convexity assumption F,, | T'S > 0. Therefore, we define the function

H(z) = (F(x))2

which is strictly convex precisely if S is strictly convex as one proves without diffi-
culty. We thus have shown that every strictly convex energy surface S containing
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the origin in its interior can be represented by
(1.56) S = {z| H(z)=1}

with a function H : R?® — R satisfying

(i) H e C*(R*™\{0}), HO) = 0
(1.57) (ii) H,.(x) >0 if x #£ 0
(iii) H(px) = p*H(x) it p > 0.

In view of our discussion in the previous section, it suffices to show that this
special Hamiltonian vector field Xy possesses a periodic solution on this energy
surface S, i.e., we have to show that there is a periodic solution of

&=JVH(z) on S.

Normalizing the period we can ask for a periodic solution of period 27 on S for
the equation

(1.58) & =XJVH(z) forsome X=#0.
For example, the variational principle
27 2
min / H(m(t))dt under %/(Ja:,x) =1,
0 0

where the functions x(t) are assumed to be 2m-periodic, has the above equations as
Euler equations. But one easily shows that neither the infimum nor the supremum
is taken on, even if H(z) = 3|z|2. The trick now is to use an alternative variational
principle having the same differential equations for which, however, the infimum is
taken on. We shall form the Legendre transformation of H, but in contrast to the
usual Legendre transformation of physics, all variables will be transformed. The
function G(y) related to H(z) by a Legendre transformation can be defined by

Gly) = max ((&.9) = H©) = (2.) — H(x).

There is indeed a unique maximum x € R?" given by y = VH (), since H,,(y) is
positive definite for y # 0 and since H satisfies

1
(1.59) . ly|> < H(y) < cly]?, y € R™"

for some constant ¢ > 1. The estimate is an immediate consequence of the homo-
geneity of H. Summarizing, we have

(1.60) G(y) + H(z) = (z,y)
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for
(1.61) y=VH(z) and z = VG(y).

Clearly G(0) = 0, G € C?(R*"\{0}) and G is positively homogeneous of degree
2. Since Hy, () - Gyy(y) = 1 for x # 0, G is also strictly convex if y # 0, so that
G enjoys the same properties as H :

(i) G(0) =0, G e C*R*™\{0})
(i) Gyyly) >0 if y#0
(ii) Glpy) =p*G(y) for p>0.

We now look at the new, alternate, variational principle for 27-periodic functions z:

2m 2m
(1.62) min /G(é’)dt under %/(Jz,z) =1,
0 0

which we shall solve by the standard direct variational methods. To be more pre-
cise, we define the following function space F of periodic functions z(t) = z(t+27)
having mean value 0:

2

F=t{ze i) | o [=0di=0}.

0

where H;(S') is the Hilbert space of absolutely continuous 27-periodic functions
whose derivatives are square integrable, i.e., belong to L2(S'). Note that with z
also z+ const. is a solution of (1.62), hence the condition on the mean value fixes
the constant. By A C F we shall denote the subset

2

A=(zeF| %/(Jz,é):l}.

0
Following the standard procedure we shall verify that the functional

2m

I(z) = /G(z'(t))dt on A

0

meets the following properties:

(i) It is bounded from below on A.
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(ii) It takes on its minimum on A, i.e., there exists z, € A satisfying
ZfﬂG(z’*)dt = zHel,fcx ZfG(,é)dt =pu>0.
(iii) z. solves the Euler equations
VG(2.) = adz.+
in L2(S') with constants o # 0 and f3.
(iv) 2. belongs to C? and satisfies
2o = VH (o2 + )

pointwise, and z(t) = ¢ (aJz.(t) + ) is the desired solution of & = JVH (z)
on S for an appropriate constant c.

Ad (i): We need some estimates. Since every z belonging to F has mean value
zero, the Poincaré inequality

Izl < W2l zeF
holds, where || || denotes the Lo norm. This follows simply from the Fourier series.
For z € A we conclude
o
(1.63) 2= [(22) < Jal 121 < DR, e A
0

The function G being strictly convex and positively homogeneous of degree 2
satisfies the estimate +|y|> < G(y) < Kly[* for y € R*" with some constant
K > 1. Therefore, by means of (1.63), we find for z € A

2m
1 2
1.64 Ddt > —||2]]2 > =
(1.64) etz 2lzp = 2 >0,
0
i.e., the functional is bounded from below by a positive constant, in particular,
w> 0.

Ad (ii): We choose a minimizing sequence z; € A such that

27
(1.65) lim [ G(%)dt = p.
j—o0

0

2

In view of (1.63) and (1.64) there is a constant M > 0 with 2 < [|]|? < M
and we obtain ||z;]| > 2[|%;]|7! > 7 and hence, by Poincaré’s inequality \/LM <
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|z;|| < VM. In particular z; is a bounded sequence in the Hilbert space H;(S')
and, therefore, a subsequence, also denoted by z; converges weakly in Hi(S') to
an element z, € Hy(S?):

(1.66) zj — 2z, weakly in H;(S").

We have used the well-known fact that the closed unit ball of a Hilbert space is
weakly sequentially compact. In addition, for a function 2, € C(S'),

(1.67) Sup |2 (t) = Z.(t) = 0,

i.e., z; converges uniformly to Z.. Indeed the z; are equicontinuous:

t
50 =50 < | [50ds)
< -2l
< |t—1]"*VM,

and the claim follows from the Arzela-Ascoli theorem. Clearly z,(t) = 2.(t) almost
everywhere. Indeed, with the L2 inner product we can write (z, — Zx, 2o — 24) =
(2j =24, 2e—24)+ (24— 2;, 2« —24). The first term on the right hand side converges
to 0 in view of the uniform convergence and the second one in view of the weak
convergence.

We shall show that z, € A. By (1.67) we conclude that the mean value of z,
vanishes. Also,

2w 27T 27
2= /(sz, %) = /(J(Zj — Z), %) +/<JZ*’Z'j>-
0 0 0

The first term on the right hand side tends to 0 by (1.67) since ||Z;]] < VM is
bounded, and the second term converges by (1.66) so that

2
/(Jz*, 2y =2
0

and therefore z, € A. We next show that this z, is a minimum. From the convexity
of G we deduce the pointwise estimate (VG(y1), y2 —vy1 ) < G(y2) — G(y1) <
(VG(y2), y2 — y1), which applied to 2. (t) = y2 and y1 = 2;(¢) gives

2 27 2

/ Gz)dt — / G(2)dt < / (VG(2.), 2 — 2))dt.

0 0
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Observing that VG, being positively homogeneous of degree 1, satisfies an estimate
IVG(y)| < Cly| for y € R*™ and for some constant C' > 0, we conclude that VG(2.)
belongs to Ly so that the right hand side tends to zero, since (Z, — 2;) — 0 weakly

in Ly. Thus
21

2m
< /G(z*) <liminf | G(%;)dt = p
j—00
0

0

by (1.65) and we have proved that z, is a minimum of I(z), for z € A.

Ad (iii): Since z, is a minimum, we have

2m

(1.68) (VG(%.),() =0
/

for every test function ¢ € F satisfying

21

(1.69) (Jz., () = 0.
/

We now choose ( of the form
(=VG() —adz, — 3

with two constants o und . In order that ¢ be periodic we pick (3 so that the
mean value of ( is zero:

27 27
/g’dt = /VG(Z'*)dt —213=0,
0 0

and next determine the constant o so that (1.69) holds true. Using again that z,
has mean value zero we find that the equation

2 2 27
(1.70) 0= /(Jz*,Q = /(Jz* , VG(24)) — oz/(Jz*,JzQ
0 0 0

has a unique solution «, since its coefficient does not vanish. With this test function
¢ we compute

2 2

7|<§|2 = / (VG(2.),¢) — a / (Jz, €) — (B, 7@

0 0
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which, in view of the condition (1.68) vanishes. We conclude that z, satisfies the
Euler equations
(1.71) VG(2) = adze + 0

for constants o and 3, as was, of course, to be expected. For the constant o we
find a = p, so that a > 0. Indeed, using the Euler equations and the homogeneity
of G we compute

2u = 27(}’(2*) = 7<VG(2'*),Z'*> = a7<Jz*773*> =2x.
0 0 0

Ad (iv): Tt is easy to see that z. belongs to C2. Recalling that z = VG(y) is
inverted by y = VH (x) pointwise we find from the Euler equations that

(1.72) 2.(t) = VH(aJ 2 (t) + )

for almost every t. The right hand side is continuous and we conclude that z, € C*,
and, inserting it again into the right hand side, we find z, € C?. Finally, setting

z(t) =c¢ (an* (t) + ﬁ) ,
with ¢ > 0, we obtain from (1.72) using the homogeneity of VH
t=caoJ VH(aJz, + ) = aJ VH(z)

and, since H is of degree 2,

27 27 27
/H(x)dt: %/WH(:C),;C) _ %CQa/@*,Jm — 2a
0 0 0

which is equal to 27 if we choose ¢ = 4/ %” Therefore, z(t) is a 2m-periodic solution

of the equation & = aJ VH (z) and lies on the energy surface H = 1. Consequently
y(t) = x(a~t) is the desired periodic solution of & = JVH(z) on H = 1 which
has the period T' = 2w = 27wpu. But this is unimportant since the period of the
periodic solution on S depends on our choice of the Hamiltonian function. This
finishes the proof of the theorem. B

Recalling the transformation properties of Hamiltonian vector fields, one con-
cludes from the above theorem that every hypersurface in R?" which is symplec-
tically diffeomorphic to a strictly convex one, always possesses a closed charac-
teristic. Such a situation is, however, hard to recognize and we shall see below
that there are hypersurfaces which are not symplectically diffeomorphic to convex
ones. It will be our aim in Chapter 4 to describe symplectically invariant prop-
erties of a hypersurface which guarantee the existence of a closed characteristic.
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The existence will, however, be established by means of a very different variational
principle.

The idea of the above proof, sometimes called the dual action principle, prompt-
ed many existence results for convex Hamiltonians. For example, I. Ekeland [65]
1984 established a Morse theory for periodic solutions on convex hypersurfaces
which is analogous to the one for closed geodesics on compact Riemannian man-
ifolds. Using Ekeland’s Morse theory he showed that generically (in the C*° cat-
egory) every compact and convex hypersurface S C R?" carries infinitely many
periodic orbits [65, 66, 67]. In the special case that the convex surface S C R?" is
close to a round sphere in the sense that

B(r)c Sc B(R) and R<V2r

for two open balls of radius 7 and R (where the first inclusion means contained in
the inside of S), one can prove that S carries at least n closed characteristics [70].
Here the convexity requirement can be relaxed somewhat and we refer to [21] for
the precise statement.

For an account of this circle of questions concerning convex Hamiltonians,
we refer to the recent book by I. Ekeland: “Convexity Methods in Hamiltonian
Mechanics” (1990), [66].

1.6 The problem of symplectic embeddings

We consider two compact connected domains D; and Ds in R™ having smooth
boundaries. If the domains are diffeomorphic by an orientation preserving diffeo-
morphism, one can ask the question: under what additional conditions on D and
D5y does there exist a volume-preserving diffeomorphism, i.e., a diffeomorphism
¢ : D1 — Dy satisfying det ¢’(z) = 1 for every x in the interior of D;? Clearly,

vol (Dl) = vol (DQ)

is a necessary condition. It turns out that this is already the only condition which is
also sufficient for the existence of a volume-preserving diffeomorphism. This follows
from the following extension of Theorem 2 in Section 3 to the case of manifolds
with boundaries.

Theorem 6. (Dacorogna-Moser) Let D; and Ds be two compact connected domains
with smooth boundaries in R™. Assume a(x) = a(z)dxy A ... Adxy, is a smooth
volume form on Dy and 3(z) = b(z)dx1 A. .. Adzy, is a smooth volume form on Dy
with a > 0and b > 0. If ¢ : D; — D5 is an orientation preserving diffeomorphism,
then there exists a diffeomorphism v : D1 — D5 satisfying, in addition, ¢ = ¢ on
0D and

det (¢/(2)) - b(w(x)) = Aa(a),
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where the constant \ is defined by

[r=2]a

Do D

If, in particular, vol D1 = vol Dy we choosea = 1and b = 1and find A = 1 and
det ¢’ (x) = 1, so that ¢ is volume-preserving. We conclude that the total volume is
the only invariant of volume preserving diffeomorphisms. For a proof of Theorem 6
with precise regularity conditions for the boundaries and the volume forms, we refer
to Dacorogna and Moser [59]. In the special case R?, the volume form dz; A dzs is
a symplectic form and we see that the total area alone distinguishes diffeomorphic
symplectic manifolds from each other. In higher dimensions the situation is very
different.

In the symplectic space (R?",wq) one can ask the same questions for symplec-
tic diffeomorphisms instead of volume preserving diffeomorphisms. Consider, for
example, a symplectic diffeomorphism ¢ of R?" which maps D; onto Ds. Then it
maps the boundary 0D; of Dy onto dDs. The canonical line bundles of the two
hypersurfaces are, therefore, isomorphic and the corresponding Hamiltonian flows
are conjugated up to reparametrization. In particular, the actions of the corre-
sponding closed characteristics, if there are any, have to agree. We can, moreover,
thicken the boundaries into a one parameter family of hypersurfaces. As we shall
prove in Chapter 4, the leaves of such a foliation of a neighborhood of a hyper-
surface carry an abundance of closed characteristics. Consequently, one expects
many symplectic invariants and we see that the problem of distinguishing diffeo-
morphic domains from the symplectic point of view is of quite a different nature
than the volume preserving situation. Turning, therefore, to a seemingly simpler
but related problem, we consider two open domains U and V in R?” and look for
conditions which allow a symplectic embedding ¢ : U — V. This is an embedding
¢ : U — R?" satisfying, in addition, ¢*wp = wp and ¢(U) C V.

Fig. 1.3

Since such a ¢ is also volume preserving we clearly have the restriction vol(U) <
vol(V). The condition vol (U) < wvol (V) is already sufficient to guarantee the
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existence of a volume preserving embedding. The question arises whether there
are obstacles apart from the volume for symplectic embeddings. Consider, for
example, an open ball B(R) of radius R > 0:

B(R) = {(x,y) € R2"

ol + Jyf* < R}

which, of course, has finite volume. It can easily be embedded symplectically into
the special open cylinders of infinite volume which are defined by

Z(r) = {(x,y) € RQ”‘ x% —|—x§ < 7"2}

for every r > 0. Indeed, simply take the linear symplectic map
1 1
QO(LU,:U): 5$1a5$2,$3a-~-a$n7gy1>gy2a937~-~>yn .

Then (B(R)) C Z(r) if € > 0 is chosen sufficiently small. Note that the 2-plane
span  {e1, ez} of R?" defining this cylinder is isotropic and hence inherits no
symplectic structure. The situation changes drastically if we replace Z (r) by the
cylinder

Z(r) = {(z,y) eR*"| 2} +yi <r’}.

This cylinder is defined by the 2-plane span {ej, f1} which is a symplectic sub-
space. Trying similarly with the map

1 1
1/J(m7y): Eml?gx27m37"'7$n76y17gy27y37'°'7yn

one finds ¥(B(R)) C Z(r) if ¢ is small. The map ¢ is volume preserving. But,
1 is symplectic only if € = 1 in which case we can have ¢(B(R)) C Z(r) only if
r > R. So far we experimented using linear symplectic mappings and one might
hope to do better with nonlinear symplectic mappings. This is not the case. In
1985, M. Gromov [107] discovered the following surprising result.

Theorem 7. (Gromov’s squeezing theorem) Assume there is a symplectic embedding
¢ defined on B(R) and satisfying

p(B(R)) C Z(r)

then r > R (Fig. 1.4).

This phenomenon demonstrates clearly that the symplectic structure of a map
is much more rigid than the volume preserving structure. Gromov’s discovery moti-
vated the search for symplectic invariants and a class of such symplectic invariants
was constructed in 1987 by I. Ekeland and H. Hofer [68, 69] by means of a varia-
tional principle for periodic solutions of Hamiltonian equations; the construction
was motivated by earlier results in [67]. These invariants, described in the next
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chapter, will give an explanation of rigidity phenomena for many symplectic em-
beddings, among them the result above.

One is tempted to give an explanation of the rigidity phenomenon above from
a dynamical point of view. Observe that the hypersurface 0B(R) is the stan-
dard sphere on which all characteristics are closed. It is an energy surface for the
quadratic Hamiltonian function

1
H(w,y) = 5 (|2 + lof*)
The Hamiltonian equations 2 = JVH(z) with z € R?" are linear and the solutions
2(t) = e’t2(0)

satisfy |2(1)]* = |2(0)|*>. They are periodic with period 2. Moreover, on dB(R)
they all have the same action

A(z) = R?%, z(t) € OB(R).

Similarly, one verifies that the characteristics on 0Z(r) are all closed, wind around
the cylinder, and have the actions A(z) = 7r? for z(t) C 0Z(r), quite in contrast
to the characteristics on 97 (r) which are straight lines. If now ¢ is a symplectic
embedding of B(R), then on d¢(B(R)) the characteristics are also closed and have
the actions 7R?2. Imagine now that there is an “optimal embedding” of B(R) into
Z(r) in which case one is inclined to think that the boundary of the embedded ball
touches the boundary of the cylinder and that this is happening along a closed
characteristic. We then conclude in view of the invariance of the actions that r = R.
A proof of Gromov’s theorem along these lines does not exist and we shall proceed
differently later on.
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1.7 Symplectic classification of positive definite quadratic forms

Before we turn to the subtle problem of embedding an open set in another one using
a symplectic map, it is useful to study the special case in which the open sets are
ellipsoids and the symplectic maps under consideration are linear. We start with an
algebraic observation well-known in mechanics. Recall that a function ¢ : V' — R
on a vector space V is called a quadratic form if there is a symmetric bilinear form
q:V xV — R such that

| =

q(z) = 5 §(z,z), z€V.

The quadratic form ¢ is called positive definite if § is an inner product in V.
Choosing a basis in V', we have the representation

4(z,y) = (Sz,y)
q(x) = %<SI,1‘>, S=5">0

for x,y € V. From now on (V,w) = (R?>",w) is the standard symplectic vector
space with the symplectic form (previously denoted by wg) given by

wlz,y) = (Jo,y), x,yeR™”

01
J = .
Denoting by P the set of positive definite quadratic forms on V', and by G = Sp(n)

the group of linear symplectic maps ¢ of V, i.e., ¢*w = w, we have the G-action
on P defined by the composition

and

PxG—=P : |q¢—qop.

It turns out that the orbits of P under this action are characterized by n positive
numbers. The form ¢ can be diagonalized by means of a linear map which leaves
the form w invariant. This algebraic fact was already known to K. Weierstrass
[220].

Theorem 8. If ¢ € P then there is a linear map ¢ satisfying p*w = w and
1 n
qop(@) =5 > At +ady),
j=1

with 0 < A, < Ap—1 < ... < Ay, The numbers A; are uniquely determined by ¢
and w. Indeed (£i);) for 1 < j < n are the eigenvalues of the linear Hamiltonian
vector field X, associated with ¢ and w by

w (Xg(x),y) = —dq(z)(y)
for all x,y € R?".
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Postponing the proof we observe that if ¢(z) = %(Sm,@ with a positive def-
inite symmetric matrix S, then X, is the linear vector field X (z) = JSz, and
if 7 € Sp(n) is any symplectic matrix, we conclude by the transformation law of
Hamiltonian vector fields

-1
Xgor = 7 - X4 T

Thus the two linear vector fields X, and X, are similar to each other and have,
therefore, the same eigenvalues. Associating with ¢ the n positive real numbers
A = A(¢) € R" guaranteed by the theorem, we conclude that

MgoT) = Mg)

for all ¢ € P and 7 € Sp(n), so that these numbers characterize the orbits of P
under Sp(n).

This is, of course, in contrast to the action of the orthogonal group of ma-
trices satisfying ATA = 1. Since q o A(z) = 3(SAz,Az) = L(AT SAz,z) =
1(A71S Az, z) we see that the orbits of P under O(2n) are determined by the
2n positive eigenvalues of the symmetric matrix S in contrast to the n imagi-
nary eigenvalue pairs (+i);) of JS. On R?, for example, a positive quadratic form
is, after an orthogonal transformation, of the form ¢(z) = 3(Sz,z) with a di-
agonal matrix S = Diag (A1, A2) and A; > 0. The theorem guarantees a linear
map 7 satisfying det 7 = 1 which transforms ¢ into the symplectic normal form
go7(z) = +(Qx,z) with @ = Diag (A, \). Geometrically the ellipsoid {g(z) < 1}
is symplectically mapped onto the disc {q o 7(z) < 1} having the same area. We
see that in R? the normal forms correspond to discs distinguished by the area.

Proof. On the product space (z,y) € V xV, the functions K (z,y) = ¢(z)+¢(y) and
w(x,y) are quadratic forms. Since K is positive definite we can apply a well-known
variational argument. On the compact manifold M = M(q) defined by

M = {(z,y) € Vx V] q(x) +q(y) =1},

the continuous function (x,y) — w(x,y) attains a maximum, say at (a,b) € M,
such that

w(a,b) = max w(z,y).
(r,y) e M

We point out that a critical point (a, b) € M of w|M lies in a whole circle consisting
of critical points belonging to the same critical level. Indeed, if we define the circle
action on V' x V by

eit ’ (amy) = (.’L‘(t),y(t)) , tER,

where
x(t) = (cost)x + (sint)y, y(t) = (cost)y — (sint)x,
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then one verifies readily that the quadratic forms are invariant under the action,
ie.,

K (x(t),y(t)) = K (z,y) and  w(2(t),y(t) = w (z,9)
for all (z,y) € V x V.

If A € R denotes the Lagrange multiplier of the critical point (a,b) € V x V,
we have for the derivatives dK (a,b) = A dw(a,b) or explicitly

(1.73) jla,z) = dq(a)(z) = Aw(z,b)

q(y,b) = dq(b)(y) = Aw(a,y)

for every x,y € V. We have used the representation dgq(z)(y) = {(x,y) of the
derivative of ¢. In view of ¢(z) = 14(z,z) one concludes from (1.73) that 2 =
2(q(a) + q(b)) = 2\ w(a,b). Since the maximum w(a,b) is positive,

(1.74) w(a,b) = % > 0.

In particular, a,b are linearly independent in V since w is antisymmetric. As
w(a,b) # 0 the 2-dimensional subspace V; = span {a,b} C V is symplectic. It is
the eigenspace of X, belonging to the pair i\ of purely imaginary eigenvalues.
Indeed, the equations (1.73) are equivalent to

Xq(a) = +Xb and X4(b) = —Aa
so that X, (a £ ib) = F(i\)(a £ ib). Normalizing, we introduce e; = aa, fi = —ab

with a? = X and find w(f1,e1) = 1. Hence the pair ej, f; constitutes a symplectic
basis of V7 for which

and g(ey, f1) = 0.

(1.75) dler) = alf) = 3

Recalling the identity ¢(z,y) = q(z +y) — q(z) — q(y) for x,y € V, we, therefore,
have

(1.76) ov) = (€ +?)

if v =2=¢er +nf1 € Vi, which is the desired normal form in V;. In order to iterate
this argument we denote by

Vlj‘ ={veV]w(v,v)=0forall v; € V1}
the symplectic complement in V. Then V;* is a symplectic subspace and

V=VieV*
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Indeed, V; N Vi = {0} since w is nondegenerate on V;; moreover v — w(v, e1) f1 +
w(v, fi)er € Vi+ for every v € V so that V =V, + Vi-. If v € V; and w € V- then
w(v,w) =0 and we claim that v and w are also orthogonal with respect to ¢:

G(v,w) =0.

This is true, since V; is an eigenspace. Indeed, by inserting  and y € V- into the
equations (1.73), the right hand side vanishes, hence also the left hand side, and
since V) = span {a, b}, the claim is proved. Equivalently we have

(1.77) qv +w) =qv) +q(w) if veV; and we Vi

We can apply the same arguments as above to the restriction of ¢ onto the sym-
plectic space Vi*. Tteratively we find a splitting V =V, @ Vo @ --- @V, into n
distinguished 2-dimensional symplectic spaces V;, which are the eigenspaces of X,
belonging to the pairs (Fi);) of eigenvalues, with A; > 0. In view of (1.77)

q(v) = q(v1) +q(v2) + -~ +gq(va)

ifv=uv14+v2+--+v, with v; € V;. Moreover, there are symplectic bases (e;, f;)
in V; such that

1 n
o) = 33 N +a2,)
j=1

n

if v =73 (zje; + xny;f;). This is the required normal form of ¢ and the proof of

Theorer;l 8 is finished. W

Changing the notation and introducing \; = %7 i=1,2,...,n, we shall write
for the normal form N /
1
gop(@) = D ~ (af +a5,,),
j=1 7

hence associating with every g € P, the positive numbers

0<r1(q) < Tz(g) < ... < Tn(Q)

which characterize the orbits of the Sp(n)-action on P. Abbreviating r = (ry, 7,
..., Tp) we have proved:

Proposition 7.
r(q) =r(gop)
for all ¢ € P and all ¢ € Sp(n). Moreover, if
r(q) = r(Q)

for ¢, € P then there is a ¢ € Sp(n) satisfying Q@ =go . B
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Proposition 8. Assume ¢ and @ € P.

Q<q = rj(g) <7r;(Q) for 1<j<n.

Proof. From our proof of Theorem 8 we know, recalling the notation above,

1 9 1
— = = maxw = w(a,b
2 N T e T e

where M(q) = {(z,y) € V x V| q(z) + q(y) = 1}. Since Q(x) < ¢(z) for all
x € V there exists @ > 1 such that 1 = Q(«aa) +Q(ab) Hence (aa, ab) € M(Q) =
{(z,)|Q(z) + Q(y) = 1} and w(aa,ab) = a?w(a,b) > w(a,b). Taking the
maximum of w on M(Q), we conclude 7, (Q) > r,(q). More generally, one verifies
the estimates 7;(Q) > r;(¢) for 1 < j < n readily, using the following minimax
characterization of the critical levels:

=T, = min ma w
PIEA WEF; WmM}fq) '

where F; denotes the family of all linear subspaces W C V x V' of dimension
2n + 25 and 1 < j < n. Indeed, recalling that w and K are, on the product
space V x V| quadratic forms and that K is positive definite, this is simply the
Courant-Hilbert minimax principle for the eigenvalues of the symmetric matrix
associated to the form w with respect to the inner product defined by the positive
form K. We took, however, into account that the problem is invariant under the
circle action defined above. In particular, if (a,b) € V' x V is a critical point then
(—b,a) is also a critical point on the same critical level. Hence each eigenvalue in
the Courant-Hilbert principle has multiplicity at least 2. The general principle will
give the positive characteristic levels ¢4, > C4—1 -+ > Con+1, and, in order to find
all the positive critical levels, we have chosen above

1
573(0)° = cants;

forl1<j<n N

In order to interpret the above results geometrically, we associate with the form
q € P the ellipsoid E(q), defined as the open set

(1.78) E(q) ={z | q(z) <1} C R*.
The group action of Sp(n) is then visualized by
(1.79) ¢ (B(q) = E(go¢).
Observe that

(1.80) E(q) CEQ) < ¢=2@Q,
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so that F(q) = E(Q) if and only if ¢ = Q. We can, therefore, associate with the
open set F, the numbers r(E), defined by

(1.81) r(E)=r(q) if E = E(q).

In view of (1.79), we conclude from Proposition 7 that the numbers r are invariant
under the group of linear symplectic mappings. Summarizing, we have proved:

Proposition 9. If | F are ellipsoids and ¢ € Sp(n) then

r(p(E)) = r(E).

Conversely, if r(E) = r(F) then there exists a map ¢ € Sp(n) satisfying p(F) =
F.l

The crucial observation now is that these invariants have a monotonicity prop-
erty. Indeed, in view of (1.80) the Proposition 8 can be restated as follows.

Proposition 10. If £, I are ellipsoids, then
ECF = rjE)<rj(F) for 1<j<n.

Conversely, if 7;(E) < r;(F) for 1 < j < n, then there exists a ¢ € Sp(n) satisfying
w(E) C F.

Summarizing our considerations, we have defined for the open sets E of ellip-
soids in R?" the invariants 7(E) which allow us to answer the question of linear
symplectic embeddings of ellipsoids as follows:

Theorem 9. If £ and F' are two ellipsoids, then there exists ¢ € Sp(n) such that
p(B) C F

if and only if r;(E) <r;(F) forall 1 <j<n N

We illustrate the statement with an example. If B = B(R) = {z| |z|> < R?}
is the open ball of radius R, then r;(B) = R for all 1 < j < n and we can find
a map ¢ € Sp(n) embedding B into the ellipsoid E if and only if E is restricted
by the condition rq(FE) > R. All this is, of course, not surprising. After all we
consider only linear symplectic mappings and one might hope that the use of
nonlinear symplectic embeddings is more flexible. It turns out, however, and this
is a very surprising phenomenon discovered only recently, that if ¢ : B(R) — E
is any symplectic embedding then, r1(E) > R still. We shall prove this rigidity
statement later on using a global symplectic invariant ¢(U) defined for every open
set U C R?" and satisfying c¢(p(U)) = ¢(U) for symplectic diffeomorphisms. This
invariant extends r so that ¢(E) = 7r;(E)? for ellipsoids E. It has, in addition,
the monotonicity property in the sense that ¢(U) < ¢(V) provided there is a
symplectic embedding ¢ : U — V.

Since the construction of this global invariant ¢ will be related to special pe-
riodic solutions of Hamiltonian equations, it is useful to interpret the symplectic
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invariants r(F) from a dynamical point of view. There is a relation between r(E)
and certain closed characteristics on the boundary F of F, which is the compact
hypersurface

OE={z | q(z)=1}, if E=E(q).

We may assume ¢ to be in normal form

n

24,2
5+ y;
= .

j=1 J

Correspondingly, V' splits into the 2-dimensional symplectic planes V = V; & Vo @
@V, and z; = (z;,y;) € R? are the symplectic coordinates in V;. The solutions
z(t) = (z1(t),...,2zn(t)) of the associated Hamiltonian vector field X, are easily
computed. Setting \; = %, we have
J

zi(t) = e72;(0), 1<j<n,

where J is the standard 2 x 2 matrix of the symplectic structure. Consequently,
OENVj carries the distinguished periodic solution w;(t) = (0, ...,0, z;(¢),0,...,0)
given by

2j(t) = e 2;(0) and |z (0)]° = 12

and having period T = 7rrj2-. Its action, a global symplectic invariant, is

T

1

5/ (—Jwj,w;) 77rr§
0

We see that the invariant r; of the set I is represented by a closed characteristic
on JF. In particular,

7r1(E)? =min{ |A(z)|: zis a closed characteristic on OF} .

In the following, the dynamical approach will be extremely useful in the con-
struction of symplectic invariants.

We would like to add that the quadratic forms play an important role if one
studies the orbit structure of a Hamiltonian vector field Xz locally near an equi-
librium point, i.e., a point at which Xy vanishes. We shall finish this chapter by
describing some well-known results illustrating this. We may assume the equilib-
rium to be the origin, so that VH(0) = 0 and

Xp(z)=JH,,(0)z+ -

for z near the origin in R?". From now on we shall assume the eigenvalues of
JH.(0) to be purely imaginary, so that (+i);) for 1 < j < n are all the eigenval-
ues. If one assumes, in addition, that JH,,(0) can be diagonalized symplectically
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one can write, after a linear symplectic transformation,
n
H(z) = Z Aj(@F +y) 4,
j=1

with real numbers A\; € R. In view of Theorem 8, we can always achieve this nor-
mal form if H,,(0) is positive definite. Now R?" is decomposed into the sum of
symplectic 2-planes (x;,y;) which are filled with periodic solutions of the linear
system z = JH,.(0)z having periods liﬁ The question arises whether these fami-
lies have a continuation to solutions of the nonlinear system near z = 0. The vector
field Xy may not admit any periodic solution except z = 0, as examples show.
By restricting the \;, a well-known result due to Lyapunov [145] guarantees a
continuation under infinitely many nonresonance conditions. It is, therefore, quite
remarkable that in the positive definite case studied above, no such conditions are
needed, as the following result due to A. Weinstein [223] demonstrates:

Theorem 10. Assume H,(0) > 0. Then there are at least n closed characteristics on
the hypersurfaces H(z) — H(0) = &2 for ¢ > 0 sufficiently small. As parameterized
solutions of the system X, they have periods close to the ones of the linearized
system Z = JH,,(0)z.

This local existence statement has been generalized by J. Moser [163]. The
periodic solutions mentioned so far are prompted by the solutions of the linearized
equation and we turn now to genuinely nonlinear phenomena. First we recall a
nonlinear normal form of H at z = 0 which goes back to G. Birkhoff ([26] 1927),
and which establishes nonlinear local symplectic invariants associated with H at
the equilibrium point.

1.8 The orbit structure near an equilibrium, Birkhoff normal form

If H is a smooth function of the form

o

H(z):ZEJ(x?—l—y?)—i—...:Hg—l—...
j=1

near the equilibrium point z = 0, then we consider the group action H o7 where 7

belongs to the group G of symplectic and smooth diffeomorphisms defined locally

near z = 0 and leaving the origin and the quadratic part Hy of H invariant,

Gi={r|Two=wy and 7(0)=0, dr(0) = id}.
The aim is to find a map 7 € G such that Hor is in a particularly simple form. We

emphasize that, in the following, the quadratic part Hs is fixed and not assumed
to be a definite quadratic form.
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Theorem 11. (Birkhoff normal form) Assume the linear invariants o = (a1, aq,
..., (i) are nonresonant of order s, i.e.,

(a,7) #0 for jeZ", 0 <|j| <s,

n
where |j] = > |ju|- Then there exists an analytic map 7 € G such that

v=1
Hor=F(I,...,I,) + os,

where F'is a polynomial of degree [5] in the n variables I = (I, Io,..., Iy) of
the form

F:QLD+%WLD+“W

with a n x n matrix 3. The functions I; on R2" are given by
1 .
I; (xay):§($?+y]2») for 1<j<n.

In addition, the polynomial F'is uniquely determined by H and does not depend
on the choice of 7 € G;.

The coefficients of F' are, therefore, local symplectic invariants of H called the
Birkhoff invariants. Postponing the discussion about the significance of this normal
form, we first give the proof, which is of an algebraic nature.

Proof. We proceed iteratively and assume that
H=Hy+Hs+...4+ Hp1+Hp+...

is already in normal form up to order m—1, where H; are homogeneous polynomials
of degree j. We look for a symplectic map 7 € G; which does not change the normal
form already achieved and which puts H o 7 into normal form up to order m. We
take

T=exp Xp,

i.e., the time-1 map of the Hamiltonian vector field Xp, with a homogeneous
polynomial P of degree m. Since 7 belongs to the flow of a Hamiltonian vector
field it is symplectic, and of the form

T(2) =2+ JVP(z)+...,
where the dots stand for the higher order terms, and one computes readily
Hor=Hy+ Hs+...+ Hyp1+ (Hp, —{H2, P}) +....

The polynomial in the parenthesis is homogeneous of degree m and the bracket
{-,-} stands for the Poisson bracket defined for two functions F’ and G as follows:

{F, G} = W(Xg, XF).

We see that we can modify H by functions of the form {Hz, P}.

Denote by V,,, the vector space of homogeneous polynomials of degree m and
let L: V,, — V,,, be the linear operator defined by L(P) = {Ha, P} for P € V,,,.
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Lemma 1. The kernel K = K(L) and the range R = R(L) of the linear operator
L are complementary:

Vin=K+R and KnNR={0}.

If, in addition, (o, j) # 0 for 0 < |j| < m, then K = {0} if m is odd. If m = 2k is

even, then
> kj=k}.
j=1

The normal form, therefore, consists of elements in the kernel of L, and we
shall abbreviate the set of normal forms by

K = span {Ifl ...I,lf"

N ={P|{Hy,P} =0 and P is a polynomial} .

Proof of the Lemma. In order to diagonalize L in V,,, we go to complex variables
and choose the symplectic coordinates

&
N =

(131/ + iyv)
(yz/ + ixu)

sk

so that &my = % (22 4+ y2) and Hy = 1 3 o (&,m,). Consequently,
v=1

1
L(g"") = {H2, 6"} = = (o 0 = k)&"n".
We abbreviated (o, £ — k) = 3

v

a, (b, — k). It P €V, then
1

P= > put™n

|| +|€]=m

is decomposed into P = PX 4+ PV where PX € K (L) contains the coefficients py,
for (o, k—¢) = 0 and PV the coefficients for (a, k—¥£) # 0. In case of nonresonance
of order m, we have (o, ¢ — k) = 0 if and only if £ = £. In this case K (L) consists
of the monomials of the form ¢¥n* = (¢0)* which are, in the original coordinates,
monomials of the form I* = I¥ .. [k» a5 desired. This finishes the proof of the
lemma. W

In view of the lemma, it is easy to determine the desired map 7. Splitting
H,, = HE + HE into HE € R(L) and HE € K(L), so that

H,, —{H>, P} = HE + HE — {H,, P},

we choose the polynomial P as a solution of {H,, P} — H = 0. The function
H o7 is now in normal form up to order m. Denoting the map just constructed by
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T = T, we see that the desired map which puts H into normal form up to order
s is iteratively found as a composition of mappings:

TsO0Ts—19...073,

where 7; € GG1. It remains to prove the uniqueness of the normal form. This follows
from the next lemma.
Lemma 2. Assume that « is nonresonant of order s. If 7, 7 € G satisfy

Hom = F+o;s
HOTQ = F+Os7

where F and F are polynomials of degree s which are in normal form, i.e., F) Fe
N, then

(i) F = F
(ii) T = 1 'om=exp Xp+o,,
where P = P; + ...+ P, is a polynomial of degree s and P € \.

Proof. It clearly suffices to take H = F already in normal form, so that
For=F+ 05 .

We have to show that F' = F and that 7 € Gy satisfies (ii). Proceeding again by
induction, we assume that

P=Py+...+ Py 1 +Py+...+P,

with P; € N for 3 < j < m—1, and show that also P,, € V. In order to determine
the terms of order m, we use the formula

Ho exp X =H+{H,G}+{{H,G},G}+ ...

for two functions H, G. This follows from the Taylor expansion of H o exp tX¢g
intatt=0.1fnow F' = Hy+ F5+ ...+ F, and similarly, F' = Hy+ F35+ ...+ F§
we find .

Fm+{H2a Pm}+Am: m>

where, by the induction assumption, A, is a sum of Poisson brackets of elements
in V. Since AV is a subalgebra we have A,, C N, and therefore,

{Hs, P} €N.

In view of the previous lemma we conclude {Hs, P} = 0 and hence P,, € N.
The induction step is finished and we can, therefore, assume that P € A. The
algebra A is abelian up to order s, since we assume the nonresonance condition
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for o to hold up to order s. This follows from Lemma 1. Therefore, {F', P} = 0 so
that X X R

For=Foexp Xp=1F.
Since For = F + 05 we conclude F = F as claimed in the lemma. This finishes
the proof of the lemma and hence that of Birkhoff’s theorem. B

From the dynamical point of view, the significance of Birkhoff’s normal form
lies in the fact that the symplectic transformation 7 makes the Hamiltonian system
integrable in a small neighborhood of the equilibrium point, of course, only up to
the terms o4 of higher order. Indeed, dropping for the moment the higher order
terms, the corresponding integrable system is defined by the Hamiltonian

F(L,I,...,1,)

on R*" which is a polynomial in the n functions I;(z,y) = %(x? + yj2) These
functions are n integrals of F' which are, in addition, in involution, i.e., {I;, I;} = 0.
The solutions of the Hamiltonian equations X g can, therefore, be given explicitly
and for all times in terms of the integrals. Removing the coordinate axis from R2"
and introducing the symplectic polar coordinates by

Yy + 1T, = 2r, e

v=12,...n, 7, >0 and 9, (mod 27), then

Zdyj AN dﬂ?j = Zdﬁj A\ d’l’j
Jj=1 J=1

and the symplectic phase space becomes
T xQ, Q=R""CR".

Since r, = I, the transformed Hamiltonian is given by F(r1,r9,...,r,) and does
not depend on the angle variables ¥1,...,9,. The flow ¢'(r) of the vector field

Vo= ZF(r)
XF :
o= —ZF(r)=0
can be read off immediately:
o'W, r) = (9 +tw,r).
The so-called frequency vector w is defined by

a n
w:w(r)zaF(r)eR :
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The flow leaves every torus T x {r} C T™ x ) invariant and, moreover, on the
torus the flow is a linear Kronecker flow defined by the frequencies w(r). In contrast
to the linear case these frequencies depend, in general, on the integrals r. This is
the case, for example, if det § # 0 with [ as defined in the normal form. In the
original coordinates the solutions are quasi-periodic and represented by

yu(t) + iy (t) = 2TV€i (ﬂertwy(T)) y

where v, (0) + iz, (0) = /2r,e!~.

As a side remark we point out that if the o; are nonresonant of every order,
i.e., rationally independent, then we find inductively by proceeding, as in the
proof of the normal form, a symplectic map 7 in the form of a formal power series
map, which puts the Hamiltonian H into the integrable form H o7 = P, (I).
It is given in terms of a formal power series in the integrals I = (I, I5,...1,)
representing infinitely many symplectic invariants of H at 0. This is a purely
algebraic statement. If H is analytic and if 7 can be chosen to be convergent, then
the Hamiltonian system can be solved explicitely near the equilibrium point. It
is known, however, that divergence of 7 is the typical case. This was proved by
C.L. Siegel 1954 [195]. At first sight it seems, therefore, that the normal forms are
useless for the investigation of the orbit structure of a Hamiltonian system near the
equilibrium point. This, however, is not the case. The normal form in Birkhoff’s
theorem can be used very effectively if one views Xy as a perturbation of the
integrable system X g near the equilibrium point. Indeed, perturbation methods
allow us to continue some dynamical phenomena of the integrable system X to
the full system X near the origin as we shall illustrate, although without giving
a proof.

Assume that « is nonresonant of order s = 4. In view of Birkhoff’s theorem,
we may assume after a nonlinear symplectic transformation 7 € G, that the
Hamiltonian is, near z = 0, of the form

H(z) = F()+o04(z)
F(I) = (a,])—k%(ﬁ[,ﬂ.

Assuming the system Xy to be nonlinear and nondegenerate, by requiring that

det 3 # 0

for the symplectic invariant (3, one verifies readily that every punctured neigh-
borhood 0 < |z| < € of the equilibrium point contains a periodic solution of the
integrable system X, so that z = 0 is a cluster point of periodic solutions of Xp.
The periods of these solutions tend to infinity. The same statement holds true also
for the full system Xy instead of Xp, as was shown by G. Birkhoff and Lewis
in 1933 [27]. For a proof we refer to J. Moser [164], who gave a proof of a more
general result.
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If, in addition, Xz is sufficiently smooth (e.g., if H € C* for £ = 2n+3) then the
celebrated K.A.M.-theory is applicable and allows a deeper insight into the orbit
structure of Xy mnear the equilibrium point. Although the integrability breaks
down under the perturbation one can still conclude that many tori 7™ x {r} with
r small which are invariant under the integrable system Xp, have a continuation
as embedded Lagrangian tori T, = ¢(T™ x {r}) invariant under the flow Xz. On
the tori 7;. the flow is the Kronecker flow given by ¥ = w(r), so that T, is covered
by quasi-periodic solutions of Xy having the frequencies w(r). In addition, these
invariant tori fill out a Cantor set in the phase space of relatively large Lebesgue
measure.

The proofs are analytical in nature and very subtle due to the difficulty of
small denominators. This difficulty was overcome in the sixties by Kolmogorov
[128], Arnold [7, 8], and Moser [159]. For a recent presentation and for references
we refer to J. Poschel [178]; see also [189].

It turns out that the invariant tori constructed by the K.A.M. theory lie in the
closure of the set of periodic orbits. This observation leads to the following local
existence statement for periodic orbits near an equilibrium point, a proof of which
can be found in [56].

Theorem 12. Assume H € Cf for £ > 2n+3 and satisfies the nonresonance condition
for « of order s = 4. Assume the system is nonlinear requiring det 5 # 0. If S,
denotes the closure of the set of periodic solutions contained in the open ball B(¢)
of radius ¢ centered at the equilibrium point, then

m(BENS.) =0 (Veym(B)),

where m denotes the Lebesque measure.

These periodic solutions, as well as the quasi-periodic solutions near the equi-
librium point, are established supposing only finitely many inequalities for finitely
many local symplectic invariants of H at z = 0. Higher order resonances of the lin-
ear invariants play no role because of the postulated nonlinarity. This is a typical
phenomenon in Hamiltonian mechanics. On the other hand, it should be recalled
that the analytical methods applied require a lot of derivatives for the system.

The orbits near the equilibrium point described so far are concluded by means
of perturbation methods from corresponding orbits of the integrable part of the
Birkhoff normal form. There exist, in general, other orbits of very different nature
which are not compatible with the integrable part and whose existence explain the
divergence of the normal form. This is best illustrated by the celebrated sketch due
to V. Arnold and A. Avez in their book [12], 1968. It demonstrates the complexity
of the orbit structure of a nonlinear symplectic map ¢ near a stable fixed point in
the plane R?. Such a map arises, for example, as a transversal section map of a
Hamiltonian system on a three-dimensional energy surface near a stable periodic
orbit. Instead of studying nearby orbits for all times, one can just as well study
the iterates of its section map.
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The fixed point 0 in the middle is surrounded by smooth curves close to circles
which are invariant under the map ¢. They were discovered by J. Moser 1962
[159]. These curves fill out a Cantor set of relatively large measure, reflecting the
integrable approximation of the map near the fixed point. Between these curves
one discovers generically orbits of elliptic and hyperbolic periodic points. Moreover,
the stable and unstable invariant manifolds issuing from the hyperbolic periodic
points do intersect transversally in so-called homoclinic points. It is well-known
that these points complicate the orbit structure of ¢ considerably and destroy the
integrable pattern. They give, in particular, rise to invariant hyperbolic sets on
which the iterates of the map can be described statistically by means of topological
Bernoulli shifts. One can even show that the elliptic fixed point is a cluster point
of such homoclinic points. In addition, this picture is repeated near the elliptic
periodic orbits for the higher iterates of the map and so on. The dotted lines in
the picture indicate the recently discovered Mather sets, for which we refer to
J. Mather [151]. The generic existence of the homoclinic orbits in the picture was
established by E. Zehnder in [230], 1973. For an improved and modern version we
point out C. Genecand [104], 1991; further references are A. Chenciner [49] and J.
Moser [162].

Fig. 1.5

The above picture illustrates the complexity of the orbit structure of Hamil-
tonian systems and shows, in particular, that orbits of very different longtime
behaviour do, in general, coexist side by side. This phenomenon makes the inves-
tigation of the long time behaviour by means of solving the Cauchy initial value
problem a hopeless task. In contrast, the existence question for periodic solutions
with which we shall deal later on, leads to a boundary value problem distinguished
by a variational principle.
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The local existence results described above are of analytical nature. In con-
trast, the aim in Chapter 4 is to find global periodic solutions. Similarly as in the
situation near an equilibrium point, the orbit structure near a periodic solution
can also be studied by means of a Birkhoff normal form. This normal form repre-
sents an integrable approximation of the system locally near the periodic solution
where the linear invariants are now the Floquet multipliers of the periodic orbit.
We should mention that although the qualitative methods employed in finding
these global periodic solutions are powerful, they are not sufficient to gain infor-
mation about the Birkhoff invariants of these periodic solutions. Nevertheless, it
is important to keep in mind that a single periodic orbit of a Hamiltonian system
carries potential information about a nearby very rich orbit structure including
many other periodic orbits having larger periods, quasi-periodic solutions and also
hyperbolic phenomena.



Chapter 2
Symplectic capacities

2.1 Definition and application to embeddings

In the following we introduce a special class of symplectic invariants discovered by
I. Ekeland and H. Hofer in [68, 69] for subsets of R?". They were led to these in-
variants in their search for periodic solutions on convex energy surfaces and called
them symplectic capacities. The concept of a symplectic capacity was extended to
general symplectic manifolds by H. Hofer and E. Zehnder in [123]. The existence
proof of these invariants is based on a variational principle; it is not intuitive,
and will be postponed to the next chapter. Taking their existence for granted, the
aim of this chapter is rather to deduce the rigidity of some symplectic embed-
dings and, in addition, the rigidity of the symplectic nature of mappings under
limits in the supremum norm, which will give rise to the notion of a “symplectic
homeomorphism”.

Definition of symplectic capacity. We consider the class of all symplectic manifolds
(M,w) possibly with boundary and of fixed dimension 2n. A symplectic capacity is
a map (M,w) — ¢(M,w) which associates with every symplectic manifold (M,w)
a nonnegative number or oo, satisfying the following properties A1-A3.

A1. Monotonicity: c(M,w) < ¢(N,T1)

if there exists a symplectic embedding ¢ : (M,w) — (N, 7).
A2. Conformality: (M, aw) = |a|e(M,w)

forall a € R,a # 0.

A3. Nontriviality: ¢(B(1),wp) =7 =¢(Z(1),wp)

for the open unit ball B(1) and the open symplectic cylinder Z(1) in the standard
space (R?"wy). For convenience, we recall that with the symplectic coordinates
(z,y) € R?",

B(r) = {(z.) e R | Jaf* +]y* <r?}
and
Z(r) = {(z,y) e R*" | ¥ +y} <r?}
for r > 0. It is often convenient to replace (A3) by the following weaker axiom
(A3):
A3'. Weak nontriviality: 0 < ¢(B(1),wo) and ¢(Z(1),wp) < oo.

It should be pointed out that the axioms (A1)—(A3) do not determine a unique
capacity function. There are indeed many ways to construct capacity functions as

H. Hofer and E. Zehnder, Symplectic Invariants and Hamiltonian Dynamics, 51
Modern Birkhduser Classics, DOI 10.1007/978-3-0348-0104-1_2, © Springer Basel AG 2011
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we shall see later on. We first illustrate the concept and deduce some simple conse-
quences of the axioms (A1)—(A3). In the special case of 2-dimensional symplectic
manifolds, n = 1, the modulus of the total area

)= [
M

is an example of a symplectic capacity function. It agrees with the Lebesgue mea-
sure in (R?,wp). In contrast, if n > 1, then the symplectic invariant (vol )% is ex-
cluded by axiom (A3), since the cylinder has infinite volume. If ¢ : (M,w) — (N, o)
is a symplectic diffeomorphism between the two manifolds M and N, one applies
the monotonicity axiom to ¢ and ¢! and concludes

c(M,w) = c¢(N, o).

Therefore, the capacity is indeed a symplectic invariant. Observe also that, by
means of the inclusion mapping, we have for open subsets of (M,w) the mono-
tonicity property

UcV = ¢U)< V).

In order to describe some simple examples in (R?",wq) we start with

Lemma 1. For U C (R?",wg) open and \ # 0,

c(A\U) = N2¢(U).

Proof. This is a consequence of the conformality axiom. The diffeomorphism

1
p: AU —-U, z+— Xx
satisfies p* (\2wp) = A2¢*wo = wo. Therefore, ¢ : (AU, wq) — (U, N2wp) is symplec-
tic, so that ¢(AU,wp) = c(U, N2wp) = A2¢(U, wp) as claimed. B

For the open ball of radius » > 0 in R?" we find, in particular

(2.1) (B(r)) = r20(3(1)) _—3

Since B(r) C B(r) C B(r + ¢) for every € > 0 we conclude by monotonicity that
c(B(r)) = mr?. We see that in the special case of (R?, wp)

c(B(r)) = C(W) = area (B(r))

agrees with the Lebesgue measure of the disc. This can be used to show that the
capacity agrees with the Lebesgue measure for a large class of sets in R?, as has
been observed by K.F. Siburg [194].
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Proposition 1. If D C R? is a compact and connected domain with smooth bound-
ary, then
¢(D,wp) = area (D).

Proof. By removing finitely many compact curves from D, we find a simply con-
nected domain Dy C D satistying m(Dg) = m(D), which in view of the uni-
formization theorem is diffeomorphic to the unit disc B(1) C R2. Therefore, there
exists a p > 0 and a diffeomorphism ¢ : B(p) — Dy satisfying, in addition,
m(B(p)) = m(Dy). Given € > 0 we find r < p such that Dy := p(B(r)) C Dy sat-
isfies m(D1) > m(D) — e. By the theorem of Dacorogna-Moser there is, therefore,
a measure preserving diffeomorphism v : B(r) — D;j. Since this 9 is symplectic
we can estimate using the monotonicity, the invariance under symplectic diffeo-
morphisms and the normalization

m(D)—¢e < m(Dy) = m(m) = c(%) = ¢(Dq) < ¢(D).

On the other hand, there exists a diffeomorphism ¢ : D — B(R)\{ finitely many
open discs of total measure < £}. Choosing R appropriately we can assume, again
by Dacorogna and Moser’s theorem, that ¢ is symplectic so that

c(D) < c(WR)) = 7R?* < m(D) +e.

To sum up: m(D) —e < ¢(D) < m(D)+e¢ for every € > 0 and the result follows. H

Clearly,
0<ce(U) <o

for every open and bounded set in (R?",wy), since U contains a small ball and is
contained in a large ball. A similar argument as for B(r) above shows for symplectic
cylinders that

(2.2) c(Z(r)) = nr?.
Therefore, if an open set U satisfies
B(r)cUc Z(r)

for some r > 0, we find by the monotonicity that 7r? = ¢(B(r)) < ¢(U) <
c(Z(r)) = 7r? and hence

c(U) = nr?.  (Fig. 2.1)

This demonstrates that very different (in shape, size, measure and topology)
open sets can have the same capacity, if n > 1. Recall that the ellipsoids £ C R?"
introduced in the previous chapter are characterized by the (linear) symplectic
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Fig. 2.1

invariants r1(F) < r2(E) < ... <r,(E). Applying a linear symplectic map which
preserves the capacities we may assume, in view of Theorem 9 of Chapter 1, that

B(Tl) Cc FEC Z(T1> s

where 1 = r1(E). We conclude that the capacity of an ellipsoid F is then deter-
mined by the smallest linear symplectic invariant r (F).

Proposition 2. The capacity of an ellipsoid E in (R?",wy) is given by
¢(E) = nry(E)?

We see that every capacity ¢ extends the smallest linear invariants 7r(E)?
of ellipsoids £ and the question arises, whether the linear invariants 7r;(E)? for
7 > 1 also have extensions to invariants in the nonlinear case. We shall come back
to this question later on. Symplectic cylinders are “based” on symplectic 2-planes.
They are very different from cylinders “based” on isotropic 2-planes on which the
2-form wy vanishes, as for example Z;(r) = {(z,y) € R*" | 2} + 23 <r?}. We
claim that

c(Z1(r)) = +o0, forall r> 0.

This is easily seen as follows. For every ball B(N) there is a linear symplectic
embedding ¢ : B(N) — Z;(r). Therefore, tN? = ¢(B(N)) < ¢(Z1(r)). This holds
true for every N and the claim follows.

In order to generalize this example we recall some definitions. If V' C R?" is a
linear subspace, its symplectic complement V= is defined by

VJ‘:{JJERQ"| wo (v,x) =0 forallv e V}.

Clearly (V+)* =V and dim V+ = dimR?” — dim V, since wy is nondegenerate.
A linear subspace V is called isotropic if V' C V*, that is w(vy,v2) = 0 for all vy
and vo € V.

Proposition 3. Assume 2 C R?" is an open bounded nonempty set and assume
W C R?" is a linear subspace with codim W = 2. Consider the cylinder { + W,
then
c(Q+W) = +oo if W is isotropic
0<c(Q4+W) < oo if Wt is not isotropic.
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Proof. We may assume that € contains the origin. Observe that dim W+ = 2.
Therefore, in the second case, W+ is a symplectic subspace and R?>"* = W+ @ W.
Choosing a symplectic basis (eq, f1) in W+ we can, therefore, assume by a linear
symplectic change of coordinates that

W= {(z,y)| z1 =y =0}.

Since Q is bounded, we have for z € Q + W, that 22 + y? < N? for some N;
consequently Q+W C B?(N)xR?"~2 and hence c(Q+W) < ¢(B?(N)xR?"72) =
7N? < oo by (2.2). This proves the second statement. To prove the first statement
we can assume that

W ={(z,y)| =1 =z =0}.

There exists a > 0, so that the point (z,y) € Q+ W if 23 + 23 < o?. Hence every
ball B(R) can be symplectically embedded in © + W: simply define the linear
symplectic map ¢ by ¢(z,y) = (ex, 2y); then ¢(B(R)) C Q@+ W provided £ > 0
is sufficiently small. Consequently, by the monotonicity of a capacity, ¢(Q2 x W) >
¢(B(R)) = mR?. This holds true for every R > 0 so that ¢(Q + W) = +oc0 as
claimed. B

In view of the monotonicity property, the symplectic invariants ¢(M,w) repre-
sent, in particular, obstructions of symplectic embeddings. An immediate conse-
quence of the axioms is the celebrated squeezing theorem of Gromov [107] which
gave rise to the concept of a capacity.

Theorem 1. (Gromov’s squeezing theorem) There is a symplectic embedding ¢ :
B(r) — Z(R) if and only if R > r.

Proof. If ¢ is a symplectic embedding, then using the monotonicity property of
the capacity, together with (2.1) and (2.2), we have

m? =¢(B(r)) < ¢(Z(R)) = nR?,

and the theorem follows. l

The next result also illustrates the difference between volume preserving and
symplectic diffeomorphisms. We consider in (R*, wg) with symplectic coordinates
(1,41, 22,y2) the product of symplectic open 2-balls B(r1) x B(rs). By a linear
symplectic map we can assume that r; < rs.

Proposition 4. There is a symplectic diffeomorphism ¢ : B(r1) x B(ra) — B(s1) X
B(ss) if and only if 1 = s1 and 9 = 5.

Note that, in contrast, there is a linear volume preserving diffeomorphism 1) :

B(1) x B(1) — B(r) x B(2) for every r > 0. As r — 0, we evidently have

c(B(r)xB( )) ~ 0

vol(B(r)xB( )) = const.

<=

S =
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Proof. Since 1 < 19 we can use the diffeomorphism ¢ to define the symplectic
embedding B*(r1) — B(r1) x B(ry) 2 B(s1) x B(ss) — B(s1) x R? = Z(s1),
where the first and last mappings are the inclusion mappings. By the monotonicity
of ¢, we conclude s; > 7. Applying the same argument to ¢!, we find r; > s,
so that 71 = s;. Now ¢ is volume preserving; hence riro = s152 and the result
follows. B

Clearly, if one assumes that ¢ is smooth up to the boundary, then the conditions
2

on the radii follow simply from the invariance of the actions |A(0B(r;))| = 77}
under symplectic diffeomorphism. One might expect the same rigidity as in Propo-
sition 4 to hold also in the general case of a product of n open symplectic 2-balls in
R2". This is indeed the case, but does not follow from the capacity function ¢ alone.
Actually, the proof given in [52] is rather subtle and uses the symplectic homology
theory, as developed by A. Floer and H. Hofer in [90], see also K. Cieliebak, A.
Floer, H. Hofer and K. Wysocki [52]. Finally the restrictions for symplectic em-
beddings of ellipsoids mentioned in the previous chapter follow immediately from

Proposition 2.

Proposition 5. Assume E and F are two ellipsoids in (R?",wg). If ¢ : E — F is a
symplectic embedding, then

ri(E) < ri(F)

The existence of one capacity function permits the construction of many other
capacity functions.

As an illustration we shall prove that the Gromov-width D(M,w) which ap-
pears in Gromov’s work [107] and which was explained in the introduction is a
symplectic capacity satisfying (A1)—(A3). Recall that there is always a symplectic
embedding ¢ : (B(e),wp) — (M, w) for € small by Darboux’s theorem and define

(B(r)7w0) — (M,w)}.

there is a

— 2 .
D(M,w) = sup {WT ‘ symplectic embedding v:

Theorem 2. The Gromov-width D(M,w) is a symplectic capacity. Moreover
D(M,w) < ¢(M,w)

for every capacity function c.

Because a compact symplectic manifold (M, w) has a finite volume we conclude
D(M,w) < oo for compact manifolds. This is in contrast to the special capacity
function ¢y constructed in the next chapter which can take on the value oo for
certain compact manifolds.

Proof. We have already verified the monotonicity axiom (A1) in the introduction.
In order to verify the conformality axiom (A2), that D(M, aw) = |a|D(M,w) for
a # 0, it is sufficient to show that to every symplectic embedding

p: (B(r),wo) — (M, aw),
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there corresponds a symplectic embedding

P (B(\/ﬁ),wo) — (M,w),

and conversely, so that by definition of D, we conclude that D(M,aw) =
la|D(M,w). If ¢ : (B(r),ws) — (M,aw) is a symplectic embedding, then
©*(aw) = wp so that

1
Y'w = — wp.
e

Abbreviating p = \/7‘—‘ we define the diffeomorphism ¢ : B(p) — B(r) by setting
[e3
Y(x) = +/|]a| -« and find
(1 _ el
v (Ge) = 5 e

Thus, if @ > 0, the map ¢ = pot : (B(p),wo) — (M,w) is the desired sym-
plectic embedding. If @ < 0 we first introduce the symplectic diffeomorphism
Yo (B(p),wo) — (B(p), —wo) by setting g (u,v) = (—u,v) for all (u,v) € R*",
and find the desired embedding ¢ = o oty : (B(p),wo) — (M, w).

The verification of D(B(r),wq) = 7r? is easy. If ¢ : B(R) — B(r) is a symplec-
tic embedding, we conclude R < r since ¢ is volume preserving. On the other hand
the identity map induces a symplectic embedding B(r) — B(r) so that the claim
follows. Since there exists a symplectic embedding ¢ : B(R) — Z(r) if and only
if » > R by Gromov’s squeezing theorem, we conclude that D(Z(r),w) = mr?,
hence the Gromov-width satisfies also the nontriviality axiom (A3). In order to
prove the last statement of the theorem, we assume ¢(M,w) to be any capacity.
If o : B(r) — M is a symplectic embedding we conclude by monotonicity that
712 = ¢(B(r),wp) < ¢(M,w). Taking the supremum, we find D(M,w) < ¢(M,w)
as claimed in the theorem. H

To a given capacity ¢ one can associate its inner capacity ¢, defined as follows:
&(M,w) =sup{c(U,w) | UC M openand U C M\OM} .
Correspondingly, we introduce the following
Definition. A capacity ¢ has inner regularity at M if
¢(M,w) = ¢(M,w).
Proposition 6. The function ¢ is a capacity having inner regularity and it satisfies

¢ < c¢. In addition, if d is any capacity having inner regularity and satisfying d < ¢,
then d < ¢.
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Proof. The proof follows readily from the definitions and the axioms for capacity.
Assume, for example, that d is a symplectic capacity satisfying d < ¢ and having
inner regularity.

Then
d(M) = sup{d(U)| Uc M,UcC M\OM}

< sup{c(U)| UcC M,UC M\OM}

= dM),

as claimed. l

Because it is the smallest capacity, the Gromov-width D(M,w) has inner reg-
ularity; another example having this property is the capacity co introduced in
Chapter 3. If we consider subsets of a given manifold we can also define the con-
cept of outer regularity (relative to the manifold). The outer capacity of a set is
defined as the infimum taken over the capacities of open neighborhoods of the
closure of the given set. We shall return to this concept in the next section.

2.2 Rigidity of symplectic diffeomorphisms

We consider a sequence t; : R*™ —R?" of symplectic diffeomorphisms in (R*",wy).
By definition, the first derivatives satisfy the identity

V(@) T () = T, xeR™,

Therefore, if the sequence 1); converges in C' then the limit 1 (z) = lim;(z) is
also a symplectic map. By contrast, we shall now assume that the sequence ;
only converges locally uniformly to a map

U@) = lim v,(@)

which is, therefore, a continuous map. Since det 1/19 (x) =1 for every z, we find, in
view of the transformation formula for integrals, that

(2.3) [16@)ar = [ f@a

for all f € C°(R?™), so that ¢ is measure preserving. Assume now that 1 is
differentiable, then evidently det ¢’ (x) = £1. However it is a striking phenomenon
that 1) is even symplectic,

W (@) I () = J,
if it is assumed to be differentiable. Hence the symplectic nature survives under
topological limits.
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Theorem 3. Let ¢; : B(1) — (R®",wy) be a sequence of symplectic embeddings
converging locally uniformly to a map ¢ : B(1) — R?". If ¢ is differentiable at
x =0, then ¢'(0) = A is a symplectic map, i.e., A*wy = wy.

We see that, in general, a volume preserving diffeomorphism cannot be ap-
proximated by symplectic diffeomorphisms in the C°-topology. By using, locally,
Darboux charts we deduce immediately from Theorem 3

Theorem 4. (Eliashberg, Gromov) The group of symplectic diffeomorphisms of a
compact symplectic manifold (M,w) is C%-closed in the group of all diffeomor-
phisms of M.

In the early seventies M. Gromov proved the alternative that the group of sym-
plectic diffeomorphisms either is C°-closed in the group of all diffeomorphisms or
its C%-closure is the group of volume preserving diffeomorphisms. That symplec-
tic diffeomorphisms can be distinguished from volume preserving diffeomorphisms
by global properties which are stable under C°-limits was announced in the early
eighties by Y. Eliashberg in his preprint “Rigidity of symplectic and contact struc-
ture”, (1981) [78], which in full form has not been published. Proofs are partially
contained in Eliashberg [71], 1987. Gromov gave a proof of Theorem 4 in [107]
using the techniques of pseudoholomorphic curves. Both Eliashberg und Gromov
deduced the C%stability from non embedding results. In his book [108] Gromov
uses so-called Nash-Moser techniques of hard implicit function theorems, while
Eliashberg [71], 1987, uses an analogue of Theorem 3. Following the strategy of
I. Ekeland and H. Hofer in [68], we shall show next, that Theorem 3 is an easy
consequence of the existence of any capacity function c.

It is convenient in the following to extend the capacity to all subsets of R?".
To do so we take a capacity function c given on the open subsets U C R?" and
define for an arbitrary subset A C R?™:

c(A)=inf {c(U)JACU and U open }.
Then the monotonicity property
ACB = ¢(A) < ¢(B)

holds true for all subsets of R2". From the symplectic invariance of the capacity
on open sets, one deduces the invariance

c(p(4)) = c(4)
under every symplectic embedding ¢ defined on an open neighborhood of A.

Proof of Theorem 3. Without loss of generality we shall assume in the following
that ¢(0) = 0. We first claim that the linear map ¢'(0) = A is an isomorphism.
Indeed, because ¢ is differentiable at 0, we have p(x) = Az + O(|z|), so that for
the open balls B, of radius € > 0 and centered at 0,

m(@(Bs))

—_— det A 0.
(B0 — |det A| as € —
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On the other hand, because the symplectic diffeomorphisms ¢; are volume preserv-
ing and ¢; — ¢ uniformly, we have m(¢(B;)) = m(B:) and hence |det A| =1, so
that A is an isomorphism, as claimed. We shall see later on (Lemma 3) that A is an
isomorphism under weaker assumption: instead of requiring ¢; to be symplectic,
we shall merely require these mappings to preserve a given capacity function.

Next we claim that to prove Theorem 3, it is sufficient to show that
(2.4) A*wy = Awg for some A #0 .

Indeed, with ¢; we can also consider the symplectic embeddings (¢;,id) : B(1) x
R?" — (R?" x R?", wy @ wp) and hence conclude for the derivative at (0,0), given
by A = (A, 1), that also A*(wp @ wo) = p(wo ® wp) for some p # 0. On the other
hand, in view of (2.4), A*(wp ® wo) = (A\wo) @ wo and consequently u =1 =\, as
required in Theorem 4, proving our claim. In order to prove (2.4) we make use of
the following algebraic lemma due to Y. Eliashberg [71].

Lemma 2. Assume A is a linear isomorphism satisfying A*wg # Awg. Then for
every a > 0 there are symplectic matrices U and V such that U~'AV has the
form

a 0
0a 0

U AV = ,
* *

with respect to the splitting of R?" = R? @ R?"~2 into symplectic subspaces.

Postponing the proof of the lemma, we first show that A*wy = Awq for some \ #£
0. Arguing by contradiction, we assume that A*wy # Awg and apply the lemma.
Defining the symplectic maps 1; := U~ p;V in the neighborhood of the origin,
we conclude that ¢; — v := U~V locally uniformly, and ¢'(0) = U~'AV.
Choosing a suitable constant a in the lemma, we have U~'AV(B(1)) C Z(3) and
hence U9V (B(e)) C Z(%) provided ¢ is sufficiently small. Because ¢; — 1
locally uniformly, U~ ;V (B(e)) C Z (5) if j is sufficiently large and ¢ sufficiently
small. Since U~ 14,V is symplectic, we conclude by the invariance and monotonic-
ity property of a capacity that ¢(U '4;V(B(e))) = ¢(B(e)) < ¢(Z(5)), which
contradicts the nontriviality Axiom (A3). We have proved the statement in (2.4)
and it remains to prove Lemma 2.

Proof of Lemma 2. Let B be the symplectic adjoint of A satisfying
wo(Az,y) = wo(z, By)

for all z,y, and abbreviate w = B*wy. Then w # Awg, as is easily verified using
the fact that A is an isomorphism. We claim that there is an x such that w(x, ) #
Awg(x, -) for every . Arguing by contradiction, we assume that for every z, there
exists a A(z) € R satisfying w(zx, ) = AMz)wo(x,-). If 2 # 0 there exists £ such
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that wo(&, ) # 0, since wp is nondegenerate. This remains true for all y in a
neighborhood U (z) of x. Hence

)\(5) wo (fa y) = W(f, y) - 7w(ya 6)
= —AWwo(y )
= )‘(y)WO(ga y)v

which implies that A(£) = A(y) for y in a neighborhood of z. Since R?"\{0} is
connected and since the function A\(z) on R?"\{0} is locally constant, it is constant.
Therefore w(z, ) = Awo(z, -) for z # 0 and hence for every z. This contradicts the
assumption that w # Awp and proves our claim. Consequently there exists an x
such that the linear map (wo(z,-),w(w,-)) : R?" — R? is surjective. For a given
a > 0, we therefore find an y satisfying

wo(z,y) =1 and w(z,y) = a’.

Recalling w(z,y) = wo(Bx, By), we can choose two symplectic bases (eq, fi,...)
and (ef, f{,...) such that e; = z, fi =y and €] = 1Bz, f{ = 1By. In these bases

Bey = ae), Bfi = af.

From (JAx,y) = (Jz, By) = (BT Jx,y) we read off A = —JBTJ. Representing
now A in the new bases as a map from R?" with basis (e1, f1,...) onto R*" with
basis (e}, f1,...), we find the representation U~1AV of the desired form. The
symplectic matrices are defined by their column vectors as U = [eq, fi1,...] and
V=l f1,...]- 1

We know that symplectic diffeomorphisms preserve the capacities. Theorem 3
can, therefore, be deduced from the following, even more surprising statement for
continuous mappings due to I. Ekeland and H. Hofer [68].

Theorem 5. Let ¢ be a capacity. Assume ¢; : B(1) — R?" is a sequence of contin-
uous mappings satisfying
c(1h; (E)) = c(E)
for all (small) ellipsoids £ C B(1) and converging locally uniformly to
P(z) = lim ¢, (z).
If 4 is differentiable at 0, then ¢’(0) = A is either symplectic or antisymplectic:
A*wg = wg or A*wy = —wp.

Note that the mappings are not required to be invertible.

In order to prove Theorem 5, we start with
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Lemma 3. Let ¢ be a capacity. Consider a sequence ¢; of continuous mappings in
R?" converging locally uniformly to the map . Assume that c¢(p;(E)) = ¢(E) for
the open ellipsoids for all j. If ¢/(0) exists it is an isomorphism.

Proof. Arguing by contradiction, we assume that A is not surjective, so that A(R?")
is contained in a hyperplane H. Composing, if necessary, with a linear symplectic
map we may assume that

(2.5) AR?*™) Cc H = {(=,y)| x1 =0} .

Defining the linear symplectic map ¢ by

1
w(xay) = (axlax27"'7$n7 aylayQa"'7yn>

we can choose o > 0 so small that

1
2n—2 -
) xRN = Z(),

1

q/zA(B(l)) B

where the open 2-disc B? on the right hand side is contained in the symplectic
plane with the coordinates {x1, y; }. Be definition of a derivative, we have |[tp(x)—
YA(z)| < a(|z|) |z| where a(s) — 0 as s — 0. Consequently

€
ve(Be) € 2(5)
if € is sufficiently small. Since ¢, converges locally uniformly to v,
€
vi (Be)) € 2(5) .

provided j is sufficiently large. By assumption 1¢; preserves the capacity and so
by monotonicity

C(B(E)) = C(’LZJQDJ-(B(E))) < 0(2(5)) = Zc(B(s)).
This contradiction shows that A is surjective. B

Proof of Theorem 5. We may assume that ¢(0) = 0. By Lemma 3, A = ¢/(0) is an
isomorphism and we shall prove first that A*wy = Awg for some \ # 0. Arguing
by contradiction, we assume A*wy # A\wg and find (by Lemma 2) symplectic maps
U and V satisfying U~'AV(B(1)) C Z(}). Proceeding now as in Theorem 4, we
define the sequence ¢, := U~14;V. Then ¢; — ¢ := U~ 14V locally uniformly,
and ¢'(0) = U1 AV. Hence ¢(B(e)) C Z(£) and consequently ¢;(B(e)) C Z(5)
for j sufficiently large and € > 0 sufficiently small. Since, by assumption on v,
we have ¢(p;(B(€))) = ¢(B(e)), we infer by the monotonicity of a capacity that
c(B(e)) < ¢(Z(5)), contradicting Axiom (A3) for a capacity.
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We have demonstrated that A*wy = Awg. By conformality a linear antisymplec-
tic map preserves the capacities. Composing the maps 1; and 1 with the symplec-

1 -1
tic map B = (%A) if A > 0 and with the antisymplectic map B = (ﬁA)

if A < 0, we are therefore reduced to the case
A=al, with a>0

and we have to show that o = 1. If a < 1 there is a small ball and an o < r <1
such that ¢;(B(e)) C B(re) for j large. Since v; preserves the capacities we find
c(B(e)) = c(¥;(B(e)) < ¢(B(re)) = r’c(B(e)) which is a contradiction. In the
case o > 1 we shall show that

(2.6) ¥ (B(e)) 2 B(re)

for some a« > r > 1, ¢ small and j large, which leads to the contradiction
r?c¢(B(g)) = ¢(B(re)) < ¢(B(g)). Consequently, & = 1 as claimed in the theo-
rem.

To prove (2.6) we have to show that for every y € B(re) there exists an
x € B(e) solving ¥;(x) = y. We use an index argument based on the Brouwer
mapping degree. Fix 1 < r < a. Then, in view of A(B(e)) = B(ae),

dEg(B(5)7 A, y) =1,
for y € B(re), and the proof follows if we can show that

deg(B(a), wj’ y) = deg(B(€)7 A, y)

In view of the homotopy invariance of the degree, it is sufficient to verify that
the homotopy h(t,z) = ty;(z) + (1 — t)Ax satisfies h(t,x) # y if € IB(e) and
0<t< 1

Recall 1(0) = 0 and hence [(x) — Az| < a(|x|)|x|, with a(s) — 0 as s — 0.
Since ¢; — 1 uniformly on compact sets we have, for every ¢ > 0 and j > jo(0)

(2.7) v (x) — Az| < a(lz])]z| + 0.

Arguing by contradiction, we assume t);(z) + (1 — t)Az = y for z € 9B(e) and
y € B(re). Then
t(Y;(z) — Az) =y — Ax.

The right hand side is larger than |Az| — |y| = ag — |y| > (a — r)e. The left hand
side, however is smaller than a(|e|)e + o according to (2.7). Therefore, choosing
o = a(|e])e and e sufficiently small we get a contradiction, hence proving that
h(t,z) #y for all 0 <¢ <1 and all € 9B(e). This finishes the proof of Theorem
5. 1

As an interesting special case we conclude from Theorem 5 the following



64 CHAPTER 2 SYMPLECTIC CAPACITIES

Corollary. A linear map A in R?" preserving the capacities of ellipsoids, c(A(E)) =
¢(E) is either symplectic or antisymplectic.

A*wg =wg or A*wg = —wp.

Let ¢ be any capacity function and consider a homeomorphism h of R?" satis-

fying
c¢(h(E)) = ¢(E) for all (small) ellipsoids F.

Then, if h is in addition differentiable, we conclude from Theorem 5 that h is
a diffeomorphism which is either symplectic or antisymplectic, h'(z)*wy = Lwp.
This is analogous to a measure preserving homeomorphism, i.e., a homeomorphism
satisfying (2.3). Here we conclude that det A'(z) = £1 in case h is differentiable.
We see that every capacity function c singles out the distinguished group of home-
omorphisms preserving the capacity of all open sets. The elements of this group of
homeomorphisms have the additional property that they are symplectic or anti-
symplectic in case they are differentiable. This group can, therefore, be viewed as
a topological version of the group of symplectic diffeomorphisms. It is not known
whether this group is closed under locally uniform limits. But the following weaker
results hold true.

Theorem 6. Assume h; : R?" — R?*" is a sequence of homeomorphisms satisfying

for all (resp. all small) ellipsoids E. Assume h; converges locally uniformly to a
homeomorphism & of R?". Then

for all (resp. all small) ellipsoids E.

Proof. Since h™! o h; — id locally uniformly, we conclude for every ellipsoid E and
every 0 <e <1

htohj(1—¢e)E)C ECh'ohj((1+¢)E),

if only j is sufficiently large. This topological fact is easily verified using the same
degree argument as above. Hence

hy((1 = €)B) € h(E) C hy((1+<)E).

By monotonicity and conformality, (1 —¢)%c(E) = ¢((1—¢)E) = c(hj((1—¢)E)) <
c(h(E)) < c(hj((1+)E)) = c((1+¢)E) = (1+¢)%c¢(E). In short

(1 - £)%(B) < c(h(E)) < (1 +£)c(E).

This holds true for every € > 0 so that ¢(h(E)) = ¢(E) as desired. B
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In order to generalize this statement, we denote by O the family of open and
bounded sets of R?" and associate with Q € O

éQ) = sup{c(U)|U openand U C Q}

e(Q) = inf{c(U)|U openand U >Q} .

The distinguished family O, of open sets is defined by the condition

0, ={Qe 0 (Q) =)}

Proposition 7. Assume h; is a sequence of homeomorphisms of R?" converging
locally uniformly to a homeomorphism h of R?". If ¢(h;(U)) = ¢(U) for all U €
O and all j, then ¢(h(Q)) =¢(R) forall Qe O,.

Proof. If Q€ O, and € > 0 we find U, U € O with U > Q and UcQ satisfying

c(U) < e(@)4¢e and ¢(U) > ¢(Q) —e.

For j large we have by the above degree argument h;(U) D h(Q) D h;(U), and
hence using the monotonicity property of the capacity

c(U) = e(hi(0)) = e(h()) = e(h;(0)) = ¢(0),

so that ¢(Q) + e > ¢(h(2)) > ¢(2) — . This holds true for every ¢ > 0 and the
theorem is proved. B

Definition. A capacity c is called inner regular, respectively, outer regular if
cU) = ¢U) resp.if ¢(U) = ¢U)

forall U € O.

Proposition 8. Assume the capacity c is inner regular or outer regular. Assume ¢
and ¢ are homeomorphisms of R?" and

pj ¢ and @t — !

locally uniformly. If ¢(p;(U)) = ¢(U) for all U € O and all j, then also

c(gp(U)) = ¢(U) forall UeO.
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Proof a) Assume c is inner regular and let © be open and bounded. Then if U
is open and U C Q we have ¢;(U) C (Q) if j is large and thus c(p;(U)) =
c(U) < c(9(Q)) so that c(U) < ¢(¢(2)). Hence, taking the supremum we find
c(Q) < c(p(£2)). Similarly one shows that ¢(2) < ¢(¢~1(Q)) for every open and
bounded set 2. Consequently, since ¢ is a homeomorphism ¢(Q) = c(p "t op(Q2)) >
c(p(2)) > ¢(Q) and thus c(p(Q)) = ¢(N2) as desired.

b) If ¢ is outer regular and 2 is open and bounded we conclude for e > 0
that ¢;(Q) C U-(¢(2)) if j is sufficiently large; here U, = {z| dist (z,U) < ¢}.
Therefore, c(2) = c(¢;(2)) < c(Us(¢(€2))) and taking the infimum on the right
hand side we find ¢(©2) < ¢(p(€2)). Arguing as in the part a) we conclude that
c(p(2)) = () for every Q€ O. B

So far we have deduced from the existence of a symplectic capacity some sur-
prising phenomena about symplectic mappings. Nevertheless, the notion itself is
still rather mysterious and raises many questions. It is, for example, not known
whether the knowledge of the capacities of small sets is sufficient to understand the
capacity of larger sets. To be more precise, does, for example, a homeomorphism
preserving the capacity of small sets preserve the capacity of large sets?

We have no example of a homeomorphism which preserves one capacity but not
another. Neither do we know whether a homeomorphism preserving the capacity
of open sets, also preserves the Lebesgue measure of open sets. But it is easy to see
that a homeomorphism preserving all capacities of open sets is necessarily measure
preserving. In order to prove this we first define a special embedding capacity ~.
Introducing for » > 0 the open cube

Q(r) = (0,r)*" c R®",
having edges parallel to the coordinate axis, we define
y(M,w) : = sup {T2 | there is a symplectic embedding ¢ : Q(r) — M}

Clearly + is a capacity satisfying the Axioms (A1), (A2) and the weak nontriviality
condition (A3’). It is not normalized. One can prove, by using the n-th order

capacity function ¢, of Ekeland and Hofer in [69], that v(B(r)) = +7r?, moreover

Y(Z(r)) = mr?.

Proposition 9. Assume h is a homeomorphism of R?" satisfying

for all Q € O.
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Proof. From the definition of v we infer

M(Q(T)) =" = V(Q(T))n-

Since every symplectic embedding is volume preserving we find for the capacity
7(£2) of the open and bounded set 2 C R?" that

u(@) > sup (@) = %(Q)",

where the supremum is taken over those r, for which there is a symplectic embed-
ding Q(r) — Q. If @ is any open cube having its edges parallel to the coordinate
axes we conclude that

It follows that
w©Q) < n(h(©),

for every Q € O. Indeed assume ) € O; then given € > 0 we find, in view of the
regularity of the Lebesgue measure, finitely many disjoint open cubes @); contained
in © such that p(2) —e <> p(Q,). Hence by the estimate above

w)—c < 3 u(h@)))
= u(rUQ)
J

< u(h(ﬂ)).
This holds true for every € > 0 and the claim follows. By the same argument,
#(Q) < p(h=1(©)) and hence u(Q) < p(h(Q)) < p(h~ o h(Q)) = (%), proving
the proposition. l
Corollary. If a homeomorphism of R?" preserves all the capacities of open sets in

R?7™, then it also preserves the Lebesgue measure.

All our considerations so far are based on the existence of a capacity not yet
established. In the next chapter we shall construct a very special capacity function
defined dynamically by means of Hamiltonian systems.






Chapter 3
Existence of a capacity

This chapter is devoted to the existence proof of a distinguished capacity function,
denoted by ¢g, and introduced by H. Hofer and E. Zehnder in [123]. It is intimately
related to periodic orbits of Hamiltonian systems. The capacity c¢o(M,w) measures
the minimal C?-oscillation of special Hamiltonian functions H : M — R, needed in
order to conclude the existence of a distinguished periodic orbit having small pe-
riod and solving the associated Hamiltonian system Xz on M. For 2-dimensional
manifolds, ¢y agrees with the total area, and in the special case of convex, open and
smooth domains U C (R?",wy) it is represented by a distinguished closed charac-
teristic of the boundary OU having minimal (reduced) action equal to ¢o(U,wp).
This can be used, for example, to exhibit a class of compact hypersurfaces in R?",
which are not symplectically diffeomorphic to convex ones. The proof will be based
on the action principle. The variational approach will be explained in detail. In
the analytical framework of the Sobolev space H'/2, we shall introduce a special
minimax argument which originated in the work of P. Rabinowitz. The construc-
tion of the capacity ¢y completes the proof of the symplectic rigidity phenomena
described in Chapter 2. The special features of ¢y, however, will also be useful later
on for the dynamics of Hamiltonian systems.

3.1 Definition of the capacity c,

If (M, w) is a symplectic manifold we recall that to a smooth function H : M — R
there belongs a unique Hamiltonian vector field Xz on M defined by

w(Xg(x),v) =—dH(z)(v), veT,M
and z € M. A T-periodic solution z(t) of the Hamiltonian equation
t=Xpg(r) on M

is a solution satisfying the boundary conditions z(T) = xz(0) for some T > 0.
We now single out a distinguished class of Hamiltonian functions H which look
qualitatively as depicted in the following figure 3.1.

When M has a boundary M, the Hamiltonian vector field X g has compact
support contained in the interior of M. Our guiding principle is the hope that
if the oscillation of the function H is sufficiently large, then the corresponding
Hamiltonian vector field possesses, independently of the size of its support, a fast
periodic solution, i.e., a periodic solution having a small period 7', say 0 < T < 1.

H. Hofer and E. Zehnder, Symplectic Invariants and Hamiltonian Dynamics, 69
Modern Birkhduser Classics, DOI 10.1007/978-3-0348-0104-1_3, © Springer Basel AG 2011
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oM

Fig. 3.1

To be precise we denote by H(M,w) the set of smooth functions H on M
satisfying the following three properties:

P.1. There is a compact set K C M (depending on H) such that K C (M\OM)
and
H(M\K)=m(H) (a constant)

P.2. There is an open set U C M (depending on H) on which

P3. 0 < H(z) <m(H) for all z € M.

The constant m(H) = max H — min H is the oscillation of H. A function
H € H(M,w) will be called admissible if all the periodic solutions of & = Xy ()
on M are either constant, i.e., x(t) = x(0) for all ¢ or have a period T > 1.
Abbreviating the set of admissible functions by H,(M,w) C H(M,w), we define

co(M,w) =sup{m(H)| H € Ho(M,w)}.

Therefore, if ¢o(M,w) < oo then this number is characterized by the property that
for every function H in H(M,w) whose oscillation satisfies m(H) > ¢o(M,w), the
vector field X g possesses a nonconstant T-periodic solution for some 0 < T < 1,
and ¢o(M,w) is the infimum of the real numbers having this property. The main
result of this chapter is

Theorem 1. The function ¢ is a symplectic capacity. Moreover, ¢y = &g, i.e., ¢
has the property of inner regularity.

As an illustration, we consider the ellipsoid E in (R?",wg) determined by the
invariants 71 (E) < 72(E) < ...7r,(E). We know that ¢(E,wy) = 7r1(E)? for every
capacity c. This linear invariant can, therefore, dynamically be defined as follows:
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Proposition 1. If H € H(E,wy) satisfies m(H) > 7r1(E)?, then the Hamiltonian
vector field Xy on F possesses a nonconstant periodic solution of period 0 < T <
1. Moreover, 7r1(E)? is the infinimum of the real numbers with this property.

Corollary. If H € H(B(r),wy) satisfies
m(H) > mr?,

then the Hamiltonian system # = Xpy(x) on B(r) has a nonconstant periodic
solution of period 0 < T < 1.

Observe first that the statement about inner regularity co(M,w) = ¢o(M,w)
follows immediately from the definitions. We only consider the case co(M,w) < oo,
the case co(M,w) = oo if treated similarly. If € > 0 then there exists H € Hy(M,w)
with m(H) > co(M,w) —e. Let K = supp (Xg) C (M\OM) and pick an open
set U with K C U C U C (M\OM). Clearly H € H,(U,w) and hence co(U,w) >
co(M,w) — € so that ¢o(M,w) = sup{co(U,w)|U C M open and U C M\OM}
which by definition is equal to ¢o(M,w).

We have to prove that ¢o(M,w) meets the axioms of a capacity ¢ which we
recall for the convenience of the reader. All the symplectic manifolds considered
are of fixed dimension 2n.

Al. ¢(M,w) < ¢(N,o) provided there exists a symplectic embedding ¢ : M — N.
A2, ¢(M,aw) = |a]e(M,w), a # 0.
A3. c«(Z(1),wy) =7 =c(B(1),wp).

The first two properties follow very easily from the definition of ¢g.
Lemma 1. ¢y satisfies the monotonicity axiom A.1.

Proof. If ¢ : M — N is a symplectic embedding we can define the map ¢, :
H(M,w) — H(N, o) as follows:

Hop Hz) if z€pM)
* H) =
o+ (H) { m(H) i ¢ o(M).

Note that if K € M\OM for a compact set K C M, then also p(K) C N\IN,
so that indeed p.(H) € H(N, o). Clearly m(p.(H)) = m(H), so that the lemma
follows if we show that . (Ha(M,w)) C Hq(N, o). Since ¢ is symplectic p*(Xp) =
X, (zy on @(M) so that the flows are conjugated. In particular, the nonconstant
periodic solutions together with their periods correspond to each other. B

Lemma 2. ¢ satisfies the conformality axiom A.2.

Proof. Assume « # 0 and define the obvious bijection ¢ : H(M,w) — H(M, aw) by
Y : Hw— |a|-H = H,. Clearly m(H,) = |a|-m(H) so that the lemma follows if we
show that 1) is also a bijection between H, (M, w) and H, (M, aw). By the definition
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of Hamiltonian vector fields (aw) (Xu,,:) = —dH, = —|a|dH = |a| w(Xpy, ).

Hence, since w is nondegenerate

2 Xy, =Xy on M.
«

Therefore, X, = Xg or Xy, = —Xpg and the two vector fields have the same
periodic solutions with the same periods. B

Lemma 3. ¢y(B(1),wq) > 7.

Proof. Pick 0 < & < 7, we shall construct a function H € H,(B(1)) satisfying
m(H) = 7 — ¢, hence proving ¢o(B(1),wp) > 7 — . Choose a smooth function
f:0,1] — [0, 00) satisfying

0< fi(t) <=
f(t) =0 fortnear0

f(t) =m—e fortnear 1.

\4

Fig. 3.2

Define H(z) = f(|z|?) for € B(1). Then m(H) = m — & and we claim that
H € Ho(M,w). Indeed, the Hamiltonian system

—Ji =VH(z) =2f (|z|*)z

has the function G(z) = §|z|? as integral, since (VG, JVH) =2 f' (|z|?) (z, Jz) =

0. Therefore, if x(t) is a solution, then
2f (le@)P)=a
is constant and the solution satisfies

—JT =az.
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Consequently, all the solutions are periodic and given by z(t) = e/*x(0) =
(cosat)x(0) + (sinat)Jz(0). If @ = 0 then the solution is constant, while if a > 0
the period is given by T = 2% > 1 since, by construction, 0 < a < 27. Therefore,

H is admissible as we Wantezl to prove. B
The inclusion map B(1) — Z(1) is a symplectic embedding and we deduce
from Lemma 1 and Lemma 3
co(Z(1)) > eo(B(1)) > .
In order to show that ¢y meets the normalization A.3 we have to prove that
co(Z(1)) < 7. This is the subtle part of the proof. It requires an existence proof
and our next aim is to prove

Theorem 2. If H € H(Z(1)) satisfies m(H) > m, then the Hamiltonian system
& = JVH(x) on Z(1) possesses a periodic solution in Z(1) having period T' =1
and which is not a constant solution.

The theorem is qualitative in nature. We observe that, in proving Theorem 2,
we may replace H by H o1, where 1 is a compactly supported symplectic diffeo-
morphism of Z?7(1), i.e., the closure of the set {z[i(z) # x} is a compact subset
of Z?"(1). Indeed, in view of the transformation law of Hamiltonian vector fields
(Chapter 1), the flows of X and X o, are conjugated. Using this observation, we
may assume without loss of generality that H vanishes in a neighborhood of the
origin. This is proved as follows. By assumption H|U = 0. We pick a point zo € U
and choose a smooth function p : R?" — R with compact support in Z2*(1) and
which is equal to 1 on a neighborhood V' of the line {tz9|0 < ¢t < 1} connecting
the origin with zy. Define the Hamiltonian K : Z?"(1) — R by

K(2) = pl=)(z,—J ) .

Then the time-1 map v of X is symplectic and has compact support in Z27(1).
Since X (z) = 29 if z € V, the line ¢*(0) = tz is a solution for 0 < ¢ < 1 moving
the origin to the point zy. Hence

Y(0) = 20,

and the Hamiltonian H o ¢ vanishes in a neighborhood of 0.

From now on we therefore assume that the Hamiltonian H vanishes in an open
neighborhood of the origin and first extend H defined on Z(1) to a function defined
on the whole space R?". This is, of course, easy since the function is constant near
the boundary of Z(1). However, in view of the proof later on, we shall choose a
very special continuation. Observe first that if H € H(Z(1),wp) then there exists
an ellipsoid F = Ex such that H € H(F,wyp), where

En = {zeR2”

a(z) <1},
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is, in the coordinates z = (x,y) given by,
1 n
1) = @+ + 3 D+ 9))
j=2

and N € Z* is sufficiently large (Fig. 3.3).

Since H € H(Z(1),wy) satisfies m(H) > 7 there is an € > 0 such that m(H) >
m 4 €. We can, therefore, pick a smooth function f: R — R satisfying

f(s) = m(H) for s<1

£(s) >  (n+e)s forall seR

£(s) —  (n4e)s for slarge

0< fl(s) <m+e for s>1. (Fig. 3.4)

The extension of H is now defined by

Clearly H € C*°(R?") and H is quadratic at infinity,
() = (x+ (), it |d)> R

for some large R. The following crucial proposition describes the distinguished
periodic solutions we are looking for.

Proposition 2. Assume z(t) is a periodic solution of & = X4 (x) having period 1.
If it satisfies

B(z) i = j{%(—Jﬁc,x} - ﬁ(x(t))} dt > 0,

then z(t) is nonconstant and x(t) C E. Hence z(¢) is a nonconstant 1-periodic
solution of the original system & = Xy (x) on Z(1).
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Fig. 3.3

m(H )
FI e R

A\

Fig. 3.4

Proof. If z(t) = z* is a constant solution, then ®(z*) < 0 since H > 0. The
Hamiltonian vector field X3 vanishes on 0E. Therefore, if for a solution x(tg) ¢ E
for some tg, then x(t) ¢ E for all ¢ € R and hence it solves the equation

—Ji=VH(x) = f'(q(z)) - V().

Note that, outside of FE, the function ¢ is an integral of this equation since
(Vq,Jf' (¢)Vq) = [ (¢){Vq, JVq) = 0. Consequently, if z(t) is a solution then

q(z(t) = q(z(to)) =7
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is constant in ¢, and in view of (Vq(2), 2) = 2¢(z), for z € R?", we can compute

o(x) =

Ot =

{3(-Ti.a) ~ T (x)} dt

_ f P () (Vala), )t — bfﬂq(x))dt

N[

1

S TEAGECOTENE
= o) 1),

By definition of f, this is smaller than or equal to (7 +&)7 — (7 + &)7 = 0. Hence
®(x) <0 for all solutions outside of E and the proposition is proved. B

In view of this remark we have to find a 1-periodic solution x = z(t) of the
Hamiltonian system @ = X4(2) which satisfies ®(x) > 0. In the following we shall
change the notation and replace H by H. In order to establish the existence of a
periodic solution, we make use of a well-known variational principle for which the
critical points are the required periodic solutions. To introduce this principle, we
proceed at first on a informal level and consider the loop space

Q = C>®(S*, R*") where S* =R/Z,

of smooth loops in R?", We define a function ® : Q@ — R by setting

O(x) = /1
0

and claim that the critical points of ® are the periodic solutions of & = Xg(x).
Computing the derivative at = € € in the direction of y € 2, we find

DN | =

(—J&,z)dt — H(z(t))dt, x €,
[

V(2)(y) = f£O(zr+ey)

e=0

Il
Ct—

(—=J& — VH(z),y) dt.

Consequently, ®'(z)(y) = 0 for all y € Q if and only if the loop = satisfies the
equation
—Ji(t) — VH(xz(t)) =0,

i.e., z(t) is a solution of the Hamiltonian equation which also satisfies z:(0) = z(1).
Hence it is periodic of period 1. Therefore, the principle picks out precisely the
1-periodic solutions among the intricate set of all solutions of a Hamiltonian vector
field. This principle is the well-known action principle in mechanics, where it is
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often used to derive the transformation law of Hamiltonian vector fields. It might
seem rather awkward to use this principle for existence proofs, since it is highly
degenerate. Indeed, taking the special loops ;,

zi(t) = eI?™¢ = (cos j2mt)¢ + (sinj2mt)JE

where || = 1, one computes readily for the first part of ®

1
[+
while the second part of ® stays bounded. We see that the functional is bounded
neither below nor above. In particular, the variational techniques based on mini-
mizing sequences do not apply. This is in sharp contrast to the variational principle
for closed geodesics on Riemannian manifolds. This geometric problem gave rise to
two powerful variational methods, the so-called Morse theory and the Ljusternik-
Schnirelman theory. We should also mention that the Morse theory is not applica-
ble directly to our functional. Indeed, a priori the Morse indices of critical points
are infinite and hence topologically not visible. It is this difficulty which forced
Andreas Floer to develop powerful new techniques extending the Morse theory,
which led him to the so-called Floer complex described in more detail later on.

—Jij,x;)dt = 7j, ||zl ;. =1,

N}I»—A

It was only relatively recently that P. Rabinowitz [180, 181] demonstrated
that the degenerate variational principle can be used very effectively for existence
proofs. For this purpose he introduced special minimax principles adapted to the
structure of the functional ®. Before we describe the technical details, it might be
helpful to recall in an abstract setting the minimax idea.

3.2 The minimax idea

We consider a differentiable function
f:E—R, feCYE,R)

defined on a Hilbert space E whose inner product is denoted by (-,-) and whose
norm is ||z]|> = (z,z) for € E. We search for critical points of f, i.e., points
x* € E at which the derivative of f vanishes:

df(z*) =0 <= df(z")(y) =0 forall y € E.

The derivative df (x) is, by definition, an element of the dual space L(E,R) = E*.
Recall that by a well-known theorem due to F. Riesz, there is a distinguished linear
isometry I from E* onto E such that e*(z) = (I(e*),z) for every z € E, where
e* € E*. Therefore,

df (z)(y) = (v(z),y) and |[df ()]« = [v(2)]
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where v(z) € E is uniquely determined by df (z). It is called the gradient of f at
x (with respect to the inner product (-,-)) and denoted by

v(z) =Vf(z)eE.

The critical points of f are the zeros of the gradient function z — V f(z) in E.
Using a dynamical approach, we interpret the critical points of f as the equilibrium
points of the gradient equation

t=-Vf(z), x€kE.

This is an ordinary differential equation on E, and we shall assume now that it
has a global flow ¢!(z), i.e., that we can solve the Cauchy initial value problem
uniquely and for all times ¢ € R:

dol(z) = —Vf('(x))
() = =,

for all initial conditions x € E. Such a global flow does exist, for example, if there
is a constant M > 0 such that |V f(z) = Vf(y)|| < M|z —vy| for all x,y € E, as
is, of course, well-known. The crucial property of the gradient flow is that f(?(z))
decreases along nonconstant solutions ¢!(z). This follows immediately from the
definitions; indeed

In particular,

B @) -1 = [ Tr@@ds = - [ IV @) s

Since FE is not compact we cannot expect f to have any critical points unless we
impose additional conditions on f, as the example f(z) = e¢™® on z € R already
shows. The following strong compactness condition goes back to Palais and Smale
[175] and guarantees a critical point in many variational problems.

Definition. f is said to satisfy P.S., if every sequence z; € E satisfying
Vi(z;) =0 in E and |f(z;)] < ¢ < oo,

for some ¢ > 0, possesses a convergent subsequence. Since f is assumed to be C?,
the limit of this subsequence is a critical point of f.
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If F is a family of subsets F' C E one defines the minimax ¢(f, F) belonging
to f and F by

c(f,F) = jnf sup f(z) € RU{oo}U{-oo}

zeF

Minimax Lemma. Assume f € C1(E,R) and F meet the following conditions:

(i) f satisfies P.S.
(i) # = —V f(x) defines a global flow ¢! (z)

(iii) The family F is positively invariant under the flow, i.e., if F € F then
o' (F) € F for every t > 0

(iv) —oo < ¢(f, F) < o0.

Then the real number, ¢(f,F) is a critical value of f, i.e., there exists z* € F
satisfying
Vfi(@*)=0 and f(z")=c(f,F).

Proof. Abbreviating ¢ = ¢(f,F) which, by assumption, is a real number, we shall
show that for every e > 0 there exists an x € E satisfying

c—e< f(x)<c+e and || Vf(z) || <e.

Then choosing ; = 1/j we find a sequence x; which has, by the P.S. condition,
a convergent subsequence whose limit satisfies Vf(z*) = 0 and f(z*) = ¢, hence
proving the Lemma. Arguing by contradiction we find an € > 0 such that

(3.2) I Vf) || >e

for all z satisfying ¢ — e < f(z) < ¢+ e. By the definition of ¢, there exists an
F ¢ F satistying

(3.3) sup f(z) < c+e.
zEF

Pick a point z € F; then f(x) < ¢ + ¢ and we claim that the solution ¢f(x)
satisfies f(¢! (2)) < ¢ — ¢ if t* = 2/e. Indeed, if f(p'(z)) < ¢ — ¢ for some
0 < ¢ < t* there is nothing to prove since f(p!(z)) is decreasing. Assume now, by
contradiction, that f(¢!(z)) > ¢ —¢ for all 0 < ¢ < t*. Then by, (3.2), we have
IV f(pt(z))]| > ¢, for 0 < ¢ < t*, and hence, by (3.1), f(¢'(x)) < f(z) — €2, so
that f(p' (z)) < c+e —2t* = ¢ — ¢, a contradiction. Setting F* = o' (F) we
have shown that

sup f(z) < c—e.

rcF*

Since, by assumption, F* € F, this estimate contradicts the definition of c. B
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Fig. 3.5

For example, if f is, in addition, bounded from below we can choose F to be
the family of subsets {z} consisting of the elements of E so that

o(f,F) = inf f(x).

The lemma then guarantees a minimum, i.e., we find 2* € E satisfying V f(z*) =0
and

*) = inf .
f(e7) = inf f(z)

As another illustration we describe the celebrated Mountain Pass Lemma dis-
covered by A. Ambrosetti and P. Rabinowitz [6]. We reproduce the visually at-
tractive version found in R. Palais and C. Terng [174]. A subset R C E is called a
mountain range relative to f if it separates F, if

o« = inf > —00
R /

and if on every component of E\R, the function f assumes a value strictly less
than a. Consider an f € C!'(E,R) satisfying the P.S. condition and assume that
the gradient equation generates a global flow.

Mountain Pass Lemma. If R C E is a mountain range relative to f, then f has a
critical value c satisfying
c> i%f I

Proof. We choose two different components E° and E' of F\R and define EJ =
{x € B | f(z) < a} for j = 0, 1. By assumption, these sets are not empty. Let I" be
the set of all continuous paths 7 : [0,1] — E satisfying (0) € E and ~(1) € E
and define the family F of compact subsets of E by

F = { image (7)‘7€F}.
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Fig. 3.6

Since (0) and (1) belong to different components of E\R, we conclude that
~(to) € R for some 0 <ty < 1 so that f(v(tp)) > « and hence

a<c(f,F) < oo.

In view of the minimax lemma, it suffices to verify that F is positively invariant
under the flow ¢ of —V f. For this it is sufficient to show that if z € EJ then also
o' (x) € EJ for all t > 0. But this follows in view of f(¢!(x)) < f(¢%(z)) = f(x) <
aforallt>0. 1

For other versions of the Mountain Pass Lemma as well as for many applica-
tions, we refer to the books Variational methods by M. Struwe [208] and Minimazx
methods in critical point theory with applications to differential equations by P.
Rabinowitz [182]. It should be said that if f is bounded neither from above nor
from below, it is often a subtle task to analyze the qualitative behaviour of f and
to find an appropriate family F meeting the estimate (iv) above. This will be done
for our special functional ® in the next two sections. First, however, we have to
define the appropriate functional analytic setting.

As for more sophisticated classical techniques in critical point theory, we would
like to mention the classical paper by R.S. Palais [173] (1970) and the monographs
by P. Blanchard, E. Briining [28] (1992), by J. Mawhin, M. Willem [152] (1989)
and, quite recently, by Kung-Ching Chang [39] (1993). New methods designed for
the action functional on the loop space of a compact symplectic manifold will be
described in Chapter 6.
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3.3 The analytical setting

Let H € C*°(R?",R) denote the special Hamiltonian function introduced in Sec-
tion 3.1. It vanishes on an open neighborhood of the origin and satisfies

(3.4) H(z) = Q(z), 2= R,

with the quadratic form Q(z) = (7w + €)q(2),z € R?". We shall translate these
properties of the Hamiltonian into properties of the corresponding functional ®
on an appropriate Hilbert space. Recall that on the space = C°°(S*, R?") of
smooth loops @ is defined by

1 1
(3.5) / W—Ji,x)d / H (z(t))dt, = €.
0 0
In order to find the convenient Hilbert space, we represent the periodic loops
x € C(S1,R?") by their Fourier-series

(3.6) x(t) = Z eI gy € R
keZ

which converge, together with all their derivatives, in the supremum norm. Con-
sidering first the dominant part of ® which reflects the symplectic structure, we
abbreviate

1
(3.7) /% —Jz,y)dt, x,y € Q.
0

Then, inserting the Fourier expansions of z,y €  into a(z,y), and observing that

1
/ e]27rJt k27rJt yk>dt = 6jk, <£C],yk>7
0

one obtains

(38) 2a(a:,y) - 2772 x]vyj
JEZ

21 Y il {agows) — 27 Y il @y, 9)-

7>0 7<0

Consequently, a(z,y) can be defined as a continuous bilinear form on the larger
space HY/? = H'/?(S') which is a special Sobolev space. Recall that the spaces
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H?® = H*(S') for s > 0 are defined by

H* = Qe LA(SY) | D215yl < o0
JEL
where '
T = Z eIy, 2 € R
JEL
is the Fourier series of z which converges in L?(S!). The space H® is a Hilbert
space with inner product and associated norm defined by

<xay>s = <m0ay0> +2m Z |k|25<xkayk>
keZ

l2ll7 = (z,2)s,

for x,y € H*. Note that the norm ||z||p is equivalent to the L?-norm. We shall
denote the distinguished Hilbert space H'/2 which will be the underlying space of

our functional by
E = HY?

Gy = 0)

There is an orthogonal splitting of £

and || [| = [l3-

1
2

E=E ®E°@E"

into the spaces of x € F having only Fourier coefficients for j < 0, j =0, j > 0.
The corresponding orthogonal projections are denoted by P~, PY, P+. Therefore,
every x € E has a unique decomposition

r=a" +2°+ 2T
In view of (3.8) we define for z,y € E
(@hy™) =37 y)

(PT =P )a,y),

(3.9) a(z,y) =

(SIS

W=

which is a continuous bilinear form on E and which agrees for z,y € C>°(S1, R*")
with (3.7). The function a : F — R, defined by

(3.10) a(z) = a(z,2) = 3lla*|* — 47|,

is differentiable with derivative

da(z) (y) = (P = P7)z,y),
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so that the gradient of a is
(3.11) Va(z) = (PT—P )z = 27 -2~ €E,

at every point x € F.

Next we point out some useful properties of the spaces H® needed later on.
Clearly the spaces decrease,

H'C H* C H® for t>s>0,
while the norms increase:
lalle > Jalls > [lo for = € H".
In particular, the inclusion maps I : Ht — H® for t > s are continuous.

Proposition 3. Assume ¢ > s > 0. Then the inclusion map I : H® — H?® is compact,
i.e., it maps bounded sets of H! onto relatively compact subsets of H*.

Proof. The continuous linear operator Py : H! — H® defined by
Pyz= Z ek27rJt Tk
[k|<N
has finite dimensional range and hence is a compact operator. The estimate

I(Py = Dzll; =1l > " a2
|k|>N

2s 2 2(s—t 2t 2
or > K Juf =21 >0 RPOTY (R

|k|>N |k|>N

IN

N2 2m 30 B farl” < N0 o]}
|k|>N

shows that Py — I in the operator norm, i.e., the norm of L(H*, H*). Conse-
quently [ is also compact, which is well-known and easily seen as follows. Let
e > 0 and choose N so large that ||Py — I|| < €/2 in the operator-norm. If B is
the unit ball in H?, then Py(B) C H® is covered by finitely many balls of radius
£/2 which are centered at the points y1,ys,...,ym € H®. Hence, if x € B we find
an y; satisfying ||Py(z) — yj|ls < /2 and together with ||Pn(x) — I(x)||s < /2
this implies that ||I(z) — y;||s < €. Thus I(B) is covered by finitely many balls
of radius € > 0. This holds true for every € > 0 and we conclude that I(B) is
relatively compact in H°. B

The set C*°(S1,R?") is dense in H* for every s > 0. However, not all elements of

H'/? are represented by continuous functions. In order to find continuous functions
the following proposition will be helpful.
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Proposition 4. Assume s > L. If z € H® then x € C(S'). Moreover, there is a

constant ¢ = ¢4 such that

sup [2(t)] < clall, . @€ HY(SY).
0<t<1

Proof. We show that the Fourier series

T = E ekQﬂJt Tk,
k

which converges in L2, also converges in the sup-norm. This follows from the

estimates:

Z |ek27rJt xk|

k40 k0 k0

< () (T i)’

k0

< cllzlls,

where we have used that 2s > 1. B

Do fan] = D0 kT R ]

The same argument shows that, more generally, if s > 1 + r for an integer r,

then x € H® belongs to C"(S!) and

sup ’Djx(t)’ < cllz|s ,
0<j<r
0<t<1

z e H(SY) .

This is again a special case of the Sobolev embedding theorem. In view of Propo-

sition 3, the inclusion map

(3.12) j:HY? — 2
is compact. Its adjoint operator

(3.13) j*L? — H'Y/?

is, as usual, defined by

(3.14) (i@.y) , = @ W)y

for all z € H'/? and y € L?. The following property of j* will be useful later on.
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Proposition 5.
J(L2) cH and 5"l < Iyl e

The map j* factors: L2 — H' — H'/?, thus we have verified using Proposition
3 that j* is a compact operator. This follows also from the compactness of j, as is
well-known.

Proof. By definition of the adjoint

> @k uk) = (20,5%(y)o) + 2 Z [kl {2k, 7" ()k)

k

for x € HY/? ¢ L? and y € L2. One reads off the following formula for j*

W) =vo+ Y, %W Ity
k=0

if y € L?. The estimate
17" Wlh <yl

is now obvious. W

Coming back to the functional ®, we next study the function

:/1H(x(t)

recalling that H vanishes in a neighborhood of the origin. In view of |H(z)| <
M|z]?, for all z € R?", this map b is defined for + € L? and hence also for
x € B C L2 If we consider b as a function on L?, we shall denote it by I;, so that,
with the inclusion map j : E — L2, we can write

(3.15) b(x) = b(j(z)), z€E.

In order to prove that b:L? 5 TRis differentiable, we start from the identity
1
(3.16)H(z+&) = H(z) + )+ / (VH(z +t§) — VH(2),&) dt
0

for 2,6 € R*™. Since |H,.(z)| < M the last term is < M|¢|?. Assume now that
x € L? then VH(x) = VH(x(t)) € L? in view of [VH(2)| < M|z| for all z € R?".
Therefore, given x and h € L?, we find by integration

1
b(x + h) +/ hydt + R(z,h).
0
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Moreover, |R(z,h)| < M ||h||2,. This estimate shows that b is differentiable with
derivative at x given by

db(z)(h) = Oj(VH(:c),h)dt = (VH(z),h) 2
= (Vb(z),h) 2

For the gradient (with respect to L2) we read off Vb(z) = VH(z) € L2. The
derivative of b: E — R is in view of (3.14) given by

(Vb(z),y) = db(z)(y) = db(j(z)) (i)

Therefore,

(3.17) Vb(z) = j* Vb (j(x)) — j*VH(z) .

Lemma 4. The map b : £ — R is differentiable. Its gradient Vb : £ — FE is

continuous and maps bounded sets into relatively compact sets. Moreover,
IVb(z) = Vb(y)|| < M|z -yl

and |b(z)| < M||z||2, for all z,y € E.

Proof. Clearly x +— VH(z) is globally Lipschitz continuous on L? and maps,
therefore, bounded sets into bounded sets. The first claim follows from (3.17),
since j* : L? — E is compact. Moreover,

IVb(@) = Vbwlly = 15" (VH @) - VH®)) Il

< |VH(z) = VH(y)|r2 < M |z -yl

IN

Mz —y;.

The last estimate follows from |H(z)| < M|z|?, for all z € R*". B

It should be mentioned that b € C*°(E,R) provided H € C°°(R?",R). This is
readily seen by using the Taylor formula together with the nontrivial fact that E
is continuously embedded in LP for every p > 1 which is proved in the Appendix.
To keep our presentation elementary we shall, however, not use this observation
here. Summarizing the discussion so far, we have extended ¢ from the space ) of
smooth loops to the Hilbert space £ D 2 by

O(z) = a(zx) —blx), =z€E.
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This function ® : F — R is differentiable and its gradient is given by
Vo(r) = 2t —a~ — Vb(z).

We are interested in classical solutions of differential equations. It is, therefore,
important to observe now that a critical point of ® is not simply an element in E
which might not even be a continuous function, but it is actually a smooth periodic
solution of the Hamiltonian equation Xy having period 1. Indeed the following
“regularity” statement holds true.

Lemma 5. Assume @ € E is a critical point, V®(x) = 0. Then z € C>(S%).
Moreover, it solves the Hamiltonian equation

#(t) = JVH (x(t)) o 0<t<1,
so that x € Q is a 1-periodic solution.
Proof. Represent x and VH (z) € L? by their Fourier expansions in L2
o= 3 ekt gy
VH(z) = Y ek2m/tqy.

By assumption d®(z)(v) = 0.
Hence, using (Vb(z),v) = (j*VH(z),v) = (VH(z),v) 2,

(PY = P )z,v) = /(VH(x),v} dt
0

for all v € E. Choosing the test functions v(t) = e¥*™/* v, we find
(3.18) 2rkx, = ar, kEZ

and ag = 0. We infer that

Do kPl < Y < oo,

so that z € H' and by Proposition 4, the element z € E belongs to C(S!).
Consequently VH (z(t)) € C(S!), and, therefore,

t

£(t) = / JVH(x(t)) dt € C'(R).

0

Comparing the Fourier coefficients we find in view of (3.18), that £(¢) = x(t) —x(0),
hence x belongs to C*(S!) and also solves the equation #(t) = JVH (z(t)). The
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right hand side of the equation is in C*, hence 2 € C?, and iterating this argument
we conclude that x € C*°(S1) as claimed. B

The careful choice of the asymptotic behaviour of the Hamiltonian function H
implies that Xz has, in the region of R?" where |z| is large, no periodic solutions

of period 1. From this dynamical behaviour, we shall conclude that ® satisfies the
P.S. condition.

Lemma 6. Every sequence z; € E satisfying V®(z,;) — 0 contains a convergent
subsequence. In particular, ® satisfies the P.S. condition.

Proof. Assume V®(z;) — 0 so that
(3.19) af —ay — Vb(z;) — 0.

J

Recall the splitting z; = z; + x? + xj If x; is bounded in F, then :L'? € R?™ is
bounded and we conclude in view of the compactness of Vb that there exists a
convergent subsequence. To prove that z; is bounded we argue by contradiction
and assume ||| — oco. Define

T

N

Yk

so that ||yx|| = 1. By assumption, using (3.17),

1
(P+ . Pi)yk . j* (— VH(xk)> — 0.
[l |
Since |VH(z)| < M|z| the sequence
[l |

is bounded in L. Since j* : L? — F is compact, (P — P~ )y, is relatively compact,
and since, in addition, ¥} is bounded in R?", the sequence y, is relatively compact
in E. After taking a subsequence we can assume y, — y in E and hence y, — vy
in L2.

VH
IS = YWl < o IVH @) = V@)l + 19Q0: 1)

[l |
Since |VH(z) — VQ(z)| < M for all z € R?>" and since VQ defines a continuous
linear operator of Ly, we conclude

VH@EY | Gow) w12
(e

Consequently,

[l |

) r(vew) w =

[l |
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This implies that y € E solves the linear equation in E
yT -y =" VQWy) = 0
lyll = 1.

As in Lemma 5 one verifies that y belongs to C*°(S!,R?") and also solves the
linear Hamiltonian equation

it) = Xq (y0)
y(0) = (1),

n
Recall now that Q = (1 +¢)g, and ¢(z) = (2} +93) + 5= > (#% +y3). We see that
j=2
the symplectic 2-planes {z;,y;} are filled with periodic solutions of X¢ having
periods T' # 1. Since the linear equation does not admit any nontrivial periodic
solutions of period 1 we conclude y(¢) = 0. This contradicts ||y|| = 1 and we

conclude that the sequence x; must be bounded. B

The gradient equation
t = —Vo&(z), z€FE

is in view of Lemma 4 globally Lipschitz continuous and, therefore, defines a unique
global flow
RxE—E : (tz)—¢'(z)=x-t,

which maps bounded sets into bounded sets. All this is well-known from the the-
ory of ordinary differential equations. Our flow has, in addition, a compactness
property which will be crucial for the topological arguments in the next section.

Lemma 7. The flow of & = —V®(z) admits the representation
(3.20) vt = o +afetat + K(t ),

where K : R x E — FE is continuous and maps bounded sets into precompact sets.

Proof. Prompted by the variation of constant formula, we define K by
t

K(t,z) = —/ (6’&75 P4+ PO ettt P+)Vb (z-s) ds.
0

We have to verify that K has the desired properties. Abbreviating the right hand
side of (3.20) by y(t), one verifies readily that

y(t) = (P~ = PO)y(t) — Vb(z 1)
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Since y(0) = x, the function £(t) = y(t) — x - t solves the linear equation
£(t) = (P~ =PH)&t) and £(0) = 0.

By the uniqueness of the initial value problem &£(¢) = 0 so that y(¢t) = x -t as
required. In view of (3.16) and (3.17) we can write

K(t,z) = j* —/t (et_s P~ 4 PO 4 etts P+)VH(j(x : s)) ds
0

Abbreviating the map in the bracket by k(t,x) then k : R x E — L? is continuous
and maps bounded sets into bounded sets. By Proposition 5, the map j* : L? —
FE maps bounded sets into precompact sets and, therefore, K has the desired
properties. l

To sum up this rather technical section we have extended the classical Hamilto-
nian functional originally given on the loop space of smooth loops, and constructed
a functional ® € C'(E,R) on the Hilbert space E. Its critical points, if there are
any, are smooth periodic solutions of the Hamiltonian equations with period 1.
The functional ® has, in addition, crucial compactness properties. It remains to
find a special critical point z* € E of ® satisfying ®(x*) > 0. This will be done in
the next section.

3.4 The existence of a critical point

A special minimax argument will guarantee the existence of a special critical point
of the functional ® introduced in the previous section:

O(z) = alx)—bx)
1
= ilzt|? = |z~ |? - x
et = gl P = (o) d.

where =2~ 42+ 2T € E=FE~ @ E°® E*. Recall that H > 0 and that H is
identically zero in a neighbourhood of z = 0 € R?". In addition H(2) = (7+¢) q()
for |z| sufficiently large. Evidently, every critical point z € R?" of the function H,
i.e., a point in {z|VH(z) = 0}, is a critical point of ® satisfying ®(z) < 0. We are
looking for critical points of ® which are not constant loops.

Proposition 6. There exists z* € E satisfying V®(z*) = 0 and ®(x*) > 0.

In order to prove this proposition we first single out two distinguished subsets
3 and I' of E. The bounded set ¥ = ¥, C F is defined by

Y, = {x‘x =2 +a2%+set a7 +2% < 7 and Ogng}
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where 7 > 0. Here et € E7 is the element
et(t) = €™ 'te; and e = (1,0,...,0) € R*".

Clearly [le*]|> = 27 and |leT|,2 = 1. By 0¥ we denote the boundary of ¥ in
E~ + EY + Re™.

Lemma 8. There exists 7% > 0 such that for 7 > 7*
® ‘ g% < 0.

Proof. We use the asymptotic behaviour of ®. From a|E~ @ E° <0 and b > 0 we
infer

®|E-@E <.
It remains to consider those parts of the boundary 9% which are defined by
|z~ + 2°|| = 7 or s = 7. By the construction of H there exists a constant v > 0
such that

H(z) > (m+e)q(z) —v forall ze R,
Therefore,
1
O(z) < alz)—(r+e) / q(z) +~, forall z€FE.
0
Recalling the definition of the quadratic form ¢, one verifies for the orthogonal
splitting * =2~ + 20 + se™ € E~ @ E° + E¥ that
1 1 1 1
/ gz + 2%+ set)dt = / q(z™)dt —|—/ q(z%)dt + / q(set)dt .
0 0 0 0

Recalling that |le||? = 27 we can, therefore, estimate for z = 2~ + 2% + se*

A

1
B(z) < 182 e P4 a2 = (n+e) qa®) — (m + ) / a(set) +

= =t lz7|?—es® )7 — (v +2)q(a®) + 7.
We thus find a constant ¢ > 0 such that
O(z” + 2%+ seT) < y—cllz” +2%2 —c|lse|?.

The right hand side is < 0 if ||z~ + 2°|| = 7 or s = 7 for 7 sufficiently large. This
finishes the proof of the lemma. Bl

The subset I' =T', C ET is defined by

r — {x€E+‘||x|| ~ a}.
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Lemma 9. There exists an o > 0 and 3 > 0 such that

d|I > B>0.

Proof. We use the behaviour of ® locally near x = 0 € F. Recall that H vanishes
identically near the origin in R?". We shall prove that

—0 as |z||—0.

It then follows for x € ET that

1 1 1 1

(*) 75 =
el 2 =l

Consequently, ®(z) > 1||z||> provided ||z|| is small enough and this implies the
desired result. Arguing indirectly, we find a sequence z; € E and a constant d > 0
satisfying

z; — 0 and

— b(x;) > d>0.
T, P) = 4>

Set y; = Hiﬁ so that ||y;|| = 1. We claim that there is a subsequence y; and

functions y, w € L? satisfying
Yy, — Yy in L?

yi(t) — y()
ly; (2)]

.’L‘j(t) — 0

IN
g
=

for almost every t.

Indeed, by Proposition 3, E is compactly embedded in L?. Hence we find
a subsequence y; which is a Cauchy sequence in L? and the claim follows by
the following well-known argument. Choosing a fast Cauchy subsequence we may

assume that )
Iyt = ol < 550 k21

Then the sequence f,, € L?, defined by
Fu®) e =" lyksr(t) = u(t)]
k=1

is monotone increasing and satisfies || f,,||rz < 1. Hence by the monotone conver-
gence theorem f,(t) — f(t) a.e and f € L?. Since, for m > n,
|ym(ﬁ) - yn(ﬂ‘ < ‘ym(t) - ym71<t)‘ +ot |yn+1<t) - yn(t)|

f(t) - fnfl(t)v

IA
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we conclude that for a.e ¢ the sequence y,,(t) is a Cauchy sequence in R and hence
defines y(t) := limy,(¢t) for a.e ¢t. In view of |y(t) — yn(t)| < f(t) we therefore
find, by Lebesgue’s convergence theorem, that y, — y in L? and, since |y, (t)| <
(&) + |y(t)] =t w(t) for a.e t and w € L?, the claim is proved. By definition

1
1

1
b:c-—:/Hx-—dt.
I = ) O

From H(z) < M |z|?, for all z € R*", we infer

H (1)) m < Muw(t)?

for almost every ¢, so that the L! function w(t)? is a majorant. Using that H
vanishes at z = 0 with its derivatives up to second order we find, using the Taylor
formula,

1(es0) s = O(les ) s — 0

for almost every t. Hence by means of Lebesgue’s theorem

1
1 .
0

This contradicts the assumption that d > 0 and Lemma 9 is proved. B

The rather clumsy argument in the proof can, of course, be avoided if one makes
use of the following well-known, but not quite elementary Sobolev estimate. The
space H'/?(S") is continuously embedded in LP(S') for every p > 1. Hence there
are constants M = M, such that

lallee < Mlulliys, we HY2(SY).

A proof can be found in the Appendix. Taking this estimate for granted and
observing that |H(z)| < ¢|z|? for all z € R?", we find a constant K > 0 such that

1
| (o) < el < ke,

for all z € HY2. Now, if z € E, then ®(z) > &[|z|]> — K||z|® and the lemma
is now obvious. The following picture (Fig. 3.7) illustrates our situation more
geometrically.

The estimate ®|9X < 0 reflects our assumptions H > 0 and m(H) > 7 + ¢
for our original function H € H(Z(1),wq), while ®|T" > 5 > 0 is a consequence of



3.4 THE EXISTENCE OF A CRITICAL POINT 95

Fig. 3.7

the assumption that H vanishes identically on some open set for which we could
choose a neighbourhood of the origin in R?".

Next we study what happens if we translate the set 3 by means of the flow ¢f(z)
belonging to the gradient equation # = —V®(z) on E. Since ®(p!(z)) decreases
in ¢ we conclude immediately from Lemma 8 that

(3.21) Q| OY) <0 all t>0.

By Lemma 9, on the other hand, ®|T" > 0 and consequently ¢!(0X)NT = for all
t > 0; the “frame” ¢!(9Y) cannot cross the “circle” T' as ¢ increases. Intuitively it
is, therefore, clear that the “surface” ¢!(X) spanned by the frame must intersect
I for every t > 0. This requires, however, a proof. It will be based on a topological
argument.

Lemma 10.
Z)NT # 0, al t>0.

Postponing the proof we shall first finish the proof of Proposition 6. In fact,
we are now in business. We can apply the following minimax argument. We take
the family F consisting of the subsets ¢! (2), for every ¢ > 0 and define

P = inf P(x).
(0T =igh ¢
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We claim that ¢(®,F) is finite. Indeed, since '(X) N T # @ and ®|T > 3 we
conclude that
8 < inf ®(x) < sup P(z) < oo.
ecl z€pt ()
For the second estimate we have used that ® maps, in view of Lemma 4, bounded
sets into bounded sets. Therefore,

-0 < f < ¢(P,F) < 0.

We know already that the functional ® satisfies the P.S. condition (Lemma 6) and
that the gradient equation generates a unique global flow (Lemma 7). Moreover, by
the properties of a flow, determined by time-independent equations, the family F
is positively invariant. Consequently the Minimax Lemma guarantees that ¢(®, F)
is a critical value. We deduce a point z* € E satisfying V®(z*) = 0 and

B(a") = ¢(®,F) > B>0,

and the Proposition is proved. It remains to prove Lemma 10.

Proof of Lemma 10. We shall use the Leray-Schauder degree. This degree extends
the Brouwer mapping degree to infinite dimensional spaces for the restricted class
of continuous mappings which are of the form id+ compact. Abbreviating the flow
by ¢!(z) = z - t, we wish to verify that (X-¢)NT # 0 for all ¢t > 0. We can rewrite
this by requiring

(3.22) (P~ 4+ P%(x-t) = 0
-t = «
r € X

Recall that, by Lemma 7, the flow has the representation z -t = etx~ + 20 +
e tat + K(t,x), so that (3.22) becomes

(3.23) 0 = ea +2°+ (P +POHK(t,x)
0 = a—fa-1
r € X

Multiplying the £~ part by e~* one finds the equivalent equations
(3.24) 0 = 2 +2"+(e'P” +PO)K(t,x)
0 = a—|e-t

r € X
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Since x € X is represented by =z~ + 2" 4+ se™, with 0 < s < 7, we can rewrite
(3.24) as follows:

(3.25) 0 =2+ B(t,z) and z€X,
where the operator B is defined by
B(t,z) = (et P~ + P°) K(t,z) + P+{(|\x ]| — a) et — x}

Abbreviating F = E~ @ E° + Ret the map B : R x F — F is continuous and
maps bounded sets into relatively compact sets. This was proved in Lemma 7.
We therefore can apply the Leray-Schauder index theory. The equation (3.25)
possesses, for given ¢ > 0, a solution € ¥ if we can show that deg(3,id +
B(t,-),0) # 0. In order to compute this degree we first observe, in view of ¢! (9%)N
' = for t > 0, that there is no solution of (3.25) on 9%, i.e.,

0¢ (z‘d + B(t, .)) (0%)
if ¢t > 0. Hence by the homotopy invariance of the degree,
deg (E,z‘d+B(t,~),O> — deg (E,id+ B(O,~),O>.
Since K(0,z) = 0 we find B(0,z) = P™{(||z|| — @)e’™ — z}. Defining the homotopy
Lu() = PH{(ulz| - a)e* — pa} for 0<p<1,

we claim x + L, (x) # 0 for € 0X. Indeed, if x € ¥ satisfies © + L, (x) = 0 then
x = se™ and, therefore, s((l —u)+u ||e+||) = «. Consequently 0 < s < « so that
x & 0¥ if T > « as claimed. Therefore, by homotopy again

deg (S,id + B(t,), 0) =
deg (Z,id—i—Lo, 0) -
deg (&id—ae*, 0) -
deg (z,id,ae+) — 1,

provided that et € X, which holds true for 7 > «. This finishes the proof of
Lemma 10 and therefore the proof of the proposition is completed. B
The critical point found in the proposition is a smooth periodic solution of the

Hamiltonian equation z = JVH(z) in R?" having period 1, as we know from the
“regularity” Lemma 5. This solution is the distinguished nonconstant 1-periodic
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solution we are looking for in Theorem 2 whose proof, therefore, is completed.
With this existence theorem for periodic solutions, we have also established the
existence of the special capacity function c¢o(M,w). Consequently, the rigidity re-
sults deduced in the previous chapter from the existence of a capacity function
¢ are now completely proved. We have demonstrated that these recently discov-
ered rigidity phenomena in symplectic geometry can be traced back to a simple
minimax argument applied to the old action principle of classical mechanics.

3.5 Examples and illustrations

In Chapter 2 we deduced from the axioms that open balls and cylinders in (R?", wy)
have the capacities ¢(B(r)) = e(Z(r)) = 7r? for every capacity function. This
agrees with the actions of the closed characteristics of 0B(r) and 0Z(r) as we
have seen in Chapter 1. For an ellipsoid E, the capacity c¢(E) also agrees with
the action of a particular closed characteristic of its boundary OFE. Recall that the
(reduced) action A(7) of a loop 7 in (R?*",wy) is defined by

Aly) = /pdq-

v

We consider now, more generally, a convex bounded and smooth domain D of
R?". Its boundary 0D carries at least one closed characteristic as we have demon-
strated in Chapter 1. It turns out, for the special capacity function ¢y constructed
above, that ¢y(D) is also represented by a distinguished closed characteristic of
the boundary of D.

Theorem 3. Assume C' C R?" is a convex bounded domain with smooth boundary
0C'. Then there exists a distinguished closed characteristic v* C dC satisfying

co(Cywo) = [A(Y")]

and |[A(y")| = inf{ [A(7)| : v C9C is a closed characteristic }

oC

Fig. 3.8
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The proof of this theorem is quite similar to the proof of Theorem 2 and we
refer to H. Hofer and E. Zehnder [123]. It is useful to point out that the same
representation formula holds true for the different capacity function defined on
subsets of R?™ which was originally introduced by 1. Ekeland and H. Hofer [68].
Consequently, these two capacities agree on such convex subsets C' C R?". As
another immediate consequence we conclude that the following estimate for the
action of periodic solutions x on convex and compact smooth hypersurfaces 0C
holds true:

|A(z)] > sup {mﬂz | there exists
a symplectic embedding ¢ : B(r) — C} = D(C, wy).
Here we have used the monotonicity of ¢g. This estimate considerably sharpens
an inequality due to C. Croke and A. Weinstein [58] for periodic solutions of
convex hypersurfaces. A. Kiinzle [131] observed that Theorem 3 can also be used
to describe a simple class of compact hypersurfaces in R?” which cannot be mapped

onto convex hypersurfaces by means of symplectic diffeomorphisms. Consider an
open and bounded domain M C R?" with smooth boundary S = OM satisfying

B(r)c M cC Z(r)

which is a full Bordeaux bottle as illustrated in the figure:

Fig. 3.9

M contains in particular a piece of a cylinder Z(p) having radius p < r. On
this piece the characteristics v of 0Z(p) are closed and have the action A(y) =
7p?. Assume now by contradiction that ¢ is a symplectic diffeomorphism of R?"
mapping M onto a convex domain C'. Then it maps the hypersurface 9M onto the
convex hypersurface dC. From the invariance of the capacity function, we deduce

mr? = co(M) = co(p(M)) = co(C).

By Theorem 3 we have, therefore, A() > 7r? for all characteristic loops 7 of dC.
But ¢ leaves the action invariant, so that

T = A(y) = A(s@(v)) < mr? < A(@(v))
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which is a contradiction. Evidently, the capacity of the above manifold M is also
represented by a closed characteristic on 0 M which, however, does not minimize
the action. As for general domains with smooth boundaries, it should be recalled
that it is not known whether every compact hypersurface in R?™ admits a closed
characteristic.

In the special case of 2-dimensional compact symplectic manifolds, the regular
energy surfaces are, of course, 1-dimensional and consist of finitely many periodic
orbits. This observation allowed K.F. Siburg [194] to compute the capacity cg in
this case:

Theorem 4. (K.F. Siburg) Assume (M, w) is a compact and connected symplectic
manifold, possibly with boundary, with dim M = 2. Then

co(M,w) = ’/w‘
M

We see that ¢y agrees with the total volume so that in dimension 2 this invariant
classifies symplectically diffeomorphic manifolds. This was shown in Chapter 1.

Proof. We first show that for every capacity function ¢

o(M,w) > MUJ‘

Given € > 0, then by removing finitely many compact curves on M, we find a
simply connected manifold N C M which is diffeomorphic to a closed disc D C R?

and which satisfies
ol = ol
N M

and we can choose the radius of the disc D such that its Lebesgue measure, u(D),
agrees with the integral of w over N. (Recall that a Riemannian surface is obtained
by a polygon in the plane by identifying suitably the edges; hence we might just
remove the curves corresponding to these edges to get a disc, see W. Massey [148].)
By the theorem of Dacorogna and Moser, see Chapter 1, this diffeomorphism can be
chosen to be symplectic. Therefore, by the monotonicity property of the capacity

¢(M,w) > ¢(N,w) = ¢(D) = u(D) > ‘/w‘—e.

This holds true for every € > 0 and the desired estimate is proved. It remains to

prove that
co(M,w) < ‘/w‘
M
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In view of the conformality property we may assume the integral on the right hand
side to be positive. Pick € > 0 and H € H(M,w) satisfying

m(H) > /w—i—e.

M

We have to establish the existence of a nonconstant T-periodic solution of & =
Xp(z) on M with period 0 < T < 1. Denote by R C [0, m(H)] the set of regular
values of H. Since the set of critical levels is compact, and, in view of Sard’s the-
orem, of Lebesgue measure zero, we find finitely many mutually disjoint intervals
I; = [a;j,b;] C R satisfying

Z(bj—aj) > m(H)—% > /w+%
J M
By definition of H(M,w) we have H = m(H) near OM. Therefore, if h € R, then
H~1(h) consists of finitely many embedded circles S' C M each of which carries
precisely one (nonconstant) periodic solution (¢, h) of Xg. Choose, for every j,
one of the components of H '[a;,b;] and call it A;. It is simply covered by a
smooth family ~(¢, h) of periodic solutions having periods denoted by T'(h) > 0,
when h € I;. Define the diffeomorphism ¢ = ¢;

@ (th) =t h) € Ay,
where 0 <t < T'(h) and a; < h < b;. We claim
p*w = dt Adh.

Indeed, since H(y(t,h)) = h for all t we conclude, denoting the partial derivatives
with subscripts, w(vi,vn) = dH(y(t,h))(yn) = 1. Therefore, one computes for

& € R?, that p*w(é,n) = w(dp& den) = w(&n + L, my + mm) =
&ima —&m = (dt Adh)(&,n), proving the claim. Consequently,

bj
/w = / Yw = /T(h) dh.
Aj e 1 (Ay) aj

Arguing now by contradiction we assume T'(h) > 1 for all h € R. Then
£
> C— ) > e
/w_Z/w>Z(bJ aj)_/w—&—Q,
M JA J M

by the assumption on m(H). This contradiction shows that there is indeed an h €
R and a periodic solution y(h) lying in some A; and having period 0 < T'(h) < 1.
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In view of the definition of ¢y the desired estimate follows and the proof of the
theorem is finished. B

To illustrate this theorem we consider a compact 2-dimensional manifold with-
out boundary. In this case the proof shows that for every H € C?(M, R) satisfying
max H — min H > | [ w| the Hamiltonian vector field X admits a “fast” periodic
solution of period 0 < T' < 1. We would like to add another elementary observation
concerning the special case of subsets of R2. We know from Chapter 2, that for
every capacity function, ¢(D) = area(D) for a bounded connected subset D of R?
having smooth boundary. Since the special capacity ¢o has the additional property
of inner regularity we can easily extend this statement to open subsets of R2.

Proposition 7. If O C R? is an open bounded and path connected set, then
co(Qwp) = area().

Proof. Exhaust Q = |JKj,j > 1 by compact sets K; C I(;'jJrl and define smooth
functions §; : 8 — R by setting §;(z) =0if x € K, and §;(z) = 1 if x € Q\Kj41.
Define 8 € C*°(Q2) by
B(z) = Z Bi(z), xzeq.
Jj=1

Then B(x) — +oo as z — R*\Q. Now take a sequence b,, — oo of regular values
of B and consider the compact symplectic manifolds D; = S~!(—o0,b;] having
smooth boundaries. Then € = UDj;,j > 1. Since ¢y has the property of inner
regularity we conclude ¢o(2) = lim ¢y(D;), as j — oo. From the regularity of
the Lebesgue measure we find, on the other hand, area (2) = lim area (D;)
as j — oo. Since we already know that co(D;) = area (D;), the proposition is
proved. B

Although the invariant ¢ is defined by means of special periodic solutions, it
is not at all surprising that in the 2-dimensional case it is intimately related to the
area, since the symplectic form is the area form. In higher dimensions the capacity
cp 18, in contrast, not yet understood. It turns out that it is extremely difficult to
compute this capacity. But some examples are known which are mentioned next.

Theorem 5. Consider (CP™,w) with the standard symplectic structure related to
the Fubini-Study metric. Then

co (CP" w) = .

This result is due to H. Hofer and C. Viterbo [122]. We do not give a proof
here and remark that the proof analyzes the structure of the holomorphic spheres
in CP™ and is based on a Fredholm theory for first order elliptic systems. Now
assume that (M,w) is any compact symplectic manifold without boundary, and
denote by mo(M) the homotopy classes of maps u : S? — M. Then there is a map
m2(M) — R given by

ur (w,u) = /u*w eR.
S2
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Define o* (M) € RU {oo} by
a* (M) = inf {(w,u}’ueﬂg(M) and (w,u) >0}.

Moreover, if mo(M) = 0, we set a* = oo. Then the following result due to A. Floer
— H. Hofer — C. Viterbo[88] and R. Ma [146] holds true.

Theorem 6. Consider the symplectic manifold (M x R?",w @ wp) with n > 1 and
assume o* = a*(M) > 0 or a* = co. Then

CO<MXB(T)) = Co<M><Z(7‘)) = mr?,

provided mr? < a*.
The case of the symplectic torus 72" will be discussed in the next chapter.

Incidentally, by restricting the class of Hamiltonian functions admitted in
the definition of ¢o(M,w), one finds different capacity functions. For example,
if H(M,w) = {H € H(M,w)| support of VH is contractible in M} and corre-
spondingly H,(M,w) = Ha(M,w) N H(M,w), then we can define

¢o (M,w) = sup {m(H) ’ H Gﬂa(M,w)}.

Our proof shows that ¢ is a capacity function; the related periodic solutions are
all contractible. It clearly satisfies

D(Maw) < C~O(M>w) < CO(Maw)

where D(M,w) is the Gromov-width introduced in Chapter 1.






Chapter 4
Existence of closed characteristics

In the previous chapter, the dynamical approach to the symplectic invariants led to
the special capacity function cq. Its construction was based on a variational prin-
ciple for periodic solutions of certain Hamiltonian systems. The period of these
periodic solutions was prescribed. In this chapter we shall deduce from this sym-
plectic invariant the existence of periodic solutions on prescribed energy surfaces.
If we neglect the parametrization of such solutions the aim is to find closed charac-
teristics of a distinguished line bundle over a hypersurface in a symplectic manifold.
It is determined by the symplectic structure, as explained in the introduction. A
very special symplectic structure on the torus will lead us to M. Herman’s coun-
terexample to the closing lemma in the smooth category.

4.1 Periodic solutions on energy surfaces

The flow ¢ of a Hamiltonian vector field
(4.1) & = Xy(x), zeM

on a symplectic manifold (M,w) leaves the level sets of the smooth function H on
M invariant, i.e., H(¢'(x)) = H(x) as long as ¢ is defined. Fixing a value of this
energy function which we can assume to be E = 1, we shall require the subset

(4.2) S = {xeM(H(x) - 1}
to be compact and a regular, i.e.,

(4.3) dH(z) # 0 for z€S8.

Thus S C M is a smooth and compact submanifold of codimension 1 whose tangent
space at € S is given by

(4.4) 1,8 = {fGTgCM | dH(z)¢ = 0}.

By the definition of a Hamiltonian vector field we have Xy (z) € T,.S so that X is
a nonvanishing vector field on S whose flow exists for all times since S is compact.
Our aim is to find a periodic solution for Xz on the energy surface S. This is a
qualitative existence problem described in the introduction.

In order to illustrate the method employed we start with a preliminary result.
The trick is to thicken the given energy surface S and to consider a 1-parameter

H. Hofer and E. Zehnder, Symplectic Invariants and Hamiltonian Dynamics, 105
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family of surfaces parameterized by the energy. Since S is compact and regular
there is an open and bounded neighborhood U of S which is filled with compact
and regular energy surfaces having energy values near £ = 1:

(4.5) U=J S,

where [ is an open interval around A = 1 and where S\ = {z € U|H(z) = \}
is diffeomorphic to the given surface S, which corresponds to the parameter value
A = 1. Indeed, take any Riemannian metric on M, then the gradient of H with
respect to this metric does not vanish, VH # 0, in a neighborhood of S, in view
of (4.3). We can, therefore, define the modified gradient vector field

i = VH(zx)
VH(x)[?

near S, which is transversal to S. Its flow 1! satisfies
H(W(m)) = 14t

for z € S and, therefore, defines a diffeomorphism (x,t) — ¥!(z) from S x (—¢,¢)
onto an open neighborhood U of S as claimed.

Theorem 1. (Hofer-Zehnder) Let S be a compact and regular energy surface for the
Hamiltonian vector field Xgy on (M,w). Assume there is an open neighborhood
U of S having bounded capacity: ¢o(U,w) < oco. Then there exists a sequence
Aj — 1 of energy values, such that Xy possesses a periodic solution on every
energy surface S ;.

Actually, the proof establishes more solutions:

Corollary. There is a dense subset X C [ such that for A € ¥ the energy surface
Sy has a periodic solution of Xy, provided ¢q(U,w) < 0.

It should be emphasized that there are no assumptions required for the given
regular and compact energy surface S other than that a bounded open neighbor-
hood must have finite capacity. For example, in the special case of the standard
symplectic manifold (R?",wp) a bounded set U is contained in a large ball B(R)
and, consequently, by the monotonicity of the capacity, always has finite capacity.
Hence every compact regular energy surface S C R?" gives rise to an abundance
of periodic solutions for the Hamiltonian vector fields Xy having energies near the
prescribed energy.

Proof. The statement is an immediate consequence of the definition of the spe-
cial capacity ¢ if we recall from the introduction that we have the freedom to
choose a convenient Hamiltonian function representing the energy surfaces. We
shall construct an auxiliary Hamiltonian function F' on U which is constant on
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every surface S contained in U and which, in addition, belongs to the set H(U,w)
of functions defined in the previous chapter.

IfI={1-p<A<1+p} forsome p >0 wepick an € in 0 < £ < p. Since, by
assumption, ¢o(U,w) < 0o we can choose a smooth function f: R — R satisfying:

f(s) = coU,w)+1 for s<1—¢ and s>1+¢
f(s) =0 for 1-5£<s<1+4¢
fis) < 0 for 1—e<s<1-%
f'(s) > 0 for 1+5<s<l+e.
AF
— - m(F)
0
Fig. 4.1
A
f
co(U,w) +1 _
\ ;s
0 l—c 1 14¢

Fig. 4.2
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Define F': U — R by
Fz) = f(H(x)) . zel.

Then F € H(U,w) and m(F) > ¢o(U,w). Consequently, in view of the definition
of the capacity ¢(U,w) there exists a nonconstant periodic solution z(t) having
period 0 < T <1 of the Hamiltonian system:

Sb:XF(SU), xeU.

In view of the definition of a Hamiltonian vector field w(Xp(z),- ) = —dF(z) =
—f'(H(z))dH(x) =w(f(H(x))Xg(x),- ) and, therefore,

Xp(z) = f’(H(m)) Xy(z), zeUl.

Moreover,
H(m(t)) — A

is constant in ¢, since 4 H(x(t)) = dH (z(t))-&(t) = f'(H) -w(Xg, Xg) = 0. Since
x(t) is not a constant solution we conclude

f’(H(a:(t))) — f'(\) = T #0.

Thus, in view of the definition of the function f, the value A belongs to the set
l—e<A<1-=5orl+5 <\<1+4e. Inparticular [\ —1| < e. Reparameterizing,
we define the closed curve y : R — Sy by

which has period 771" and satisfies

1 t
0= L5 ()=o)
y(t) =~ (= m(y(t)
hence is a periodic solution of the original Hamiltonian vector field Xy on the
energy surface H(y(t)) = \. Moreover, |A —1| < e. Since ¢ is arbitrary the theorem
is proved. Replacing A = 1 by any other value of A in the interval I we have proved,
by the same argument, also the corollary. ll

One has to keep in mind that the periodic solutions guaranteed by Theorem 1
are very special. They are indeed found indirectly by a special variational principle
hidden in the construction of the symplectic invariant ¢y and there may exist many
other periodic solutions. Moreover, the periodic solutions do not necessarily lie on
the given energy surface .S for Xy but only nearby. However, if we know in addition,
that the periods T} of the periodic solutions x; on Sy, for Xz are bounded, we
can conclude that S too has a periodic solution. This simple observation will be
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very useful later on. To be precise we choose a Riemannian metric g on M and
abbreviate g(z)(&,m) = (£,1) and g(x)(£, &) = |€|%. If (t) is a periodic solution of
period T we can introduce its length by

T

() = / | (t)] dt.

0

Possibly after shrinking the open neighborhood U, we may assume
C < [Xu()| < C, zeU

for a constant C' > 0. Since the x;(t) solve the Hamiltonian equations &,(t) =
Xu(z;(t)) we conclude

C_l'Tj é l((E]) é C’I}

Proposition 1. Let A; — 1 and assume that the periods T (or equivalently the
lengths I(x;)) of the periodic solutions x;(t) on Sy, are bounded. Then S = S;
possesses a periodic solution of Xp.

Proof. Normalizing the periods to 1 we define y;(t) = 2;(7}; - t) for 0 <t <1, so
that
B;(t) = T Xa (u,(0))

and H(y;(t)) = A;. Since, by assumption, the right hand side is bounded, we
find by means of the Arzela-Ascoli theorem a subsequence such that 7; — 1" and
y; — y with convergence, at first in C°, and, by making use of the equation, in
C*°. The function y : [0,1] — U is periodic with period 1, satisfies H(y(t)) = 1,

and
i) = TXu (y®)),

and is thus the desired periodic solution if 7' # 0. Arguing by contradiction, we as-
sume T = 0. Then y; — {y*} shrinks to a point y* and Xy (y(t)) — Xu(y*) = V.
Since the energy surface S is regular, V' # 0. We can estimate in local coordinates
near the point y*;

Kuly).V) > (1—2) V]2

for some small € > 0 and all j sufficiently large, so that
T (g;(0), V) = (L—¢) V]2

Integrating over the period we conclude V' = 0 contradicting V' # 0 and proving
the proposition. B

Having established the existence of periodic solutions of a Hamiltonian vector
field Xy, it is useful to remember that, in general, a periodic solution belongs to a
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whole family of periodic solutions parameterized by the energy. This will be proved
by the so-called Poincaré continuation method. This local technique is based on the
implicit function theorem and requires some knowledge of the Floquet multipliers
of a given reference solution.

Consider a periodic solution x(t) = z(t, E*) of X having energy E* = H (z(t))
and period T' = T™. Since the vector field Xy is time independent one of the
Floquet multipliers of z(¢) must be equal to 1. Indeed, abbreviating = x(0) we
can differentiate the flow ¢t o ©®(z) = p® o p!(z) in s at s = 0 and obtain

dg' (@) X (2) = Xu ('(2))
for all t. If t = T is the period and hence p” (x) = 2 we obtain
de"(z) Xy (2) = Xpg(z) € T, M.

By definition, the eigenvalues of the linear map dp’ (x) : T,M — T,M are the
Floquet multipliers of the periodic solution z(t) and we have just verified that 1
is always a Floquet multiplier. But since d¢® (z) is a symplectic linear map, the
eigenvalue 1 has necessarily even multiplicity, so that x(¢) possesses always at least
two-Floquet multipliers equal to 1. Actually we shall verify this during the proof
of the following proposition which was known to H. Poincaré.

Proposition 2. Assume a periodic solution x(¢, E*) of Xy on M having energy
E* = H(z(t, E*)) and period T* has exactly two Floquet multipliers equal to
1. Then there exists a unique and smooth 1-parameter family x(¢, E') of periodic
solutions with periods T'(F) close to T* and lying on the energy surfaces

H(x(t,E)) - E

for |E — E*| sufficiently small. Moreover, T(E) — T(E*) as E — E*.

Postponing the proof we observe that the reference solution z(t, E*) is not
isolated in M as a periodic solution. The periodic solutions z(t, E) correspond to
different values of E' and it will turn out in the proof that, on the fixed energy
surface F, this solution is isolated among those periodic solutions having peri-
ods close to T. Geometrically, the periodic solutions z(¢, E') fill out an embedded
cylinder in M as illustrated in the following figure 4.3.

Proof of Proposition 2. It is useful to recall the construction of a transversal section
map belonging to a periodic solution. Assume z(t) to be a nonconstant periodic
solution of a vector field X on M and denote by T" > 0 its period. Then, we can
intersect x(t) at the point p = x(0) with a (2n — 1) dimensional hypersurface,
i.e., a local submanifold ¥ C M with codim ¥ = 1 to which the vector field X is
nowhere tangential. This means that T, and X (z) span the tangent space T, M
for every x € ¥ near p:

T,M = T, & (X(z)), z€X.
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~ SE*

Fig. 4.3

If ¢! denotes the flow of X then ¢’ (p) = p € ¥. Since the flow depends differen-
tiably on x we can define a smooth map 1 : ¥ — ¥ locally near p by following an
initial point € 3 along its solution !(z) until it meets 3 again, i.e.,

Pa) = ¢ (@), zem.

Here 7 = 7(x) is close to T' > 0 and uniquely determined so that ¢ (z) € .
Clearly v(p) = p. This map 1 is called the Poincaré section map of the periodic
solution z(t). It is important for us to know the eigenvalues of the linearized map

di(p) : T,X — T,%

at the fixed point p € X. The relation of these eigenvalues to the Floquet multipliers
of z(t), i.e., the eigenvalues of dp” (p)

dp™(p) : T,M — T,M
is given by the following

Lemma 1. do” (p) has 1 as an eigenvalue with eigenvector X (p) and the remaining
eigenvalues are those of di)(p): i.e., the characteristic polynomials are related by

det </\ - d(pT(p)> = (A —1)det (/\ - d¢(p)).

Proof. We have already verified the first part of the lemma. Differentiating ¢ at p,
we obtain for £ € T),X

dy(p)¢ = deT(p)é + Lot o dr)
= de"(p)¢ — MEX(p),

where we have abbreviated the linear form d7(p)¢ by —A(§). With respect to
the splitting T, M = (X(p)) ® T,,%, the linear map dy” (p) has, therefore, the




112 CHAPTER 4 EXISTENCE OF CLOSED CHARACTERISTICS

representation

from which the lemma follows immediately. B

Evidently the fixed points of ¢ near p are the initial conditions of all the
periodic solutions near the reference solutions x(¢) which have periods near T
We shall use this observation in order to prove Proposition 2. Let z(t) be the
periodic solution of the proposition. Then H(z(t)) = E* and dH(x) # 0 for z
near x(t). Moreover, dH(Xp) = 0. We can, therefore, introduce near p = x(0)
convenient local coordinates (z1,...,72,) € R?" such that p corresponds to z* =
(E*,0,...,0) and such that H(z1,...,x2,) = 21 and moreover, such that x4, =0
is a local transversal section X. In view of H(p!(z)) = H(z) the section map 1 is,
in these coordinates expressed by

v ( - ) <w/<x',x“>=x' )
' 2! ’(/JN(CC',.%‘”) :

where the coordinates (2/,2”) € ¥ stand for 2/ = z; and 2" = (22,...,22,-1).
The aim is to find the fixed points of ) near z*. In order to do this we only have
to solve the equation

w/l($/7x/l) — m//7
since the first equation ¢’(z/,2”) = 2’ is automatically satisfied. Since, by as-
sumption, ¥ (z*) = «* is a reference solution, we can apply the implicit function
theorem, observing that in our coordinates the linearized map is expressed by

1 ‘ 0
dy(z”) =
* ‘ 5o V" (a)
Recalling the assumption of Proposition 2 and Lemma 1, the matrix

0 .
WW’(SC ) — Lo

is nonsingular. Therefore, there exists a unique map 2’ — z” = a(a’) solving
the equation ¢"(2',a(z’)) = a(z’). Thus 2’ = E and 2’/ = a(E) are the initial
conditions on ¥ of the desired periodic solutions satisfying Proposition 2. B

One is tempted to apply Proposition 2 to the periodic solutions on S, guar-
anteed by Theorem 1 in order to establish the existence of a periodic solution
on the given energy surface S as A; — 0. But unfortunately nothing can be said
about the Floquet multipliers of these solutions. In addition, Proposition 2 is of
a local nature: globally the cylinder of periodic solutions may eventually become

tangential to an energy surface. This situation has been studied by C. Robinson
in [183], 1970.
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4.2 The characteristic line bundle of a hypersurface

The search for periodic orbits of a Hamiltonian vector field lying on a prescribed
energy surface S is independent of the choice of the Hamiltonian representing S:
it only depends on the submanifold S and the symplectic structure w. Indeed, as
explained in Chapter 1, this dynamical problem can be described geometrically.
We consider a submanifold S C M of codimension 1, i.e., a hypersurface of the
symplectic manifold (M,w). Then the symplectic structure w and S determine a
distinguished line bunde Lg C TS, as follows. If € S, then restriction of the
2-form w to the odd-dimensional subspace T,S C T,.M is necessarily degenerate.
The kernel of this restriction if of dimension 1, because w is nondegenerate on
T, M, and hence defines a line bundle, Lg C T'S,

Ls = {(x,§) € TpS|wx(&§,m) = 0 forallneT,S}.

This line bundle gives the direction of every Hamiltonian vector field having S as
a regular energy surface.

Proposition 3. Assume the smooth function H represents S as S = {z|H(z) =
const} and satisfies dH # 0 on S. Then

Xnu(z) € Lg(x) forallz e S .

Proof. Since the tangent space is given by 7,5 = { € T, M|dH () = 0} we have
w(Xp(r),) =—dH(@x), =0forall { € T, 5. A

Notation. The bundle Lg is called the characteristic line bundle of the hypersurface
S. A closed characteristic of S, or a periodic Hamiltonian orbit of .S, is an embedded
circle P C S satisfying

TP = Lg]|P.

In the following we shall denote the set of closed characteristics of S by
P(S).

It agrees with the set of unparameterized periodic solutions of every Hamiltonian
vector field Xz on S having S as a regular energy surface.

Assume now that Lg — S is orientable, i.e., the bundle possesses a nonvanish-
ing section. We shall show that there exists a Hamiltonian function H : U — R
defined on a neighborhood of S and representing S = H~1(0) as a regular energy
surface. We make use of an almost complex structure on M compatible with w,
i.e., a smooth family of linear maps J(x) € L(T, M),z € M, satisfying J? = —1
and

w@)(& @) = g(@) (En)
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for all £, € T, M, with a Riemannian metric g. If Ng — S is the normal bundle
of S whose fibre at x € S is defined by

Ng(z) = {neTxM ’ g(x)(n,&) = 0 for all §€TQS},
we have the bundle isomorphism
Ls— Ns: (@,6) — (2,J(@)¢).

This map is indeed well-defined and injective on each fibre: if w(&,n) = 0 for
all n € T,.S then g(n, JE) = w(n, J?¢) = —w(n,€) = 0. The normal bundle Ny is
orientable since Lg is orientable. Therefore, Ng and S xR are isomorphic as vector
bundles. Taking a nonvanishing section o of Ng, so that 0 # o(z) € Ng(x) C T, M
we can define the map

Y:8 X (—ee)-UCM

by means of the exponential map (z,t) — exp,(to(z)). It is a diffeomorphism onto
an open neighborhood U of S if S is compact and ¢ sufficiently small. If

F:Sx(—ee)—R

is the smooth function F(x,t) = t, then the composition H = Foy~!t: U — R is
the desired Hamiltonian; it satisfies S = H~1(0) and dH # 0 as claimed.

Definition. Let S be a compact hypersurface in (M, w). A parameterized family of
hypersurfaces modelled on S is a diffeomorphism

V:SxI—UCM,

I being an open interval containing 0, onto a bounded neighborhood U of S sat-
isfying

P(x,0) =z for zeb.

We shall abbreviate in the following S. = (S x {¢}) and later on we often simply
write (S:) instead of .

We remark that the following statements are equivalent: (i) The line bundle
Lgs — S is orientable. (ii) The normal bundle Ng — S is orientable. (iii) S is
orientable. (iv) There exists a parameterized family of hypersurfaces modelled
on S. (v) There exists a smooth function H € C*(U,R) defined on an open
neighborhood U of S representing S = {x € U|H(z) = const.} and satisfying
dH +# 0. Using these concepts we can reformulate Theorem 1 of the previous
section as follows:
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Theorem 2. (Hofer-Zehnder) Let S be a compact hypersurface in (M,w) and let
(Sc) be a parameterized family of hypersurfaces modelled on S. If ¢o(U, w) < o0,
then there exists a dense set X C I such that

P(S:)#0 for ceX

In order to find closed characteristics on the hypersurface S and not merely
close by we shall now restrict the class of hypersurfaces under consideration. We
assume that S is the boundary of a compact symplectic manifold (B,w) C (M,w),
ie., dB=S5.

Fig. 4.4

Then if (S.) is a parameterized family modelled on S we have S. = 9B, for
symplectic manifolds B. and we assume the parametrization to be chosen such
that

B.C B. if e<¢.

In view of the monotonicity property of a capacity we then have
co(Beyw) < co(Beryw) if e <é,

so that the function

is monotone increasing.
Definition. The hypersurface S.« is called of ¢o-Lipschitz type if there are positive
constants L and p such that

Ce) < CE") + L(e—¢)

for every € in the interval e* < e < e&* 4 p.

Using the monotonicity property of ¢y one verifies easily that the definition
does not depend on the choice of the family S. modelled on S.-. We illustrate the
concept by an example. Let S = 0B be the boundary of the compact manifold B
and assume there exists a vector field X in a neighborhood of B satisfying

(i) Lxw = w

(ii) X(z)¢T,S it z€S.
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Fig. 4.5

The flow ? of X defines a distinguished parameterized family of hypersurfaces
modelled on S by

Y(z,t) = ¢'(x), z€S.
for |¢| sufficiently small. From Lxyw = w one deduces (¢')*w = e'w. Defining B; :=
©'(B) the map ¢! : (B,w) — (B, e 'w) is, therefore, symplectic and using the
invariance and conformality of ¢y we find e co(By,w) = co(By, e 'w) = ¢o(B,w)
so that

co(Bt,w) = €' co(B,w).

The function C(t) = ¢o(By,w) is differentiable at ¢ = 0 and thus we have verified
that S is of ¢g- Lipschitz type.

Theorem 3. Assume c¢o(M,w) < co. If the compact hypersurface S C M bounds a
symplectic manifold and is, moreover, of co-Lipschitz type then

P(S) # 0.
Proof. By assumption we find a parameterized family S. with S = Sy such that
(4.6) Ce) <C0)+ L-¢

for 0 < e < p. For 0 < 7 < p we introduce the set F, consisting of smooth
functions f: R — (C(0) — 7L, c0) satisfying

f(s) = a if <0
f(s) = b it s>7
0< fl(s)<c if  0<s<3

where the constants a, b, ¢ are restricted by the conditions
CO)—Lr < a < C(0)
C(0)+2LT7 < b

IN

C(0)+ 3Lt
c = 10L.
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Note that F, # (). Fixing 7 and recalling the definition of ¢o(Bp), we find an
admissible function H € H,(Bo,w) satisfying C(0) — LT < m(H) < C(0). Then
we choose an f € F, with a = m(H) and define the Hamiltonian function F' by

F(z) = f(e) if 2e€8.,0<e<rt
F(x) = b if r ¢ B;.

Clearly F' € H(B;,w) and in view of (4.6)

m(F) = b > C(0)+ 2Lt > C(0) + Lt > C(1).

Ciry
\ [ o

_ J

N —
B, ~——

Fig. 4.6

Since m(F) > co(Br,w) = C(7) we deduce from the definition of the capacity
function ¢g a nonconstant periodic solution x(¢) having period 0 < T' < 1 of the
Hamiltonian system

&t = Xp(x), x€B,.

By construction this solution cannot be contained in By, since the restriction of F'
onto By is an admissible function, and By being invariant under the flow of Xp,
the solution z(#) must be contained in B,\By. As the solution is not constant we
find by the properties of f an ¢ in 0 <& < 5 such that

2(t) C S..

This argument works for every 7 > 0, and choosing a sequence 7; — 0 we thus
find sequences F; and ¢; and a corresponding sequence x;(t) of periodic orbits of
X, satisfying

l‘j(f)CSEj, Ej—>0
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and having periods 0 < 7} < 1. These solutions satisfy, in addition, some estimates
independent of 7. Define on
- U S.

eel
a fixed Hamiltonian function K having the hypersurfaces S. as regular energy

surfaces by setting
K(x) = ¢ if zeb..

If v € S; and 0 < ¢ < p then for every 7; we have Fj(z) = f;(K(x)) and,
therefore, Xp(x) = f/(K(x)) - Xk (2) where we did not indicate the dependence
of the functions f and F' on j. By construction, the periodic functions solve the
equations

i) = f'(e)Xx(2;0))

z;(0) = x;(T3)
and 0 < 7 < 1. Reparameterizing, the functions

50 = (75)

solve the Hamiltonian equations
3;(t) = Xi(y;) and K(yj(t)) = ¢

The crucial observation now is that the periods of y; are given by f'(¢;) - Tj
and hence, in view of f’(e;) < 10M, the periods are bounded. By Proposition
1 we, therefore, conclude that there exists a periodic solution z(t) of Xk on the
energy surface K(z) = 0 which is the hypersurface S = Sy. This periodic solution
parameterizes the desired closed characteristic on S. B

Recall now that the function C'(g) = ¢o(B.,w) defined above is monotone. By
a theorem due to Lebesgue it is, therefore, differentiable almost everywhere and
thus Lipschitz continuous almost everywhere and we deduce from Theorem 3

Theorem 4. Assume the hypersurface S C (M,w) bounds a compact symplectic
manifold. If (S.) with € € I is a parameterized family of hypersurfaces modelled
on S, then (m denoting Lebesgue measure)

m{eer|P(s.) 20} = m(D),

provided ¢o(M,w) < oc.

A compact and connected hypersurface S C R?" separates the space into a
bounded and an unbounded component. (Indeed, every compact smooth hyper-
surface M C R™ is orientable; the statement follows from the Jordan-Brouwer
separation theorem, we refer to E. Lima [142] for a short differential geometric
proof in the smooth case.)We, therefore, conclude for the special case of hypersur-
faces in the standard symplectic manifold (R?",wg) the
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Corollary. For every compact hypersurface S C (R?",wg) and every parameterized
family (S:),e € I, of hypersurfaces modelled on S

m {g el ] P(S.) # @} — m(D).

This result was first proved by M. Struwe in [207] who cleverly modified the
proof by H. Hofer and E. Zehnder in [123] of the weaker statement that P(S.) # 0
for a dense set of £ in I. As an illustration we take a smooth function H € C2°(R?"),
i.e., having compact support. Then the set of critical levels is compact in R and,
moreover, by Sard’s theorem of measure zero. Consequently, for almost every h in

minH < h < maxH

there exists a nonconstant periodic solution zy,(¢) of the Hamiltonian vector field
X having energy H(xp(t)) = h. This is a local analogue to a recent result due to
C. Viterbo [218] for mappings instead of vector fields. It states that a symplectic
diffeomorphism ¢ of (R?",wq) which is the identity map outside a compact set
K C R?" possesses infinitely many periodic orbits contained in K. We should
mention that C. Viterbo also deduced his result from the existence of a symplectic
invariant for subsets in (R?",wy) whose relation to the capacity cg is so far not
understood.

4.3 Hypersurfaces of contact type, the Weinstein conjecture

We next single out another symplectic property of a hypersurface which guarantees
the existence of a closed characteristic. Prompted by the first global results for
convex and star-like energy surfaces in R?”, A. Weinstein introduced in [226] the
following concept:

Definition. A compact and orientable hypersurface S C M in the symplectic man-
ifold (M,w) is called of contact type if there exists a 1-form « on S satisfying

(i) da = j*w
(i) a) # 0 for 0#E€ Ly,

where j : S — M is the inclusion map and Lg is the canonical line bundle of S.

Since £ € Lg is in the kernel of w|S and «(£) # 0, the kernel of «, given
by kera(z) = {n € TS| ay(n) = 0}, is a (2n — 2)-dimensional subspace of T,,S
on which the 2-form w, and hence also da is nondegenerate. Consequently, a A
(da)"~1 is a volume form on S. Geometrically the 1-form « defines a smooth
field of hyperplanes on S which is an example of a contact structure on the odd-
dimensional manifold S.
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A. Weinstein conjecture (1978): A hypersurface S of contact type and satisfying
H'(S) = 0 carries a closed characteristic.

We shall verify the conjecture without the topological assumption H'(S) = 0
but under the symplectic assumption that S has a neighborhood U C M of finite
capacity: ¢o(U,w) < co. We first reformulate the concept of contact type following
A. Weinstein [226].

Proposition 4. A compact hypersurface S C M is of contact type if and only if
there exists a vector field X, defined on a neighborhood U of 5, satisfying

(i) Lxw = w on U.

(ii) X(x) ¢ T,S ifzes.
i.e., X is transversal to S.
In order to prove the proposition we start with a Poincaré-type lemma.

Lemma 2. Let 7: E — N be a vector bundle and let a be a closed k-form on FE
satisfying j*a = 0, where the inclusion map j : N — E is the zero section of the
bundle. Then there exists a (k — 1)-form 3 on E satisfying

a = df and PFIN = 0.

Proof. Using the linear structure of the fibers we can define, for ¢ > 0, the con-

traction maps ¢' : E — FE along the fibers by multiplication: ¢!(x) = ¢ - .

With X; we denote the time-dependent vector field on E generated by the fam-

ily of diffeomorphisms as usual by 4 of(z) = X;(¢'(2)) if t > 0. If we define
d

Xi(z) = 4 o' (z)|;=1 € T,E we have the representation X;(z) = 1X1(x). More-

over, X;(z) = 0if x € N. Using da = 0 we find by Cartan’s formula
d * * *
(@) a = (@) Lxa = d{(@)ixal,
where )
(") ix.ale) = alt-2)(5de'Xa(), de' - ).
Because }irr(l)(got)*a = 7" j*a =0 and ¢'(r) = 2 we conclude that

a = (p)a—lim (@)

1
_ : d *
= }%{ a(gpt) adt

1
= d [ ((¢")ix,a)dt = g
0
for a smooth (k — 1)-form  on E. If z € N, then X;(z) = 0 and hence ix,a =0

so that B(x) = 0. This finishes the proof of the lemma. B

We shall use the lemma to extend the 1-form « on S to an open neighborhood
of S.
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Lemma 3. If S C (M,w) is of contact type then there exists a 1-form 7 on a
neighborhood U of S satisfying

(i) dr = w on U
(ii) j*r = a on S
where j : § — U is the inclusion mapping.

Proof. Since S is compact and oriented there exists a diffeomorphism 1 : S X
(=1,1) — U onto an open neighborhood U of S satisfying ¢ (z,0) = « for all
x € S. This has been proved in the previous section. The projection map (z,t) — =
from S x (—1,1) onto S induces, therefore, a smooth map r : U — S which is the
identity on S. Define the 1-form p on U by p = r*«. Then j*u = j*r*a = a. We
now consider the 2-form w — dp on U. Then

dlw—dp) = dw = 0,
since a symplectic structure is a closed form. Moreover, using that j*w = da
J(w—dp) = da—d(j*p) = da—da = 0.

Since U is diffeomorphic to S x (=1, 1), which in turn is isomorphic to the bundle
S x R, we can apply Lemma 2 to the 2-form w — du and find a 1-form ¢ on U
satisfying w — du = d and j*9 = 0. Consequently, if we define the 1-form 7 on
Uby7=p+9 we find dr = d(p+9) = w and j*7 = j*u = « as desired in the
lemma. H

We are now ready to prove Proposition 4. Assume S C M is of contact type.
Then taking the 1-form 7 of Lemma 3 we can define the vector field X on U by

ixw =17 on U

This vector field has the desired properties of the proposition. Indeed, by Lemma
3, w=dr =d(ixw) = —ix(dw) + Lxw = Lxw and it remains to show that X is
transversal to S. If 0 # ¢ € Lg(x) then

w(X(@),€) = 76 = a(§) # 0

by the assumption on a. Since £, by definition belongs to the kernel of w restricted
to the tangent space T,.S we conclude that X (z) ¢ T,S.

Conversely, if the vector field X meets the assumption (i) and (ii) of the propo-
sition we define the 1-form a on U by

a = ixw.

Then da = d(ixw) = Lxw = w, and from the transversality condition X (x) ¢ T,
we conclude 0 # w(X(x),&) = «a(&) for 0 # £ € Lg(x). We have verified, with
this 1-form «, that S is of contact type. This finishes the proof of the proposition. B
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The significance of the property of S being of contact type lies in the fact that S
admits a distinguished parameterized family (S¢) of hypersurfaces modelled on S.
It is defined by the flow ¢ of the special vector field X guaranteed by Proposition
4. Since S is compact and X is transversal to S, the map

Y: 8% (—ee)—=UCM

defined by 9(x,t) = '(z) for € S and |t| < ¢ is a diffeomorphism onto an
open neighborhood U of S provided ¢ > 0 is sufficiently small. From Lyw = w we
conclude () *w = (p!)*Lxw = (¢')*w. Hence in view of ¢° = id,

Assume now that £ € Lg(z), then for all n € T,
0 = wigm) = dwgn) = @) wEn = w(de @8 de' (@),
and consequently do'(z)¢ € Lg,(p'(z)). We see that
T(pt . L:S — L"St

is an isomorphism of vector bundles. Therefore, ¢! induces a one-to-one correspon-
dence

P(S) «— P(S)
of the closed characteristics by P +— ¢!(P). This leads us to the following definition:

Definition. A compact hypersurface S C (M,w) is called stable if there exists a
parameterized family (S.) modelled on S having the following additional property:
the associated diffeomorphism 1 : S x (—1,1) — U induces bundle isomorphisms

TY. + Lg— Ls,,

for every € € (—1,1).

A hypersurface of contact type is stable as we have just proved. A stable hyper-
surface need, however, not be of contact type as the following example illustrates.
Consider the symplectic manifold M = N x R? with the symplectic structure
w = w1 ® wp, where (N,w1) is a compact symplectic manifold without boundary.
Consider the hypersurface

S = Nx{|z|2:1}cM

and define the parametrization ¢ : S x (=1,1) — M by setting ((x, 2),e) =
(7,e2), so that Sc = N x {|z|? = £?}. Evidently S is stable but S is not of contact
type. Otherwise we find a 1-form « on S satisfying da = j*w, with the inclusion
j:S — M. Denoting by i : N — N x {(1,0)} the inclusion of N in S we infer
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that i*(da) = i* j*w = wy. Consequently, the symplectic form w; = d(i*a) must
be exact. This, however, is not possible. Indeed, by Stokes’ theorem

vol (N) = /wl/\.../\wl =0,
N

hence w§n) is not a volume form and thus w; is degenerate, contradicting the

assumption that w; is a symplectic form.

A stable hypersurface S admits, by definition, a parameterized family (S¢)
having the following property: if P(S.) # 0 for a single € € (—1,1) then P(S) # (.
Consequently, we deduce from Theorem 2 the following global existence statement:

Theorem 5. Assume the compact hypersurface S C (M, w) admits a neighborhood
U of finite capacity: ¢o(U,w) < co. If S is, in addition, stable, then

P(S) # 0.

In particular, if S is of contact type, then P(S) # 0.

A compact hypersurface in (R?", wy) always possesses a bounded neighborhood
of finite capacity ¢g and we deduce from Theorem 5 the celebrated solution of A.
Weinstein’s conjecture due to C. Viterbo [217] in 1987. For another proof we
mention [45], 1988.

Theorem 6. (C. Viterbo) Every compact hypersurface S C (R*" wp) of contact
type carries a closed characteristic.

In contrast to the Weinstein conjecture for general symplectic manifolds (M, w),
the condition that H(S) = 0 is not required here. An example is a compact
hypersurface S C R?" which is star-like with respect to an interior point we may
assumed to be the origin in R?" (Fig.4.7).

Denote by X (x) = Lz the dilatation, then, by definition of star-like
X(z)¢T,S, x€b.
Moreover, the flow ¢ of X satisfies
(¢")'wo = e'wo,

so that in view of the proposition this hypersurface S is of contact type. In par-
ticular, a smooth hypersurface bounding a compact and convex domain in R2"
is star-like. Thus convex and star-like hypersurfaces in (R?" wg) always carry a
periodic Hamiltonian orbit and we have confirmed the pioneering results due to A.
Weinstein [225] and P. Rabinowitz [181] in 1978 which marked the beginning of the
investigation of global phenomena of Hamiltonian systems in higher dimensions.

We point out that by using the technique of attaching symplectic handlebodies,
Y. Eliashberg [72] and A. Weinstein [221] constructed many examples of hyper-
surfaces of contact type which are topologically intricate. Not every hypersurface
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U

Fig. 4.7

is, of course, of contact type. We illustrate this by an example of a hypersurface S
which is of ¢y-Lipschitz type but not of contact type. Consider within the closure
of the symplectic cylinder Z(R) C (R?",wg) a hypersurface which is diffeomorphic
to the sphere indented, as in the following picture

Fig. 4.8

Z(R) = {(x,y)eRzn x?+y%<R2}.

Denoting by n(z) the outer normal at = € S, we define by Jn(z) € TS a smooth
vector field on S which belongs to the characteristic line bundle, Jn(x) € Lg(x).
Assume now, by contradiction, that S is of contact type. Then there exists a 1-form
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a near S satisfying da = wg and either
a(Jn(x)) >0, forall z€S8

or a(Jn(x)) < 0 for all x € S. Without loss of generality we assume the first
alternative to hold. Define the 1-form A on R?" by

n
)\ = Z yj d.’,Ej,
J=1

where (z,) € R?". Then d\ = wy and, therefore, d\ = da on S. Hence, in view
of H'(S) = 0 we find a smooth function p : S — R satisfying « — A = dp.
Consequently, for every periodic solution v of the vector field Jn on S,

/a:/)\>0.
¥ ¥

However, for the two distinguished periodic solutions vz and 7, on the outer
respectively inner cylinder, as depicted in the above figure, one finds

/)\:WR2 and /)\ = —mr’.

TR Yr

This contradiction shows that S is not of contact type. Evidently, there is a pa-
rameterized family (S.) modelled on S for which co(B.,wy) = m(R + €)? agrees
with the capacity of the cylinders, where S. = 0B.. Therefore, S = Sy is of ¢g-
Lipschitz type. We remark that the argument above also shows that the actions of
all periodic solutions on a compact energy surface S of contact type and satisfying
H'(S) = 0 have all the same sign. In particular, the actions never vanish on such
hypersurfaces.

We conclude this section with a recent result in dimension 3, which is not
obtained by the variational methods described so far. We consider a smooth closed
and orientable manifold W of dimension 2n — 1. A contact form on W is a 1-form
A such that AA (dA)"~! is a volume form on W. Such a contact form determines a
so-called contact structure which is the (2n — 2) dimensional plane field £, defined
by

& = Kern(\) CTW .

Moreover, the kernel of d\ is 1-dimensional. Thus there exists a unique vector field
X = X, satisfying
Z'XcD\EO and ’iX)\ =1.

This distinguished non vanishing vector field on W is called the Reeb vector field
associated to A. Note that we no longer require that W = M and d\ = w|M for
a compact symplectic manifold (M,w) of dimension 2n.
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We shall say that the Weinstein conjecture holds true for the manifold W, if
for every contact form A on W, the associated Reeb vector field X has a closed
orbit.

Theorem 7. (H. Hofer) The Weinstein conjecture holds true for the three dimen-
sional sphere S°.

Actually the Weinstein conjecture holds true also for every closed orientable
three manifold W3 satisfying mo(W?3) # 0, see H. Hofer [118] (1993). The proof
is based on first order elliptic partial differential equations of “Cauchy-Riemann”
type and is influenced by Gromov’s theory of pseudoholomorphic curves in sym-
plectic manifolds [107] and Eliashberg’s outline of filling techniques using holo-
morphic discs [73].

We point out that there are many contact forms A on S, (namely the so-called
overtwisted contact forms) which do not admit an embedding of S3 into R* such
that the induced Hamiltonian flow is conjugated to the Reeb flow defined by Xj.

Here a contact form A\ on a closed three dimensional manifold W is called
overtwisted by Eliashberg, if there exists an embedded disc F' ~ D2, where D? =
{z € C||z| < 1}, such that

T(OF) C & |0F
T.F ¢ &g forall xe€dF.

In the classical work of Lutz [144] and Martinet, [147] contact structures are es-
tablished in every compact orientable three-manifold. On S2, in particular, there
exist overtwisted contact structures which are not equivalent by a diffeomorphism
(in the sense described below).

A contact form A\ which is not overtwisted is called tight. By a deep classification
result of Eliashberg [74] there is, up to diffeomorphisms however only one contact
structure on S3 which is tight. More precisely, if A1, A2 are tight forms on S®, then
according to Eliashberg there exists a smooth function f : S — R\{0} and a
diffeomorphism 1 : S% — 3 satisfying

VA = A

We shall show now that, for a tight contact structure on S3, the associated Reeb
vector field has a periodic solution. Represent S® as the subset of C? given by
{(z1, 22)| |21|* + |22|*> = 1}. Writing z; = ¢; + ip; with ¢;,p; € R, we define the
one-form \g on C? by

Ao =

N =

2
Z (pjdg; — g;dp;)
j=1

so that d\g = wp. Due to a fundamental result by Bennequin [20], the special
contact form \g|S® is tight. Consequently, given any tight contact form A on S3,
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we find a nonvanishing function f : S — R\{0} and a diffeomorphism 1 of S®
such that

YA = f - (MlS%).

Hence the Reeb flows for A and f-(A\o|S?) are conjugated. We can use this in order
to prove that X has, in this special case, a periodic orbit. Since Xy, = —X_¢»,
we may assume that f is positive. We claim that there is a smooth hypersurface
S C C? bounding a star-shaped domain and a diffeomorphism v : S3 — S such
that

TY(Lyr,) = Ls

where Ly, is the line bundle of S* defined by the Reeb vector field associated to
fAo, and where Lg is the canonical line field induced on the hypersurface S by
the standard symplectic structure wy in C? = R%. Indeed, we simply define the

hypersurface S by
S = {\/f(z)z|z€ 8% cC?

and the diffeomorphism 1 : S — S by ¥(2) = /f(2)z. Observing now that
Ao(z) = %wo(z, ),z € C? we abbreviate ¢ = \/f and compute, for z € S% and
heT,S3,

P (Mol9) (2:h) = Lwp (U(z)z, (do(2)h)z + a(z)h)

= 0(2)2%(,00(,2, h)

From this, the claim follows. Using the existence result of P. Rabinowitz proved
above, we conclude that the Reeb vector field Xy, has a periodic solution.

To sum up, we have demonstrated that in the exceptional case of a tight contact
structure A on S3, the associated Reeb vector field X possesses at least one closed
orbit.

4.4 “Classical” Hamiltonian systems

The positions of a conservative system of n degrees of freedom are points in the
so-called configuration space, which we assume to be an n-dimensional smooth
manifold N. The motion of the system, in the setting of Lagrangian mechanics,
is determined by a Lagrangian L defined on the tangent bundle TN of N. This
2n-dimensional manifold is called the phase space of the system. In our setting of
Hamiltonian mechanics, the motion of the system is determined by a Hamiltonian
function H defined on the cotangent bundle 7% N of N. This is the basic example of
a symplectic manifold. It is equipped with a canonical symplectic structure which
we shall recall first.

If N is any manifold of dimension n, and if T, N is the tangent space at x € N,
we denote its dual space, the so called cotangent space by T¥N. It is the space of
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linear forms defined on the vector space T, N. The union of all cotangent spaces
is called the cotangent bundle of N and denoted by

T*N = | J T;N.
zeN

A point « in this set M = T*N is a linear form «, in the tangent space T, N at
some point x € N, and we shall sometimes use the notation

§ = ($,§1) €T*N

for a point in M. One can view T*N as a differentiable manifold of dimension 2n by

introducing local coordinates, e.g., as follows. If (x1,...,2,) are local coordinates
in N, a 1-form a € T; N is represented by a = }_7_, y;dz; having the coordinates
(y1,...,9n) and together (x1,...,2n,Yy1,...,ys) form local coordinates in T*N.

In these coordinates one can now define the special 1-form A\ on T*N by
) A= S
j=1

which has, so far only a local meaning. It is remarkable that the above form A has
a global interpretation on 7% N. Since a point of T*N is represented by a 1-form
¢ at a point * € N we can form £(V) for every vector V € T, N. To define a
one-form on T* N, say (3, one has to give its value (X)) for every tangent vector
X of T*N. If X is such a tangent vector at £ € T*N, one can use the form ¢ itself
to define

(4.8) Ae(X) = €(drX), X € Te(T*N)

as a linear functional. Here the projection 7 : T*N — N assigns to each £ € T*N
its base point € N and, therefore, dm maps the tangent space T¢(T*N) at £
onto the tangent space T, N at x. This 1-form A on T*N is sometimes called the
tautological form on T*N since it is defined in terms of itself. It is readily verified
that in the above local coordinates the form (4.8) agrees with the form (4.7). In
view of the expression (4.7) we find

n
d\x = Z dyj Adx;
j=1

and conclude that, globally, w = d\ is a closed and nondegenerate 2-form on
T* N, hence a symplectic form. It is called the canonical symplectic structure on
T*N. The canonical 1-form A on T* N is called the Liouville form. As an aside, we
observe that A has the distinguished property that

BA = p
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for every one-form 3 on N. Here the one-form [ is regarded as a section 8 : N —
T*N. The proof follows from the observation that w o 8 = id on N. Considering
the definition of A and using the chain rule, we find

(/B*A)x = /\(z,ﬁm)(dﬁ)m = 6wod7—r(z,ﬂm)o(d5)w = ﬁz

as claimed. Classical mechanical systems are described by Hamiltonian functions
on (T*N,d)\) given by a sum of kinetic energy and the potential energy. The
kinetic energy is defined by a Riemannian metric k£ on the configuration space,
which associates with every point € N, a symmetric bilinearform k;(v,w) for
v,w € T, N which is positive. This metric defines a bundle isomorphism v : TN —
T*N by v(v)(w) = k(v,w) which induces the associated Riemannian metric K on
the cotangent bundle 7% N by

KEn) = k('€ ).

The potential energy is represented by a smooth function V' : N — R on the
configuration space. On T*N the Hamiltonian H is now defined by

(4.9) H(E) = K(©) + V(n(©), €eT'N.
In the above local coordinates we have the formulae:

H

K(z,y) + V(x)

A= Z Yj dl’j
j=1

(110 Xu = (SR 0 D)

j=1
)\(XH) = jz:;yj% = 2K ,

where K (z,y) = +(S(z)y,y) with a positive definite matrix S(z).

If £(¢) is a solution of the Hamiltonian vector field X iy contained in the invariant
energy surface

(4.11) S:{g’H:K+V:E},
then the geometric motion of the system in the configuration space is given by

xz(t) = w(&(t)) € N where w7 : T*N — N is the projection. Since K > 0, it is
confined in the subset

(4.12) Ng = {xeN ‘ V(z) < E}
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If E < maxV, this set is an n-dimensional manifold having the smooth boundary
ONp = {V(xz) = E} provided S is a regular energy surface. Indeed, where K = 0
we also have a%K = 0 so that necessarily 2V (z) # 0 on V(z) = E. However
if £ > maxV, then Ng = N is the whole configuration space and K > 0 on S.
Therefore A(Xpg) = 2K > 0 on S and we see that S is a hypersurface of contact
type whose contact structure is defined by means of the Liouville form A. If the
capacity ¢o(U) is finite for a neighborhood U of S in T*N we can conclude that S
admits a closed characteristic. Unfortunately, nothing is known about the special
capacity co on cotangent bundles, except in the special case of the torus which will
be treated later.

Periodic solutions on S have been found by using geometrical ideas, as we shall
briefly indicate next. Assuming that £ > max V', we have

T*Ng = T*N
and we can define the special Riemannian metric G on T*N by

K(¢)

G = 7E_V(W(§))

, £eT"N.

It is the so-called Jacobi metric. We have now two Hamiltonian functions, namely
H and G, which describe S as the regular energy surface

S = {H(g) - E} - {G(g) - 1}.

The corresponding Hamiltonian vector fields are, therefore, parallel, X = pX¢g on
S, with a nonvanishing function p defined on S which is actually easily computed
in local coordinates. One finds that

Xy = K-Xg on S

Consequently, the vector fields Xy and X have, on S, the same orbits up to
reparametrization. Geometrically, the vector field X generates the geodesic flow
defined by the Riemannian metric G on T*N. The projection 7(£(t)) of a flow line
is a geodesic line in the configuration space N, i.e., it locally minimizes the length
between two points, where the length is measured with respect to the metric g on
TN given by

—1
o (v, w) = (E - V(x)) ky(v,w), with wv,weT,N.

We see that the geodesics for the Riemannian metric G on T*N agree, up to
reparametrization, with the solutions of the Hamiltonian vector field Xz on .S. This
holds true, of course, only on the distinguished energy surface S. This fact is known
as the Euler-Maupertuis-Jacobi principle. It reduces the dynamical problem of
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finding solutions for the Hamiltonian vector field on S to the geometrical problem
of finding geodesics for the Jacobi metric on IV, a problem with a rich history.

Recall that if N is not simply connected, e.g., a torus, one can consider the
family of closed curves in a nontrivial homotopy class and obtain a closed geodesic
of shortest length. This was already known to Hadamard 1889. Technically this
approach requires that the length functional on the subspace of loops attains its
minimum, an analytical problem which was clearly seen and attacked by D. Hilbert
(1890), see [112]. To find closed geodesics on a Riemannian manifold N which is
simply connected is a difficult and interesting task. In this case the geodesics cannot
be found as minima but rather as saddle points of the length functional using the
topology of the loop space of the underlying manifold N. G. Birkhoff established
a closed geodesic on the two-spheres using a minimax principle which later led to
the Ljusternik-Schnirelman theory for critical points. The Morse theory developed
at roughly the same time had its origin in the existence problem of geodesics.
Extending Birkhoff’s idea to higher dimensions, Ljusternik and Fet proved in 1951
[81] that every compact Riemannian manifold (N, g) possesses a closed geodesic.
From this geometrical result one deduces immediately by taking the Jacobi metric
that the energy surface S above possesses a closed characteristic, provided N is
compact and E > max V.

In the case that £ < maxV the theory of closed geodesics is not applicable
directly, since now the manifold Ng has a boundary 0 Ng where the Jacobi met-
ric blows up. Despite this analytical difficulty, S.V. Bolotin [29] 1978 used the
geometrical approach successfully in order to prove:

Theorem 6. Let N be any smooth manifold and assume H : T*N — R describes a
classical system of the form (4.9). Then every compact and regular energy surface
SE possess a periodic solution of Xp.

This theorem extends an earlier result by H. Seifert [193] in 1948 which requires
that Ng is homeomorphic to an n-cell. In 1917 G. Birkhoff proved the statement
for Np = S2.

Using the geometric approach, Bolotin’s result has been rediscovered by H.
Gluck and W. Ziller (1983) [106] and later on by V. Benci (1984) [18]. We should
mention that in the case ONg # () the periodic solution found by the theorem is a
so-called brake orbit. This is one for which the motion 7(£(¢)) in the configuration
space Ng moves back and forth between different points of the boundary ONg
but otherwise runs through the interior. Note that the systems considered are
reversible: if £(¢) is a solution of Xpg then —¢(—t) is also a solution so that with
a motion z(t) = w(£(t)) in the configuration space the motion z(—t) = w(—=£(—t))
traversed backwards also corresponds to a solution of Xpg. This situation is, of
course, familiar from the 2-dimensional case of a function H(x,y) = %y2 + V(x),
as depicted in the following figure.

There are many results for closed geodesics which, applied to the Jacobi metric
lead to closed characteristics of energy surfaces. We refer to Klingenberg’s book



132 CHAPTER 4 EXISTENCE OF CLOSED CHARACTERISTICS

AV
E
> T
Yy
Sk
v
» T

ONg

Ng

Fig. 4.9

[127] and V. Bangert’s survey article [14] for these developments. We should point
out that only very recently V. Bangert [15] and J. Franks [100] succeeded in es-
tablishing infinitely many closed geodesics on every Riemannian two-sphere!

The geometric approach outlined above is applicable only for a very restricted
class of hypersurfaces contained in a cotangent bundle and we would like to men-
tion, that by a quite different analytical approach, C. Viterbo and H. Hofer 1988
in [121] confirmed the Weinstein conjecture for cotangent bundles as follows:

Theorem 7. (Hofer-Viterbo) Let IV be a compact manifold with dim N > 2, and
M = T* N the canonical symplectic manifold. Assume .S is a smooth, compact and
connected hypersurface in M having the property that the bounded component of
M\S contains the zero section of 7*N. Then P(S) # 0, if S is of contact type.

It is, so far, not known whether the proviso about the zero section is really
necessary to guarantee a closed characteristic on .S.

We next turn to (R?",wg) which can be viewed as the trivial cotangent bundle
T*(R™). The Liouville form X is now globally defined by

A=) yday
j=1

and wg = d\. We know that the capacity cg is finite on bounded sets on R?". This
fact will be used in order to prove some very special existence results based on the
following observation:
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Lemma. Assume the smooth Hamiltonian H : R?" — R satisfies
AMXy)>0 forall (z,y)€R?™ with y#0.

Then every compact and regular energy surface S = {H(x,y) = E} is of contact
type.

Since AN(Xp) = (8% H(x,y),y), and since S is contained in a neighborhood
having finite capacity cp, we immediately conclude in view of the lemma and
Theorem 5:

Theorem 8. If H € C*°(R?*", R) satisfies

0
<6—H (z,y),y) >0 forall (z,y)€R?*" with y#0,
Y
then every compact and regular energy surface .S of H possesses a periodic solution
for Xg.
The assumption is satisfied e.g. for H(z,y) = 1i(A(x)y,y) + V(z), with
A(zx) > 0, i.e., positive definite.

Proof of the Lemma. If S does not contain points (z,0) with x € R™, it is of contact
type as explained above, the contact structure being given by the Liouville form.
Otherwise we simply modify the Liouville form and define a 1-form o on R?"
setting

a = \N—edF,

where the function F € C°°(R?",R) is given by

Fle,y) = (o H(z,0),y).

Clearly, dae = d\ = wy, and we shall show for e > 0 sufficiently small that a(Xg) >
0 on S, so that the one-form « meets all the requirements in the definition of
contact type. By assumption A\(Xpy) = (6—‘1 H(xz,y),y) > 0if y # 0, so that for
fixed = the function y +— ((%H(x,y),y) has a minimum at y = 0 and it follows

that %H(m, 0) = 0. A computation shows that

a(Xn) = ACXi) +2 (5 ), G0 = 32 5 @05 g

By assumption, dH # 0 on S, hence %H(:c,O) # 0. Consequently, if (z,y) € S
and y is small, the expression in the bracket of the formula above is positive. On
the other hand, if (z,y) € S and y is bounded away from y = 0, then the first
term is bounded away from zero and, S being compact, we can choose € > 0 so
small that it dominates the second term. Now a(Xp) > 0 on S, as we wanted to
prove. B

By the same argument we have also proved the following, more general, state-
ment discovered in 1987 by V. Benci, H. Hofer and P. Rabinowitz [19].
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Theorem 9. Assume the energy surface S = {(x,y) | H(z,y) = E } is compact and
regular and has the following property: if (x,y) € S and y # 0 then A(Xpy) > 0,
and if (z,0) € S then %H(m, 0) # 0. Then S is of contact type and hence Xy has
a periodic solution of energy E.

The compactness of the energy surfaces is a crucial assumption for the results
above. The existence of periodic solutions on non compact energy surfaces requires
additional conditions as the example H(z,y) = 1|y|? in R*" which has no periodic
solutions shows. We would like to mention a result in the non compact case due to
D. Offin, in [171] (1985). It states that if the boundary ONg in the configuration
space is disconnected while Ny itself is connected then (under some additional
technical assumptions) there exists a periodic orbit of energy FE. This orbit is a
brake orbit oscillating between two points belonging to different components of
ONg. Offin obtains the periodic orbit by a direct variational argument minimizing
the energy integral of the corresponding Jacobi metric in the configuration space.

Of special interest in mechanics is the cotangent bundle T%(7™) of the torus
T™ = R™/Z"™ which is isomorphic to 7™ x R™. This symplectic manifold occurs
as the phase space in many mechanical systems; in particular, for systems which
are close to integrable ones. We shall briefly explain how it arises, referring to
Appendix 1 for details. We start from a particularly simple system, a so-called
integrable system. It is characterized by the property of having sufficiently many
integrals such that the task of solving (or integrating) the differential equations
becomes essentially trivial. More precisely, we consider a Hamiltonian system Xy,
on a symplectic manifold (M,w) of dimension 2n. It is called integrable (in the
sense of Liouville) if there exist n = §dim M functions F; : M — R,1 < j < n,
having the following properties:

(i) dFy,dFs, ..., dF, are linearly independent on M,
(ii) {F;,F;} = 0 forall i,j,
(iii) {Ho,F;} = 0 forall j,

where the functions {F;, F;} = w(XF,, XF,) are the Poisson brackets. Assume now
that there exists a level set

Ne = {weM|F@)=c, 1<j<n)

which is compact and connected. Then one concludes from (i) and (ii) that N =
T™ is an embedded n-dimensional torus, which is Lagrangian. Moreover, there
exists an open neighborhood U of N« foliated into such tori in which one can
introduce so-called action and angle variables. This means that there exists a
symplectic diffeomorphism
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Here x; (mod 1) are the angle variables of 7" and y € D are the action variables,
where D C R™ is an open set. Moreover, the functions F; o ¢(x,y) =: f;(y)
depend only on the action variables. It then follows from assumption (iii) that the
Hamiltonian system looks very simple on U, namely

Hootp(x,y) = ho(y),

i.e., it depends only on the action variables. What we have described is the Arnold-
Jost theorem on the existence of action-angle variables. It extends a local statement
which goes back to Liouville, and we refer to the Appendix for a proof. The
Hamiltonian equation on 7" x D,

T = 3% ho(y)
y = 0,
can be solved explicitly and for all times. Indeed we read off for the flow on T x D

o' (z,y) = (z+tw,y)

where 5
w = wly) = 5 ho(y).

dy

Geometrically each torus 7™ x {y} is invariant, the motion on it is linear and
given by the frequencies w(y) € R™. For example, if w is a rationally independent
vector, the orbits are dense on the torus and describe quasi-periodic motions of the
system. Orbits with w(y) = j-ap for j € Z™ are evidently periodic. These periodic
solutions have Floquet multipliers all equal to 1 and one expects, therefore, that
the integrability is destroyed immediately under the slightest perturbation of the
system. Indeed integrable systems are very rare, hence of particular interest; we
refer to J. Moser [166] for this topic.

There are, however, many important systems in physics which are close to
integrable systems in the sense that

|H — holcrrnxpy < &

is small, where H(x,y) is a function on T™ x D. In general, the integrability
is lost under perturbation and the orbit structure of Xy is extremely intricate.
Nevertheless, the celebrated K.A.M.-theory states that many of the quasi-periodic
solutions of Xp,, can be continued to quasi-periodic solutions of X g provided only
that ¢ is sufficiently small, the number k of derivatives is sufficiently large and the
integrable system is nondegenerate in the sense that

2

(4.13) det (5—3/2 ho(y)) £0.
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This condition requires the system hy to be nonlinear, so that the frequencies
depend on the amplitudes. In sharp contrast to these analytically very difficult
perturbation results for the existence of special solutions, we shall establish global
periodic solutions for every system H(x,y) on T™ x R™ assuming, however, that
the energy surfaces are compact. This will follow from the following result for the
capacities on T*(T™) due to Mei-Yue Jiang [125].

Proposition 4. Let M = T™ x R™ with 7" = ®" /5,5, equipped with the canonical
symplectic structure w = d(zyzl y;dY;). Then every capacity function c is finite
on open and bounded subsets of M. Moreover, for every a > 0,

c(T" x (—a,a)") = 4ra = c(T" x (—a,a) x R*™1).

Proof. The proof follows readily from the axioms of a capacity. We start with the
symplectic diffeomorphism ¢ in 2 dimensions:

¢ : S'x (~a,a) — A:{(:r,y) ERQ‘a < x2+y2<5a}

given by y = v/3a + 2rcos 9, x = v/3a + 2rsin?, where 0 <9 < 27 and —a < r <
+a. Then ¢*(dy A dz) = dr A d9. Taking a tensor product we find a symplectic
diffeomorphism T x (—a,a)” — Ax A x ---x A C R?" where the product of the
annuli corresponds to the symplectic splitting R?® = R? & - - - & R2. Therefore it
remains to show that ¢(A x A x -+ x A) = 4wa which is the area of the annulus
A. For € > 0 there exist symplectic embeddings

D(2va—¢) — A — D(2\/a+e),

where D(R) is the two-disk of radius R. They give rise to symplectic embeddings
for the product and we conclude that

m(2va—¢€)? < c(Ax Ax---xA) < 71(2ya+e)

Since this holds true for every € > 0 the first equation in the theorem follows; the
second one is proved the same way. B

In particular, the special capacity ¢ is finite on bounded open sets of T*(T™)
and we can apply all the qualitative existence results obtained so far. We conclude,
for example, that a compact hypersurface S C T*(T"™) which is of contact type
always carries a closed characteristic. One can verify, as in the lemma above,
that every compact and regular energy surface of a classical system of the form
H = 1|y|* + V() on (z,y) € T™ x R™, where V is periodic in all its variables, is
of contact type and hence possesses a periodic solution of Xz . Nothing is known,
however, about the nature of this solution. To which homotopy class of loops on
T*(T™) does it belong? Is it the brake orbit already guaranteed by Theorem 67
Special periodic solutions for such classical systems can be found by means of the
Maupertuis-Jacobi principle, as is shown in the survey article [129] by V.V. Koslov
(1985).
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4.5 The torus and Herman’s Non-Closing Lemma

Ify:Sx(—1,41) - U C M is a parameterized family of hypersurfaces modelled
on S in a symplectic manifold (M,w) then U is the union of hypersurfaces S, =
(S x {e}), and we know that

co(U,w) <oo = there is an ¢ with P(S.) # 0.

Conversely, of course, if P(S.) = 0 for every e then co(U,w) = oo and, by the
monotonicity property of the capacity c¢o(M,w) = +o0o. We shall next describe an
example due to E. Zehnder[231] which illustrates this situation. We consider the
manifold

M = T3 x[0,1], where T°=R3/Z3

is the 3-dimensional torus and define a distinguished symplectic structure on M by
slightly modifying the standard structure wy on R*. Recall that to every constant
matrix A satisfying det A # 0 and A7 = —A, we can associate the symplectic
structure w by

w(X,Y) = (AX)Y)

on R*, and then, of course, also on M. A Hamiltonian function H : M — R is

simply a function H : R® x [0,1] — R such that H(x1,22,23,24) is periodic in

21, %2, x3 of period 1. The Hamiltonian vector field X is, as usual, defined by
w(Xg,Y) = —dH(Y)

for all Y € R*, and one obtains

Xy = —A"'VH.

We now define A by setting —A~! = J*, and

(4.14) J' = ,
0 0 0 1
—Q1 —Q2 -1 0
with two real numbers a1,as € R. Then det J* = 1 and the symplectic form

w = w™ is the following 2-form:
(4.15) w* = daxo ANdxy + dzgy ANdxs + aqdas Adza + agdzy Adzs.
Choosing the Hamiltonian function Hy : M — R defined as

(4.16) Ho(z) = w4,
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the Hamiltonian vector field on M, given by
XHO = J* VHO = J* €4 = (Oél,ag, 1,0),
is constant. The energy surfaces

(4.17) Hi'(e) = {xEM ‘ Hy(z) = x4 = c}

are regular and, since x; € St for 1 < j < 3, equal to the 3-dimensional tori
Hi'(c) = T? x {c}. We introduce the abbreviation

(4.18) a = (a1,a9,1) € R,

The flow of the Hamiltonian equations restricted to the energy surfaces T x {c}
is linear and determined by

If we choose « rationally independent, requiring
() #£0 for 0#j e,

then all the orbits of (4.19) are dense on T2, in view of Kronecker’s theorem.
Consequently, we have an example of a Hamiltonian system whose energy surfaces
are all regular and compact, which, however, does not admit any periodic solution.
Incidentally, the energy surfaces are not of contact type.

As an aside, we remark that one can easily construct an embedding ¢ : T2 x
[0,1] — R*. The induced parameterized family of hypersurfaces modelled on T3
carries no closed characteristic with respect to the pushed forward symplectic
structure which we denote again by w*. However, w* on o(M) C R* is not equiv-
alent to the standard structure (¢(M),wp) induced from R*. Indeed, wy is an
exact symplectic structure, while w* is not; moreover, co(p(M),w*) = +oc while
co(p(M),wp) < oo. In particular, this example fails to represent a counterexample
to the conjecture that every hypersurface S C (R?",wy) has a closed characteristic.
We note that our vector field X on T defined by (4.19) satisfies 3(X) # 0 for the
closed 1-form 8 = dxy on T3. Assume now, more generally, that S is any compact
manifold without boundary of dim S = 2n — 1 and that X is a vector field on S
satisfying G(X) # 0 for a closed 1-form  on S. Then S cannot be embedded as a
hypersurface S C (M,w) in any symplectic manifold having an exact symplectic
structure, i.e., w = d\, such that X € Lg, i.e., belongs to the characteristic line
bundle. Indeed, suppose it could be, then we could conclude 3 A (dA\)"~! to be a
volume form on S, since 3(X) # 0 and X € ker d\|S, so that

vol (§) = /BA(d/\)"*l £0.
S
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This, however, is not possible, since the form 3 A (d\)"~! is equal to d(A A B A
(d\)"~2) and hence is an exact form on S.

We now restrict the symplectic structure w* even further by requiring that
« be not only rationally independent but satisfies, in addition, the diophantine
conditions

(D.C.) (i)l = v1aI™"

for all 0 # j € Z3 with two constants v > 0 and 7 > 2. Almost every vector
a € R? satisfies such conditions. It then turns out that the above example is
actually dynamically stable under perturbations of Hy small with sufficiently many
derivatives. This surprising phenomenon was recently discovered by M. Herman
[110, 111], see also J.C. Yoccoz [229]. In our setting he proved

Theorem 10. (M. Herman’s non-closing lemma) Consider the symplectic manifold
(M,w*) = (T3 x [0,1],w*) with the symplectic structure (4.15) and o € R? satis-
fying the conditions (D.C.) Let Hy(x) = 4. Then there exists a neighborhood W
of HO

w = {Hec" M) ||H - Hlow < 5},

for some small 6 > 0 and k& > 7 + 2, such that for every H € W and every ¢ in
% <c< %, the regular energy surface

H 'Y c)c M

has no periodic solution for X .

We note that this dynamical rigidity phenomenon is a property of the special
symplectic structure w*. Postponing the proof we first point out an important
consequence of Herman’s theorem.

In view of Poincaré’s recurrence theorem (see Chapter 1) almost every point x
on a compact energy surface for a Hamiltonian system H, is a recurrent point and
one may ask whether there exists a nearby system having a periodic trajectory
passing near x. This is the so-called Closing Problem. The answer depends on the
notion of what is “nearby”. In their work [179] (1983) C.C. Pugh and C. Robinson
showed for the Hamiltonian case, that there is a sequence of Hamiltonian systems,
H; and a sequence of corresponding periodic points, z; for these approximate
systems satisfying

H; —H in C* and wx; — .

This is a special case of the celebrated C'-Closing Lemma in [184]. It is a long
standing open question whether H; can be chosen so that H; — H in C* for
k > 2. The surprising answer of M. Herman to this question is that on the special
manifold (M, w*) the C*-Closing Lemma is false, if k is sufficiently large, namely,
roughly larger than the dimension of the manifold in question.
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Proof of Theorem 10. Consider the neighborhood of Hy given by
H = x4+ h(z) and |h|gr small
on M. The Hamiltonian vector field Xy is represented as
Hrz + ale4
_Hml + a2Hm4
(4.20) Xpgy(z) = J*VH(z) =
H,,
_Hm3 — Oélel _OCQHm2

The energy surface for ¢, defined by
x4+ h(zx) = H(x) = ¢

is an embedded torus T3. Indeed we can solve for x4, and find x4 = K (21, 72, 23, ¢),
where the function K satisfies the identity

(421) H(xl,xQ,l'g,K($1,$2,$37C)) = c

for all 2 € T3. The functions are periodic in 2 € T3. To compute the vector field
Xy on H™'(c) we differentiate the identity (4.21) and find H,, = —H,, - K,
on H~(c) for 1 < j < 3. Therefore, in view of (4.20) the vector field Xy is, on
H~1(c) given, by

1 ap = KCEQ
(4.22) iy | =p-| a + K on T3,
3 1

where p(x) = H,,(x, K) is a positive function. The vector field (4.22) has, up to
reparameterization, the same orbits as

oy o — Ky,
(4.23) 22 | = V(@)= aa + Ky on T3
T3 1

Note that this vector field V on T? is a perturbation of the constant vector field
# =« on T3, and we can apply a special case of the K.A.M.-theory. We make use
of the following result due to J. Moser 1966 in [161].
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Theorem 11. On the torus 7" = R™/Z" consider a vector field of the form
& = a+ f(x),
and assume the constant vector o € R™ to satisfy the diophantine conditions

o ) = AT,

for all 0 # j € Z" with two constants v > 0 and 7 > n — 1. Then, if |f|cm is
sufficiently small and m > 7 4 1, there exist a constant vector A € R" and a
C'-diffeomorphism u = id +v : T™ — T™ near the identity, such that

(du) " (a+f+Nou = a.

In other words, if a vector field is near the constant vector field « together with
sufficiently many derivatives, it can be modified by constants A € R"™, so that this
modified vector field is equivalent to . The proof of this seminal small denominator
result is based on an analytically subtle iteration technique in infinitely many
spaces and will not be carried out here; we refer to [161].

In general \ # 0, as already the example f = const shows. But in our case the
vector field f has an additional structure inherited from the Hamiltonian nature of
the problem and this additional structure allows us to conclude that A = 0. This
will follow from the

Lemma. Let V' be a vector field on the torus T™ satisfying div V = 0. Assume
(du)™ Vou = a,

with an irrational vector a € R", and a diffeomorphism v = id 4+ v of the torus.
Then u preserves the Lebesgue measure on 7" and

[v=a

Tn

Postponing the proof of the lemma we first prove Herman’s result. Abbreviating
the vector field on the right hand side of (4.23) by a+ f(x), we first conclude from
Theorem 11 that there exists a A € R? such that the vector field

Vi=a+f(z)+ A

is transformed into the constant vector field # = o on T%. The vector field f has a
special form inherited from the Hamiltonian structure. Namely [ f = 0, since the
integrations of derivatives of periodic functions vanish. Consequently,

/V:a+)\.

T3
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In addition, V satisfies div V' = 0. Therefore, we conclude by the lemma that
a+ A =« and thus A = 0. We have proved that the flow of the vector field (4.23)

on T* is conjugated to the linear flow of & = o and hence has no periodic solutions.

This holds true for every constant ¢ in % <c< % The proof of Theorem 10 is

finished, and it remains to prove the lemma.

Integrating V o u = du(a) and observing that u = id + v we find

/Voudu =«
T’n.

since the integral over dv(«) vanishes. In order to prove the lemma we only have
to show that u*p = pu i.e., preserves the Lebesgue measure. The flow ¢ of the
vector field V' satisfies

W) 'n = p
This is a consequence of the assumption div V' = 0. Moreover

utoylou = R, teR

with the translations Ry, :  — x + ta on the torus. Therefore 1! o u = u o Ryq
and in view of (¢!)*u = pu we find

u'p = (Ria)"(u'p), teR

By assumption, « is irrational so that all the orbits ¢ — Ry, (2) are dense on
T". Since p is a constant form we conclude that v*p = a - p with a constant a.

Integrating over the torus
/ o= / u'p = a / ju

Tn Tn Tn

we find a = 1, proving that indeed u*p = p. This finishes the proof of the lemma. B
Evidently, also the symplectic manifold (7%, w*) has infinite capacity co

co(Th,w*) = 400

if w* is the particular symplectic structure defined by (4.15) with a = (aq, @2, 1)
chosen to be irrational. We know that in the 2-dimensional case co(T?,w) < oo for
every volume form w. It is an open problem whether

Co(T2n, CL)O) < 00

if n > 1. Here wy is the standard symplectic structure induced from R,



Chapter 5

Geometry of compactly supported
symplectic mappings in R*"

In this chapter we shall study the group D of those symplectic diffeomorphisms
of R?" which are generated by time-dependent Hamiltonian vector fields having
compactly supported Hamiltonians. We shall construct, in particular, an astonish-
ing bi-invariant metric d on D, following H. Hofer [116]. Defining the energy E(v)
of an element 1 € D by means of the oscillations of generating Hamiltonians, the
metric d will be defined by d(p, 1) = E(p~11). It is of C%-nature. The verification
of the property that d(¢,v) = 0 if and only if ¢ = v, is not easy. It is based on
the action principle. The metric d is intimately related, on the one hand, to the
capacity function ¢y introduced in Chapter 3 and hence to periodic orbits and, on
the other hand, to a special capacity e defined on subsets of R?" and satisfying
e(U) > ¢o(U). The capacity e is called the displacement energy: e(U) measures
the distance between the identity map and the set of ¢ € D which displaces U
from itself, in the sense that ¥(U) NU = (). A crucial role in our considerations
will be played by the action spectrum, (1), of the fixed points of an element
1 € D. It turns out to be a compact nowhere dense subset of R. In contrast to the
simple variational technique used for a fixed Hamiltonian in Chapter 3, a minimax
principle will be designed which is applicable simultaneously to all Hamiltonians
generating the elements of D. It singles out a distinguished action v(p) € o(p).
The map 7 : (D,d) — R is a continuous section of the action spectrum bundle
over D; it is the main technical tool in this section. Its properties will also be used
in order to establish infintely many periodic orbits for certain elements of D, and
to describe the geodesics of (D, d). We mention that the completion of the group
D with respect to the metric d is not understood.

5.1 A special metric d for a group D of
Hamiltonian diffeomorphisms

We consider the symplectic space (R?",w) with the standard symplectic structure
w = wp and denote by H the vector space of all smooth and compactly supported
Hamiltonian functions H = H(t,z) : [0,1] x R?" — R. Associated to every H € H
is a time-dependent Hamiltonian vector field Xz on R?" defined by

ixy,w = —dH;, where Hy(v) = H(t,z).

H. Hofer and E. Zehnder, Symplectic Invariants and Hamiltonian Dynamics, 143
Modern Birkhduser Classics, DOI 10.1007/978-3-0348-0104-1_5, © Springer Basel AG 2011
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Since the vector field Xy has compact support the Hamiltonian equations
&= Xpy(t,z), 2z(0)=z9cR™

can be solved over the whole time interval [0, 1] for every given initial value z( €
R?". We thus obtain a 1-parameter family of symplectic mappings ¢t for t € [0, 1].
It is defined by

¢ (z0) = x(t),
where z(t) solves the equation for the initial value xq. Clearly Y (z) = z if |z| is
sufficiently large. By
YH =¥y
we shall denote the time-1 map of the flow ¢, and define the group D of compactly
supported Hamiltonian diffeomorphisms by

D:{(leHEH}.

Recall that the support of a map ¢ is defined as the closed set supp(y) = clos
{z | ¢(x) # x}. Every compactly supported symplectic diffeomorphism can be
interpolated this way by the flow of a time-dependent Hamiltonian vector field;
however, it is not known whether the Hamiltonian function can be chosen to be in
H if n > 2. It follows from results of M. Gromov [107] that in the special case of R*
the group D is contractible. In particular, every compactly supported symplectic
diffeomorphism ¢ in R* can be written as ¢ = ¢y with H € H and, therefore,
belongs to D.

It is the aim of this chapter to study some geometric properties of this group
D of Hamiltonian mappings on R?". We begin with two preliminary formal state-
ments which will be useful later on.

Definition. Given H, K € H and ¥ € D we define the functions H, H#K and Hy
in ‘H as follows:

H(t,x) = —H(t ¢y(z))
(H#K)(t,x) = H(t,x)+ K(t, (o) (2))
Hy(t,x) = H(t, 9 (z)).

Proposition 1. For H, K € 'H the following formulae hold true

o = (o)t

@%#K = 90310903(
1904)0’}[019_1 = (ptHﬂ
(P)Tovk = ¢g

where G = H#K = (K — H)(t, ¢%)
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Proof. The third formula is the transformation law of Hamiltonian vector fields
under symplectic transformations, as we know from the introduction. The first
formula follows from the second one while the last one is a consequence of the first
two. To prove the second formula, we abbreviate the notation and observe that

d
%gat = Xpgoy' and ¢°=id

%w = Xgo¢' and ¢° = id.

We have to show that ¢ o ¢ is the flow of X 4. Differentiating, we find

d d d
= out) = (') out +(def o).

Xia(' o) + [de' o (¢) ot 0ut] - X o [(¢) T ot o wt].

By the transformation law of Hamiltonian vector fields the second term is equal
to

XKO(Lpt)_l © ((pt © 1/Jt)7
and the claim is proved. B

By definition, a smooth arc in D is a map ¢ +— ' from I = [0, 1] into D such
that (t,x) — 9%(x) is a smooth mapping from I x R?" into R?" and such that
there exists a compact set in R?" containing all the supports of 9! for t € I. We
shall denote by A the set of smooth arcs [0,1] — D : t — ¢! satisfying ¢° = id.

Proposition 2. The map H — %, from H into A is a bijection onto A.

Proof. It H and K satisfy ¢} = ¢ for t € I we find by differentiation that
Xn = Xg. Therefore, dH; = dK; so that H(t,x) = K(t,x) since the functions
have compact support. This proves the injectivity of the map; in order to prove
the surjectivity we consider a smooth arc t — ¢! in D satisfying ¢° = id, and
define the time-dependent vector field

d
Xy = alﬁt o ()71,

so that p
%@bt = Xt(wt) and ’IZJO =1d.

Because of ()!)*w = w, we have Lx,w = 0. In view of dw = 0 we find d(ix,w) = 0.
The 1-form ix,w being closed is exact on R?", by the Poincaré lemma. There is a
function H : I x R*" — R, determined by

1
H(t,z) = 7/0 w(X¢(sz), x)ds ,
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which satisfies —dH; = ix,w. Since X; has compact support, dH;(z) = 0, for
t € I and |z| > R, for some large R and there is a K € H with dH; = dK. Tt is
given by H(t,z) — H(t,x*) for some z* with |2*| > R. Consequently X; = X, as
claimed. W

We next define the length of an arc ¢ — 4’ belonging to A. In view of Propo-
sition 2 there is a unique H € H generating this arc by

V=g
Define for H € C2°(R?", R) the norm (called the oscillation)

(5.1) || H|| :stipH(:c) —ing(w).

Then
|[H o || = ||H||

for every diffeomorphism ¢ of R2". If now H € H, we can associate with the
Hamiltonian vector field X, the norm || Xy, || := ||H|| and find

1 1 1
it _ t _
/0||w|\dt—/o ||XHt<w>||dt—/O \|H, || dt.

Introducing the norm in H by

1 1
(5.2) ||H|\:/ HHtHdt:/ fsup H (1, ) — inf H(t, 2)] dt,
0 0 =z R

which agrees for autonomous H with definition (5.1), we are led to define the
length of the arc ¢ = ¢t; connecting ¢! with id, as

(5.3) 1My = |[H]].

Definition. The energy of a symplectic map ¢ in D is the number E(¢) > 0 defined
by
E() = inf{{()[®1) | the arc o' in A satisfies ¢! = }.

Evidently
(5.4) E(en) < ||H]|-

The Hamiltonian H = 0 in H generates the identity map ¢ = id and consequently
E(id) = 0. Conversely,
(5.5) E(¢) >0, if ¢ £ id.

But this crucial fact is not at all obvious. It follows from the following estimates
for the energy function in which ¢o(U) = ¢o(U,w) denotes the special capacity
introduced in Chapter 3. For notational convenience we set ¢o(f}) = 0, and recall
that Z(R) denotes the symplectic cylinder of radius R.
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Theorem 1. (energy-capacity inequality) For every ¢ € D
sup{co(U) | U open and (U)NU =0} < E(¢)

E() < 16inf{mR? | there is a ¢ € D with supp (e~ ') C Z(R)}.

We see, in particular, that the energy F(v) is always larger than the capacity
¢o(U) of every open set U which can be displaced from itself by the map . It is
now easy to deduce the claim (5.5): indeed taking a point * satisfying ¢ (z*) # a*
there exists an open ball B(z*,e) = U of radius € > 0, which is displaced from
itself, ¥(U) N U = 0. Using co(U) = me? we thus conclude from Theorem 1 that
E() > me? > 0 proving the claim (5.5).

The proof of the first estimate in Theorem 1 will be based on the existence of
a distinguished critical point of the action functional, it will be carried out in the
Sections 5.5 and 5.6 below.

Theorem 2. (C°-energy estimate) For every v € D

E(¢) < C diameter supp () |id — ¢|ce

with a constant C' < 128.

This statement expresses the continuity of E at the identity map in the C°-
topology. The proof of Theorem 2 will also be postponed to Section 5.6 below.

Proposition 3. The energy function F : D — R meets the following properties:
(1) E(p) >0, and E(p) =0 <= ¢ =1id
) (0) = E(¢™")
(iif) E(9pi~) = E(p)
) (p9) < E(p) + E(Y),

where ¢,1) € D and where ¥ is a symplectic diffeomorphism of R?".

Proof. The proofs of (i) and (ii) follow readily from the definition of F using the
nontrivial fact (5.5) proved later on. Clearly

ey = 15"
implying F(p) = E(¢~!). From
Dol o™ =gy,

we find o
(9 0o 09~ H)OU) = (o1
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implying (iii). Finally, in view of Proposition 1, we have ¢ o pf = @i, ;- and
1
Uell) = [ (uplH#IO): — nf(H#E).) de
0 x
1 1
< / (sup Hy — inf Hy) dt —I—/ (sup K; — inf Ky) dt
0 x z 0 T x
0,1 0.1
ey ™) + 1ok ™)

which implies F(¢py o vi) < E(pn) + E(px) and the last claim (iv) follows. B

We can derive an estimate for the commutators in D, denoted by

(5.6) [0, 9] =g gt
and first claim that
(5.7) E([p,¢]) < 2min{E(p), E(4)}

for ¢,1 € D. Indeed, in view of the statements (ii)—(iv) in Proposition 3 we can
estimate E(pyp~'¢") < E(ppp™") + E(y~) < 2B(¢) and E(pp~ 'y~ <
E(p)+E(We~tp~1) = 2E(yp), hence proving the claim. We now deduce an “a pri-
ori” estimate for the energy of commutators of those maps having their supports
in a fixed open set.

Proposition 4. If U C R?" is open and bounded and if 9 € D satisfies 9(U)NU = (),
then

E([e,¢]) < 4E(9)

for all p, 9 € D with supp(y) and supp(¢)) contained in U.
Proof. Define
yi=pd e t9eD

then v|U = ¢|U since 9(U)NU = () and supp(p) C U. Consequently pipp~ 1=t =
vy~19~1 on U, and since both maps are the identity maps outside of U, they
are equal on R?". Therefore, in view of (5.7) and Proposition 3

E([p,¢]) = B(ly,¥]) < 2B(7) < 2B(97") + 2B(J) = 4E(9)

as we wanted to show. H

Proposition 3 allows us to define a distinguished metric d : D x D — [0, o], by
means of the energy:

(5.8) d(p,v) == BE(p™'9).
In particular, the energy of ¢ € D, E(¢) = d(id,v), is the distance from the
identity map and we remark that, in view of the last formula in Proposition 1,

(5.9)  d(p,¥) = inf{HH — K| ’ H generates 1) and K generates <p}.
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Theorem 3. The function d is a bi-invariant metric on D, i.e., it satisfies for all
p,% and ¥ belonging to D:

(i) d(p,9) > 0and d(p, ) =0 p =1
(i) d(p, ) < d(p,9) +d(9,%) and d(p, ) = d(¢,¢)
(iii) d(Ve, 99) = d(p, ) = d(eV,y0).

Theorem 3 is an immediate consequence of Proposition 3. In the following we
can consider (D, d) as a topological group. Note that our intrinsic metric on D is
continuous in the C°-metric provided the supports are uniformly bounded. Indeed,
in view of Theorem 1 and Theorem 2,

sup{co(U)| U open and ¢(U) N p(U) = 0} < d(ep, ¥)

(5.10)  d(p,v) <128 diameter ( supp goflz/J) -sup |p(x) — ¥(x)|

for every pair ¢ and ¥ belonging to D. The group D admits, in addition, an order
structure. Define the positive subset D+ C D by

D" = {4y | He Hand H >0}
and the negative subset D~ C D by
D™ ={¢g|HeHand H <0}.
If o € DT then ¢! € D~ and Y~ ! € Dt for every symplectic diffeomorphism

9 of R?". This follows from Proposition 1. We shall prove later on in Section 5.4
that

(5.11) DT ND™ = {id}.

A partial order structure > on D can, therefore, as we shall prove, be defined as
follows:

(5.12) p>vY & poy leDh.
Proposition 5. Assume ¢, ¢ and ¥ € D.

(i) If o > 1 and § > ¢ then o = ¥
(ii) If ¢ > 1) and ¢ > 9 then ¢ > 0.

In addition, if ¢ > v, then @ > 1.
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Proof. If potp=t € Dt and pop~! € D, then poy~! € DT ND~ and hence by
(5.11), we conclude that ¢ = 4 proving (i). Next observe that if ¢ and ¢ are in
DT then also p o1 € D in view of Proposition 1 implying (ii). B

We conclude this section with two observations due to Y. Eliashberg and L.
Polterovich [76]. They consider an arbitrary bi-invariant pseudo-metric p : DxD —
[0,00). By definition this p satisfies the properties (i)—(iii) of Theorem 3, except
that it is not required that p(p, 1) # 0 if ¢ # . Recalling that E(¢) = d(id, 1)
and arguing as in the proof of Proposition 4, one finds that

(5.13) plid, [, ¥]) < 4p(id, V)

for all ¢, and ¥ € D satisfying 9(U) N U = 0 and supp(y), supp(y)) C U, for
some open set U C R?". Following H. Hofer [116] one can associate with p the
so-called displacement energy e,(U) of an open and bounded subset U C R?" by
defining

(5.14) e,(U) :=inf{ p(id, ) | ¥ € D satisfies $(U) N U = 0}.

It then follows from (5.13) that

4e,(U) = plid, [, 1))

for every pair ¢ and ¢ € D having their supports contained in U. If p is not
only a pseudometric but a metric, then p(id, [p,]) > 0 provided ¢ and v do not
commute. Consequently e,(U) > 0 and we have proved

Proposition 6. If p is a bi-invariant metric on D then the displacement energy e,
is positive on open sets.

This applies in particular to our distinguished bi-invariant metric p = d. Note,
however, that the metric character of this d is concluded from the nontrivial esti-
mate in Theorem 1 from which it follows that eq(U) > ¢o(U) > 0 for every open
set U. The special displacement energy e; will be studied in more detail later on.

In order to construct the intrinsic bi-invariant metric d on D we started off
from the sup-norm ||H|| on C2°(R?™). We can, of course, start off as well from the
LP-norm

[1H]]p = ( / H ()P de)b

which is evidently invariant under D, i.e., ||H o ¢||, = ||H||, if ¢ € D. We thus
arrive at d, (¢, 1) = Ep(pyp~!) which defines a bi-invariant pseudometric on D. It
turns out, however, that this d), for 1 < p < oo is not a metric. This has recently
been proved by Y. Eliashberg and L. Polterovich [76]. They showed, more precisely,
that

Ep(dj) =0, ifp=1,

for every i € D having vanishing Calabi invariant, i.e.,

1
/ H(t,xz) dx dt =0
0 R2n

if = ¢y for H € H. Moreover, E, (1) = 0 for all ¢ € D provided 1 < p < 0.
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5.2 The action spectrum of a Hamiltonian map

For H € H we shall denote the set of fixed points of the associated Hamiltonian
map @p by

Fiz(pp) = {z € R*" | oy (x) = z}.
If zy € Fiz(ppm) then the solution z(t) = @Y (zo) for 0 < ¢ < 1 of the Hamiltonian
equation # = Xy (z) satisfies (1) = z(0) and hence is a loop in R?". Its action is
the real number A(zo, H) defined by

A(xo,H):/o %(—Jj:(t),x(t))—/o H(t, 2(t)) dt

It turns out that A(zg, H) depends only on the fixed point 2y and the map ¢g
and is independent of the choice of the function H generating the map.

Lemma 1. If H and K in H generate the same map, i.e., oy = @i then
A(xg, H) = A(z0, K)
for every zg € Fix(op) = Fiz(ok).
Proof. Define the piecewise smooth arc t — 9! by
P = (pfq, for t € [0,1]
Yt = it fort € [L,2).
Thus for every z € R?>" the map t — !(z) from [0,2] into R?" is a loop and we

set
2 1 2
A(x):/o %(—Jj:(t),x(t» dt—/o H(t, (1)) dt+/1 K(2—t,2(1)) dt

where z(t) = 1! (). This map z — A(x) is evidently smooth and by differentiation
in « we obtain

N@h =[5 (= Ti(b), ' (2)h) dt
—  Jy (VH(t,x(t)), de (x)h) dt
+ [P(VK(Q2—ta(t),dpt(x)h) dt

which is equal to 0, since ¢t — 9!(z) is a solution of the Hamiltonian system
associated to H between [0,1] and to —K (2 — t,-) between [1, 2]. For |z| large we
have A(xz) = 0, since H and K are compactly supported so that z(t) = x for
t € [0,2]. This shows that A = 0.
Hence if z9 € Fizx(eop) then A(xg, H) — A(xo, K) = A(xo) = 0 as claimed. B

In view of the lemma we can associate with a fixed point x( of the map ¥ € D
the action A(xg,1) defined by

Az, ) = A(zo, H), if ¢ =¢py.



152 CHAPTER 5 COMPACTLY SUPPORTED SYMPLECTIC MAPPINGS

Definition. The action spectrum of ¢ € D is the set o(p) C R defined by

o(p) = { Az, ¢) | = € Fiz(p)}.
Clearly 0 € o(p) since the Hamiltonians have compact supports. We shall show
that the action spectrum is invariant under symplectic conjugation. More generally,

denote by G the group of conformally symplectic diffeomorphisms. By definition,
¥ € G satisfies

(5.15) P'w = aw

for some constant a = a(9) € (0, 00). Note that if ¢ = @, then

(5.16) Vool =l y,, where Hy(t,z) = H(t,ﬂ_l(x)).

Proposition 7. If ¢ € D and 9 € G with 9*w = aw then
AW (x),0007") = aA(z, ).

In particular,

a9ty = ao(p).

Proof. Assume ¢ = g and choose z € Fiz(p). In view of Lemma 1 and (5.16)
we have to show that A(V(z),aHy) = aA(z, H). We set

o) = o)
y(t) = 9(2(t)) = 0ol 09! (9)) = wh, (9())

Let A be a primitve of w, i.e., d\ = w, then ¥* A — a\ = dF for a function F'. Since
the integral of a closed form over a loop vanishes, we find

A(ﬁ(m),aHg) - Ofl%<—Jy(t),y(t)> dt—g‘aHﬂ(t,y(t)) dt

J X — fqug (t,y(t))dt

Yy 0

= a [N — a}H(t,z(t))dt = qA(z,H). N1
T 0

The following property of the action spectrum will be crucial later on.

Proposition 8. The action spectrum o(¢p) is compact and nowhere dense.
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Proof. We first show that o(p) is compact. Assume ¢ = ¢y and recall that for
zo € Fiz(yp) the loop z(t) = % (x0) is a solution of

z(t) = Xpg(x(t)), and 2(1) = 2(0) = xo.

Since H has compact support we find an R > 0 such that z(¢) = ¢ is constant for
|zo| > R and hence A(xq, ¢) = 0. It is, therefore, sufficient to consider fixed points
xo for which |z(t)| < R. It then follows that A(zo, ) < M for all zy € Fiz(p) so
that o(y) is bounded. To prove the compactness we consider a sequence x;(t) of
solutions corresponding to the fixed points z; = x;(0) and satisfying |z;(t)| < R.
By means of the Arzela-Ascoli theorem we find a subsequence satisfying x;(t) —
z*(t) in C*([0,1],R*") and z*(0) = 2* € Fiz(p). Consequently A(z;,¢) —
A(x*, ) implying the compactness of ().

It remains to prove that o(p) is nowhere dense. We first remark that the loop
z(t) = @ (x0) € C([0, 1], R*")

satisfying (1) = 2(0) = o is an element of the Sobolev space E = H'/?(S* R?")
introduced in Chapter 3. Indeed, its Fourier coefficients x, € R?" are, after two
partial integrations, estimated by

] € (o) 2((1) = 0] + Flen).

for k € 7Z. Moreover, as in Chapter 3, one verifies that these special loops are
precisely the critical points of the variational functional

ap(z) =a(z) —buy(x), x € E,
where now H € H and

1
by (z) = /0 H(t,z(t)) dt.

Consequently A(zg, ) = ag(x), with z(t) = ¢l (z0), is a critical level of ay. In
order to show that the set () of critical levels is nowhere dense, we follow an idea
due to J.C. Sikorav [198] and construct a smooth function on R*" whose critical
levels contain o(p). We extend the function (¢, z¢) — @b (z0) : [0,1] x Fiz(p) —
R?" to a smooth function 1 : [0,1] x R?" — R?" satisfying

U(t,xg) = cpt(xo), if zy € Fiz(p)
P(1,2) = (0,z) forallz € R*™,

To do so simply take a smooth f : [0,1] — [0,1] which is equal to 1 near 0 and
equal to 0 near 1 and set

U(t,x) = F)e" (@) + [1 = fOl" ((¢") 7 (),
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where ¢! = @b,. For every x € R?", the map ¢ — (¢, x) represents a loop belonging
to E and we can define the smooth function ¥ : R?" — E by setting ¥(z)(t) =
(¢, x). Using now the fact (proved in Appendix 3), that ay € C*°(E,R) we have
a smooth function defined by

ag oV :R™ 5 R.

It has the property that every xop € Fix(y) is a critical point of ag o ¥. In addition,
A(zo,p) = apgoW(xp) is a critical level. Since by Sard’s theorem the set of critical
levels of ag o ¥ is nowhere dense, we conclude that also o(y) is nowhere dense.
This finishes the proof of the proposition. B

Over the group D we can define the action spectrum bundle A — D by

A= J e} xale),

w€eD

equipped with the metric induced from (D, d) xR. Every fibre is a compact nowhere
dense set; a generic fibre consists of isolated points except possibly the point 0.
Since 0 € o(p) for every ¢ € D there is a trivial continuous section of A. The
action spectrum o(¢) does not depend continuously on ¢ € D. In the next two
sections we shall construct a nontrivial continuous section

v:D— A,

ie, v(p) € o(p) and v # 0. It is, in addition, monotone and invariant under
symplectic conjugation. The existence of this distinguished continuous section is
established by means of a minimax argument for the action functional.

5.3 A “universal” variational principle

The results in the first section are based on a variational principle to which we
will now turn. Our aim is to establish the existence of a special critical point of
the action functional
an(z) = a(z) - bu(x), v € E
introduced in Chapter 3. In contrast to the principle used there, we shall design
a minimax principle which is independent of the choice of H € H. Recall that
E is the Hilbert space E = H'/?(S',R?") which splits into an orthogonal sum
E=E " @®E°®E",and, if x =2~ 4+ 2° + 27, then
1 1

a(a) = 51l = 517

and

1
bi(z) = /0 H(t,z(t)) dt.



5.3 A “UNIVERSAL” VARIATIONAL PRINCIPLE 155

As in Chapter 3 one verifies that the special solutions x € C*°([0, 1], R®")
z(t) = o'y (z0) and zg € Fiz(on)

of the Hamiltonian equation & = Xy (x) agree with the critical points of ay on E.
We shall single out a family F of subsets F' C E such that for every H € H

v(H) := sup inf ay(x)
reF °€F

is a real number and a critical value of ay. The crucial point will be that F is
independent of the choice of H € H and therefore a “universal” minimax set for H.
Later on this will be important for us for the following reason: whenever one has
a family of functionals together with a “universal” minimax set F, we conclude
from the pointwise estimate ® < W for two functionals in our family the same
inequality for the associated minimax values. Note that

ag(zT) — +ooas ||aT|| — oo

where zt € ET, while
ag(x™ —I—xo) <Mforallz—+2°e E- @ E°

with a constant M depending on H.

In order to define F we first introduce a distinguished group of homeomor-
phisms of E, which is prompted by the structure of the gradient flows of ay.

Definition. We define a set G of homeomorphisms of E as follows. A homeomor-
phism & belongs to G if h and h~! map bounded sets onto bounded sets and there
exist continuous maps v* : £ — R and k : E — E mapping bounded sets into
precompact sets and such that there exist » = r(h) satisfying

k(z) =0, ~%(x)=0
for all x € E* with [|z|| > r. Moreover,
h(z) = eV @t 420 4 @y 4 k(z)

forall z € FE.
Lemma 2. G is a group.

Proof. We have to show that with h,g € G also h=! and ho g € G. By assumption
on h we have

e‘”iPih(x) = xi—ke_“’iPik;(x)

Ph(z) = 2%+ P%(x).
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Hence
r = o +a%+a"
= ¢V WP h(z) + P°h(z) + e 7 D PTh(z)
(e @P~ 4 PO 4 e @ Pk(a).
Writing # = h~!(y) and y = h(z) we obtain for y =y~ +y° + y T
i (y) = e~ (BT W)y g0 e T W)yt
— (e TN P 4 POy e T W) PR (R (y)

*(

=: e” Wy~ 40+ e Wyt 4 (y).

Using the properties of v* and k together with the fact that h~! maps bounded
sets into bounded sets we conclude that & and k have the desired properties and
h~! € G. Similarly one verifies that hog € G. B

The distinguished family F of subsets of E is defined by
F={h(E")|heG}.

The crucial topological property of G lies in the following intersection result which
is intuitively clear:

Lemma 3. If h € G, then
R(ET)N (B~ @ E°) # 0.
Proof. We have to find z € ET satisfying P*h(x) = 0. This is equivalent to
e @y 4 Ptk(z)=0and z € EY, or
x = —e_7+(”’)P+k(x) =T(z),andz € BT .
The operator T : ET — ET maps E7T into a precompact subset of £ and hence

T : B — B for a sufficiently large ball B, so that Schauder’s fixed point theorem
guarantees a solution proving the lemma. ll

Theorem 4. Assume H € H, then v(H), defined by

~v(H) := sup infag(F),
FeF

is a critical value of ay.
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B+

Fig. 5.1

The remainder of this section is devoted to the proof of this existence theorem.
We shall proceed in several steps and first derive from the intersection lemma that
~v(H) is a real number. Define

qt(H) = /OsupH(t,:E)dt

1
qg (H) = /ian(tw)dt.
0 x

Then ¢t (H) > 0 and ¢~ (H) < 0 since H € H.

Lemma 4. For every H € H

—q"(H) <~(H) < —q (H).

Proof. Let F € F, then F N (E~ @& EY) # () in view of Lemma 3 and we can
estimate

infag(F) supay (E~ @ EY)

IN

IN

sup[—bp (x)]
rel
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1
< —/ inf H(t,x) dt.
0 x

Since

1
infay(ET) > —/ sup H(t,z) dt ,
0 =z

the lemma follows. B

If v(H) = 0, then v(H) is a critical level which contains in particular all the
constant solutions outside of the support of H. We, therefore, only have to show
that v(H) # 0 is a critical value of ag. For this we need the following compactness
property.

Lemma 5. Assume v(H) # 0 and assume the sequence z; € E satisfies
Vag(z;) — 0, and ag(z;) — v(H).
Then z; possesses a convergent subsequence.

Proof. We recall from Chapter 3 that
Vag(r) =2t — 2~ — Vby(z),

where Vby : E — FE is globally Lipschitz continuous and maps bounded sets into
precompact sets. Moreover Vby (x) = j*VH(x) with the L?-gradient VH () of
br.

Assume that the sequence z; € E is bounded in E. Then Vbg(x;) is pre-
compact and taking a subsequence we may assume that Vbg(z;) — y in E. By
assumption Vag(z;) — 0 so that x;r —x; —y. In addition, since dim E° < 00, we
find a subsequence such that also :c? converges and we see that x; has a convergent
subsequence.

Therefore, we only have to prove that the sequence z; is bounded. Arguing in-
directly we may assume by taking a subsequence that ||z;|| — +o00. Since H € H
the sequence VH(z;) is bounded in L? so that Vb (x;) = j*VH(x;) is precom-
pact in E. Hence, taking a subsequence, 7 —z, — y in E and also in L?. This

J J
implies that |x?\ — 00. Consequently we find a subsequence such that pointwise

|z (t)| — oo, fora.e.t

implying that H (¢, z;(t)) — 0 for a.e. t. Hence by Lebesgue’s theorem, by (x;) — 0.
Also VH(t,z;(t)) — 0 for a.e. t so that VH(z;) — 0 in L? and consequently
Vbu(z;) — 0 in E. From Vag(z;) — 0 we now conclude that :z:;L —x; — 0.
Hence

ag (z;) = a(z;) = bp(z;) — 0.
This contradicts the assumption that ag(z;) — v(H) # 0 and shows that the
sequence x; is bounded. The proof of the lemma is finished. H

We are ready to finish the proof of Theorem 4 which we reformulate as
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Lemma 6. The real number v(H) is a critical value of ay, for every H € H.

Proof. Recall that (H) is a real number in view of Lemma 4. If v(H) = 0 there is
nothing to prove and we assume y(H) # 0. In this case the Palais-Smale condition
as formulated in Lemma 5 holds. Arguing by contradiction we assume that y(H)
is not a critical value of ay. Then, in view of Lemma 5, we find an ¢ > 0 satisfying

(5.17) [Vap (z)] > € if ap(x) € [y(H) —e,v(H) + €

In order to first slow down the gradient flow we take a smooth map 6 : R — [0, 1]
satisfying

oty = 1,ifte[y(H)—e~(H)+ €

a(t) = 0,ifteR\[y(H)—2¢v(H)+ 2¢
and define o(x) = 6(ag(z)), for x € E. The flow of the modified gradient equation
(5.18) t=o(x)Vay(z) =V(x) onFE
exists for all times and we shall denote it by

(s,x)—2x-s:Rx FEF—E.
Using this flow we pick T' = % and define the homeomorphism h of E by setting
(5.19) hz)=2-T, x € E.
By definition of v(H) there exists an F' € F satisfying
Fc{o|an(s) > 1(H) — e},

and we shall demonstrate that
(5.20) W(F) € {x | an(@) = A(H) + ).

Postponing the proof we first show how the lemma is concluded. By definition of
F we have F = g(E™). Therefore, if h € G (a fact which will be proved later
on), then also h o g € G since G is a group in view of Lemma 2. Consequently
h(F)=hog(E") € F and we arrive at the contradiction

V(H) = infap (h(F)) = y(H) +¢,
hence concluding the lemma. In order to verify (5.20) we prove that
(5.21) ag(x) >~v(H) —€¢ = ag(h(x)) > ~v(H) +e.

Arguing by contradiction, we assume that ag (h(z)) < v(H)+e¢. Since s — ag(z-s)
is monotone-increasing we have

V(H) +e>an(h(x) > an(z - s) > an(z) > y(H) —€
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for all 0 < s < T'. Therefore, ay(z-s) € [y(H) —¢,v(H) + €] so that o(x-s) =1
for 0 < s < T. We see that in this time interval z(s) := z - s solves the gradient
equation & = Vay (z). Hence using the estimate (5.17) for the gradient:

VH)+e > ap(h(z)) =an(z-T)
T
= aH(:c)+/o \Vag(z - s)|*ds

> y(H)—e+Te =~(H) +e

which is a contradiction. The statement (5.21) is verified and it remains to show
that h € G.

Recall that
(5.22) V(z) = —o(x)z” + o(z)z™ — o(z)Vby ().

In order to find a representation formula for the flow of & = V' (z) on E, we consider
for x € F fixed, the equation

(5.23) U= Az(s)u+ fr(s) on E,

where A, (s) = —o(z-s)P~ +o(z-s)P" is a time-dependent but linear vector field
on E, and where f;(s) = —o(x - s)Vbg(x - s). If u(s) is a solution of (5.23) with
initial value u(0) = x, then u(s) = x - s by the uniqueness theorem of ordinary
differential equations. The variation of constant formula for the solutions of (5.23)
gives now the following representation for the flow of the equation & = V' (z):

t t
-t = efo —U(m‘s)dsx_ + 20 4+ efo U(z-s)dsz+
t + 4 . ;
_/ [efs —o(z-T) TpT — PO =+ €fs o(z-T) TP+]U(I . S)VbH(ﬂj‘ . S)dS
0
= 677(1)1,7 + IO 4 e—y+($)x+ + k(l’)

We shall show that for every ¢ € R this flow map belongs to the group G. Since
the vector field V is globally Lipschitz continuous, it maps bounded sets in E into
bounded sets. This holds true, of course, also for the inverse map. Note that there
exists an 7 > 0 such that if x € E™ satisfies ||z|| > r then ay (x) > v(H) + 2¢, and,
therefore, o(x) = 0 and consequently V(z) = 0. Hence o(x - s) = 0 for all s € R
and all z € E7 satisfying ||z|| > 7. We conclude that v (z) = 0 and k(z) = 0
for x € BT satisfying ||z|| > r. Finally, the desired compactness properties for the
map k follow from the compactness of the map Vby and we have proved that the
flow maps indeed belong to G. This finishes the proof of the lemma and the proof
of Theorem 4 is complete. B
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5.4 A continuous section of the action spectrum bundle

Exploiting the fact that the minimax set F is the same for every H € ‘H we first
derive some properties of the function

v: H—R, H y(H)

where y(H) = supp._gzinfag(F). We first prove that the function v is non-
negative continuous and monotone-decreasing:

Proposition 9.

(i) v>0andy(0) =0
(i) y(H) —~v(K)| < ||[H - K|
(i) H<K = (H) > (K).

Proof. For every z € E

ag(z) = ax(x)+ bk (x)—bu ()
< aK(fc)—i-/O %gE(K_H) dt
1
< aK(w)+/O [11215(1(—1{)—%@5(1(—}1)] dt

= ag(x) +||H - K

implying the estimate (ii). Since for every x € E we have ay(x) > ax (z) it H < K
the monotonicity (iii) of v follows. In order to prove v(0) = 0 we observe that

7(0) = sup infa(F) > infa(ET) =0,
FeF

and, since F N (E~ @ E°) # 0 for F € F,
infa(F) <supa(E~ @ E°) =0,

implying that 4(0) = 0. Finally, in order to prove that v(H) > 0 for H € H, we
define for fixed zop € R?" \ {0} and 7 € R the family H, € H of functions by

H,(t,x) = H(t,x — Txp).
Defining the symplectic map ¥ by ¥(z) = x + 729 we have oy = Jdog9 1. If

o(yp) denotes the action spectrum of ¢ € D introduced in Section 5.2 we conclude
from Proposition 7 that o(¢p,) = o(¢m). By definition, v(H;) € o(en,) and,
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therefore, v(H:) € o(pm).Since 7 +— y(H,) is continuous with image in a nowhere
dense set (Proposition 8) it must be constant, so that

v(H) =~(H;) for all 7 € R.

Hence it is sufficient to estimate v(H,) for 7 large. Observing that supp(H,) for
T — oo moves to “infinity” in  we can estimate for 7 large

H,(t,2) < wlaf?

for all (¢,z) € [0,1] x R?>". Consequently, recalling that ||z|[2, = S|z;|? and a(z) =
m¥j|z;|, for x € ET,

~(H;) > %lf[a(x) - 7r/0 |z|? dt] = 0,

implying that v(H) > 0 as claimed. This finishes the proof of Proposition 9. B
If, for example, H > 0, then we conclude by monotonicity that 0 < v(H) <

~(0) = 0 implying v(H) = 0. This proves the first part of

Proposition 10.

IftH > 0 then v(H) = 0.
If H < 0 and H#0 then y(H) > 0.

Proof. Assume H < 0 and H # 0. Then we find a bump function o # 0 with
0 < a(t) <1 and a time-independent G € C2°(R?") with G < 0 and G # 0 such
that

K(t,x) = a(t)G(x)
satisfies, for € > 0 and small,

H(t,z) < eK(t,x).

By monotonicity, v(H) > v(eK) and we shall show that y(eK) > 0. By translation,
as in the proof of the previous proposition, we can assume that G(0) = inf G < 0,
so that

ca(t)G(x) < ea(t)G(0) 4 7|z|?

for all (¢, ), provided e > 0 is sufficiently small. Hence

v(eK) > inf [a(x) —6/0 a(t)G(x(t)) di]

z€EE+

Y

feG(O)/O o dt + infla(z) fw/O 2 di]

1
= —eG(O)-/ adt > 0.
0

This finishes the proof of the proposition. B
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The distinguished critical level y(H) of the function ay belongs, by construc-
tion, to the action spectrum of the associated time-1 maps . We shall show next
that it only depends on the time-1 map and not on the particular choice of the
Hamiltonian H generating the maps.

Proposition 11. Assume H, K € H, then
en =9¢x = Y(H)=K).

Proof. The proof is based on a homotopy argument and we start with a preliminary
observation. Two arcs ¢ and ¢} in A are called homotopic if there is a smooth
map

[0,1] x [0,1] = D : (s,t) > !

connecting the arcs in A. We then find a smooth H : [0,1] x [0,1] x R*" — R of
compact support satisfying

w;(x) = 90]}15 (l‘),
where H(t,x) = H(s,t,x). Assume now ! = 1) for all 0 < s < 1; then

V(Hs) € o(pn,) = o) -

Since o (1) is nowhere dense (by Proposition 8) the continuous function s — ~(H)
is constant so that v(Hp) = v(H1). The idea of the proof is now as follows, assum-
ing

Yn=¢r =Y
we shall homotope ¢}, and % to arcs @b, and ¢, such that

V(H) = y(K)| = [yv(H') = y(K")| < |[|[H = K]

is small. In order to carry out the argument we first, by reparametrizing the time,
homotope the arc ¢} to an arc ¢ satisfying ¢ = ¢! =1 for $ < ¢ <1 and we
do the same for the arc ¢’ . Hence we can assume that

1

K(t,x) =0=H(t,x) if §§t§1.
Define now for 0 < s <1
1
H(t,z) = s*H(t,~x)
s
1
K (t,x) = s°K(t,-x).
s
Then
: 1
P, () = SWH(EQU)
1
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If%gtﬁlwehave

P, (2) = sl () = s0(52) = e, (&),

Take a smooth 3 : [1,1] — [0, 1] which is equal to 0 near £ and equal to 1 near 1

and define the arcs
{ ¢, () 0
(s+ (1 =5)B)e(s + (1 —s)BH)] '2) 3

and similarly % (z) by replacing H by K. Then

IN

t

IN
[

IN
IN
—_

t

pl=9y =9l forall0<s<1.

If EIS generates ¢! and K, generates 1t we conclude that v(H,) = ~v(H) and
v(Ks) = v(K). Observe that

Hy(t,x) =K (t,x), +<t<1
Hy(t,x) = H(t,z), 0<t<4i
Ki(t,z) =K(t,x), 0<t<3

and |H, (¢, s)|+| K, (t, )| < s*(||H||+]|K]]) if 0 < t < % and z € R*". Consequently

V(H) =7 (K)| = [y(Hs) =y (Ks)| < ||Hs = K| < s (| H|| + [1K]])

for all 0 < s <1 and hence y(K) = v(H) as claimed. B
In view of this result we can associate with every ¢ € D the real number

1(p) =~(H), if ¢=9n.

The qualitative properties of the invariant + are summarized in the next two
propositions.

Proposition 12. The function v : D — R satisfies

(i) ¥>0

(if) () = ()| < d(e, ¥)
(iif) v=p = Y1) <(p)
(iv) Y(W0pI~1) = (p)

v) V(p) € a(p) -
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Proof. The statement (i) is proved in Proposition 9 (ii). If ¢ = ¢g and ¢ = px
then |v(¢) —v(¥)| < ||H — K| in view of Proposition 9. This proves the statement
(ii) in view of the definition of the distance d(p, ) as reformulated in (5.9). Now
we prove (iii). By definition we find H < 0 satisfying oy = =1 o . Take L such
that ¢ = 1, hence ¢ = ¢ oy = prupm. Since H < 0 we have L#H — L < 0.

Now we make use of the following observation: if ¥ = ¢4 and ¢ = ¢p for two
Hamiltonians A, B € H satisfying A > B, then a4 < ap pointwise for the asso-
ciated functionals; consequently we conclude from the minimax characterization
of v that v(v¥) = v(A) < v(B) = v(p). Hence the monotonicity statement in (iii)
follows. The statement (iv) is proved by the same homotopy argument as in the
beginning of the proof of Proposition 11. The last statement is a consequence of the
definition of -, in view of Lemma 6 and Proposition 11. The proof of Proposition
12 is complete. W

In view of Proposition 10 we have, in addition,

Proposition 13.

V(id) = 0
v(p) = 0, forallp € DT
v(p) > 0, forall p € D™\ {id}.

Corollary.
DT ND™ = {id}

Recall that the partial order structure on D introduced in Section 5.1 is based
on this fact. Note also that the real number v(¢) belongs to the action spectrum
o(p) = {A(z,9) | p(x) = x} associated to the fixed point set of the map . If z
is a trivial fixed point of ¢ = ¢p, i.e., satisfies (t,2¢) ¢ supp (H) for 0 <t <1,
then A(zg,p) = 0. We see that the statement y(¢) > 0 refers to nontrivial fixed
points of .

Summarizing, Proposition 12 and Proposition 13 show that v : D — A is a
nontrivial (7 # 0) and continuous section of the action spectrum bundle A — D.
In addition, ~ is monotone with respect to the order structure on the group D and
invariant under symplectic conjugation.

5.5 An inequality between the displacement energy and the capacity

The energy function E : D — RT is defined by

E() = mf{ [[H|| [ ¢ = ¢u},
where H € H and where, with the notation Hy(z) = H(t, z),

1
HHH:/ (sup Hy — inf Hy) dt.
0o =z z
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The energy is related to the capacity as already mentioned previously and we shall
prove

Theorem 5. If ¢ € D, then
E() > sup{ co(U) | U open and ¢(U) N U = (0} .

Here ¢o(U) is the special capacity introduced in Chapter 3. In order to prove
this theorem we shall proceed in several steps, first defining the positive and the
negative energy functions E* : D — Rt by

1
Et@) = inf{/ sup Hy dt |¢ = o}
0 =z

1 1
E~(v) —sup{/ inf Hy dt | = o} = inf{/ —inf Hydt | = pu} .
o * 0 ®

Evidently,

E*(¢) + E~(¥) E(1))
Ef(y) = E-(¥7Y).

IN

Proposition 14. If ¢, v in D, then
Yp) = EX (%) <(pov) <v(p) + E- ().
Setting ¢ = id we find, in particular, by using E*(¢)) = E~(¢~1) that
E@) 2 9(¥) +y(™).
Proof. Let ¢ = oy and ¥ = ¢k, then ¢ 09 = oy K and hence
Y(pow) = sup infappr(F)

FeF

= sup g ) - / Ki((9h)~ (@) di]

1
> (e - / sup Ky dt
0o =
implying the first inequality; the second one is proved similarly. B
Lemma 7. Let U C R?" be open and bounded and assume that o, € D satisfy
(1) » = ¢, with supp(H) C [0,1] x U.
(ii) Y(U)NU =1.

Then
Y(p o) =~( o) =~().



5.5 AN INEQUALITY BETWEEN THE DISPLACEMENT ENERGY ... 167

Proof. Denoting by ¢, = ¢} the flow of H we have Fiz(p; o) = Fix(yp o ;) =
Fiz(y) C R* \ U. If o denotes the action spectrum, we claim that

(5‘24) a(pro 11)) = U(W =o(po @T)a

for 0 < 7 < 1. Indeed, fixing 7 we can choose, by reparameterizing the time, new
Hamiltonians, namely K generating ¢ and H, generating ¢, such that K (¢,2) =0
for § <t <1, Hr(t,x) =0 for 0 <t < 3 and supp(H,) C [0,1] x U. For the
corresponding flows we see that

Uhogr(z) =1 (z) = ¢z o' (z), @ € Fia(y),

for all 0 <t <1 implying (5.24). The functions 7 — (¢ o ;) and 7 — (@, o)
being continuous and having values in the nowhere dense set ¢(¢’) must be constant
and hence equal to v(¢), in view of g = id, proving the proposition. H

The following immediate consequence of the lemma will be crucial for the proof
of Theorem 5.

Proposition 15. Assume that ¢, 1 € D meet the assumptions of Lemma 7, i.e., there
is an open bounded subset U C R?" such that ¢ = ¢y with supp(H) C [0,1] x U
and ¥(U) NU = (. Then

) < E(9).

Proof. Since, by Lemma 7, (1)) = v(¢ o)), we find in view of Proposition 14 that

E~() 2 v(¥) = v(poy) = () — ET(¥)

and hence v(p) < ET(¢) + E~(¢) < E() as claimed. B

It is possible to compute the energy E(¢) and () for those ¢ € D which are
generated by special time-independent Hamiltonians.

Proposition 16. Assume H € H is independent of time and assume, moreover,
that all T-periodic solutions of & = Xy (x) for 0 < T < 1 are constant. Then for
YH = ¥,

() = —inf H

E(g) = |H||=swpH —infH

E(@p) = o)+ ).
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Proof. Abbreviate ¢® = @3, for 0 < s < 1. It follows from the assumption about
the periodic solutions that the fixed points of ¢* are the critical points of H and
hence

o(¢®) = {=sH(m) | dH(m) = 0}.
Abbreviating the set of negative critical levels by Cy = —{H(m) | dH(m) = 0}
we conclude that v(¢*) € sCy. By Sard’s theorem Cy is nowhere dense and since
5 %'y(gos) € Cp is continuous, it is constant. Hence, there exists a critical point
m™ of H satisfying
(5.25) Y(¢®) = —sH(m™), forall0<s<1.

We shall show that H(m*) = inf H. By translating H as in the proof of Proposition
9 we may assume that H(0) = inf H. In view of Proposition 14

1@%) = psm) < E™(psn) < —sH(0).
On the other hand we find sg > 0 such that sH(z) < sH(0) + n|z|? for all

0 < s < 59 and = € R?" implying

Aew) = int lal) =7 [ (ol = s17(0)
= —sH(0)

so that v(psp) = —sH(0) for all 0 < s < sy and, hence in view of (5.25) also for
0 <s<1. We see that

Y(p) = —infH
as claimed. Now ¢_ 5 = (pg)~! and the same argument gives
V(™" =(p-n) = —inf(-H) =sup H.
Consequently, by Proposition 14 again,

—infH = ~(p) <E (p)
supH = ~(p7!) <

Adding up
||H|| =supH —inf H < E~(¢) + ET(p) < E(pn) < ||H]|,

so that E(p) = ||H|| as claimed. B
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m(H) = | H ||

Fig. 5.2

Proof of Theorem 5. Recall first the definition of the capacity ¢o(U) where U is
an open subset of R?". Define the set H,(U) of admissible Hamiltonian functions
as follows: H € H,(U) if H € C>(R?*"), supp(H) C U and H < 0, moreover,
H(x) = —inf H for x in an open set and all the T'—periodic solutions of & = X ()
of periods 0 < T < 1 are constants. Then

co(U) = sup{||H|| [ H € Ha(U)}

Note that ||H|| = —inf H = m(H) in the notation of Chapter 3.

Assume now that 1 € D satisfies 1(U) N U = . Then U is bounded, since )
has compact support and hence ¢o(U) < oo. Picking € > 0, we find H € H,(U)
satisfying

[H| = co(U) — e

Setting ¢ = ¢p we have, by Proposition 16, that v(¢) = —inf H = ||H|| and
conclude, in view of Proposition 15,

E@) > v(p) = |H|| > co(U) —e.

Hence E(v) > ¢o(U) — € for every € > 0 so that E(1)) > ¢o(U) implying Theo-
rem 5. H

We have already seen that the crucial estimate E(v) > 0 for ¢ # id follows
from Theorem 5 and we would like to point out another astonishing consequence
conjectured by Ya. Eliashberg and proved by H. Hofer in [117] and C. Viterbo in
[218].

Theorem 6. Assume ¢; and 1 € D and ¢ € CY(R?",R*"). If
(i) d(¥;,1) — 0
(ii) lim;_,o ¢; = ¢, locally uniformly

then ¢ = 1.
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Corollary. Assume ¢p, € D and ¢ € CO(R?", R*") satisfy

(1) H; — 0 uniformly

(i) Yu, —  locally uniformly.
Then ¢ = 1d.

Proof. We may restrict ourselves to the case 1) = id. Hence, assuming d(v;, id) =
E(v;) — 0 and lim;_, ¥; = ¢ we have to show that ¢(z) = 2. Arguing indirectly,
we find x* satisfying p(z*) # x*. Hence there is an € > 0 such that p(B.)N B, = ()
for B = B(z*, €). We conclude that 1;(B,/2) N B,/o = 0 for all j > jg so that, by
Theorem 5, E(v;) > co(B./2) > 0 contradicting the assumption E(¢;) — 0 and
proving the result. B

Given a bounded subset A C R?" one can ask: how much energy is needed in
order to deform the set A into a set A" which is disjoint from A?

S

Fig. 5.3

This question prompted the following definition of the displacement energy
e(A) introduced by H. Hofer [116]:

e(Ad) = inf{||H|| |H € H,andvy(A)NA=10}
= inf{ E(¢) |¢ € D,andy(A)NA=0}.
For unbounded sets B we simply set
e(B) =sup{ e(4) | AC B and A bounded }.

Clearly e is monotone in the sense that if A C B then e(A) < e(B). For every
symplectic diffeomorphism ¥ of R?" we have e(9(A)) = e(A). This follows from
E(@ ot od~t) = E(¢). Moreover, e(U) > 0 for every open set U. Indeed the
following more quantitative statement follows immediately from Theorem 5.

Theorem 7. For every open U

More explicitly, we have the estimate

sup{ [[H|| | H € Ho(U)} < inf{ [|[H|||H € H,su(U)NU = 0}.
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This estimate is much stronger than it looks at first sight. We shall see, in
particular, that the existence of the capacity ¢, namely co(B(1)) = 7 = ¢o(Z(1))
is an immediate consequence of the estimate. Recall that this normalization of ¢
was the subtle part in the construction of ¢y which required an existence proof.
We point out that the capacity ¢y explained not only all the symplectic rigidity
phenomena discussed in Chapter 2 but also the existence phenomena for periodic
orbits in Chapter 4.

Corollary. For the open ball B = B(1) and the open cylinder Z = Z(1) we have

7 <c¢o(B) <e(B)<e(Z)<m.

Proof. In view of Theorem 7 and the monotonicity of e, only the first and the
last inequality have to be proved. The first one is Lemma 3 of Chapter 3 which
required the construction of an easy example. It remains to prove that e(Z) < 7.
For this it is sufficient to show that

e(B*(1) x B 2(R)) <

for every radius R > 1. To displace this set from itself, it is enough to displace
B2(1) C R? from itself. To do so we first take an area- and orientation-preserving
diffeomorphism ¢ of R? mapping B?(1) into a square of side length /7 + €.

\

Fig. 5.4

A translation in the y direction which displaces the square from itself requires
a Hamiltonian which has a slope close to /7, for example Hy(z,y) = (/7 +2¢) - .
By smoothly cutting off this Hamiltonian, we see that we can separate the square
from itself by a Hamiltonian H € H with norm ||H|| as close as we wish to 7. The
desired flow ¢! o ! o ¢ then displaces B?(1) from itself in time 1, proving the
claim and hence the corollary. B

As indicated in Fig. 5.5, this construction shows also that, by cutting a given
bounded set V into small disjoint cubes and after removing a set V., C V of
arbitrary small measure, the remaining set V' \ V. can be displaced from itself by
arbitrary small energy.
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Fig. 5.5

Definition. A special capacity ¢ for open sets in R?" is a map ¢, associating to an
open set U, a number ¢(U) or +oo such that

(A1) c(U) > 0if U # 0 and ¢(B%*(1) x R*?) < 0.

(A.2) If ¢ : R*™ — R?" is a diffeomorphism satisfying
Y*w = aw for some a # 0 and Y(U) C V
then |alc(U) < ¢(V).

Evidently every capacity is a special capacity. However, in contrast to the
axioms of the capacity in Chapter 2, the maps ¥ in (A.2) are required to be
defined on all of R?".

Theorem 8. The displacement energy e is a special capacity in R?" satisfying, in
addition, e(B(1)) =7 =e(Z(1)).

Proof. It remains to prove that e satisfies A.2. Assume that ¢ satisfies YV*w = aw.
Then E(ppyp=1) = |a|E(p) for ¢ € D. If p(U)NU = 0 then Yoyt (y(U)) N
Y(U) = 0, implying that e(¢(U)) = |ale(U). If now U C V then e(U) < ¢(V) so
that ¢(U) C V implies e(¢(U)) = |ale(U) < e(V) as desired. B

It should be mentioned that e is not a capacity as defined in Chapter 2, and
co # e. Indeed, consider an annulus A in R2.

Then co(A) = m(R? — r?), ie., is the area of A. If Y(A)N A =10 forp € D
which is, by definition, defined on all of R?, then necessarily (B(R))N B(R) = (.
Using that 1 is an area-preserving map, this follows from topological reasons, and
we see that

e(A) = e(B(R)) = nR? > ¢o(A).
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—> P(A)

Fig. 5.6

5.6 Comparison of the metric d on D with the C°-metric

In order to understand the metric d introduced on D in Section 5.1, it is useful
to compare it with more familiar metrics. One can ask, for example, whether a
symplectic map which is C%-close to the identity mapping can be generated by a
C°-small Hamiltonian. This is not necessarily so as we shall show by means of an
example in R?. We shall construct a sequence 1),, € D satisfying
[ —id|co — 0

(5.26) d(tp,id) — oo.
We take the Hamiltonians H,, € H defined by

Hy(w,y) = 4fa(@)xn(z,y) on R

Here f,, € C>(R) satisfies f,,(z) = z for 0 < 2 < n? and looks as in Fig. 5.7:

fn A

Fig. 5.7
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Moreover, x, € C°(R?) is a smooth cut-off function which is equal to 1 on

the region given by 0 < x < nZ and 0 < y < % and decreases slowly such that
[Vxnl < 75

YA

3= 3

o
3[\')

Fig. 5.8

Let ¢, = ¢nu, € D be the maps generated by H,. Since the set U, in Fig.
5.8 is displaced from itself by ,, we can estimate, in view of Theorem 8, that
d(p,id) = E(1by) > ¢o(U,) = n. On the other hand |1, —id|co < % proving the
claim (5.26).

For the example it is important that the diameters of the supports of the
maps v, grow. Indeed, there is no such example if we keep the supports uniformly
bounded. This follows from the following estimate due to H. Hofer in [117]:

Theorem 9. For every ¢, € D

d(p,7) < C  diameter supp (9~ ') |¢ —¥|co

where C' is a constant and C < 128.

The remainder of this section is devoted to the proof of this statement which
compares the intrinsic metric d with the C%-metric. We need some technical prepa-
rations and start with a definition. The notation in the following refers to the
symplectic splitting R?” = R? @ --- & R? and the coordinates (21,Y1,. .., ZTn,Yn)-
If @ € R we shall denote by {z; = a} the hyperplane {(z,y) € R*"|x; = a}.

Definition. Denote by Si,..., S any subsets of R?”. We call them properly sepa-
rated, if for every choice A; C S; of bounded subsets, there exist a map 7 € D and
numbers a1 < ag < --- < ag—1 such that the sets 7(A4;) lie in different components
of R?™\ U?;ll {z1 = a;}. Relabeling the sets we can assume that 7(4;) is to the
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left of T(Aj+1)2

{z1 =a1} {z1 = as} {z1 = ar_1}

Lemma 8. Assume the sets S1,...S; are bounded and already properly separated
by parallel hyperplanes. Then, given R > 0, there exist a map 7 = 7p € D and
vectors vy, va, . .., v; € R?™, with v; =0, satisfying

T(x) = x +v; if zeS;
forall 1 < j <k and

dist (T(sj),T(si)) > R Oif i

Proof. Choosing 0 = a1 < ae < ... < ay, we introduce the vectors
_ 2n
v; = o € e R s
where e; = (1,0,0,...0) and the translated sets

t. _
Sj L= Sj + t’Uj.
For every t > 0 these sets are mutually disjoint and separated by hyperplanes.
The mutual distances go to infinity as ¢t — oco. Define the function

H:U{t}x(QSﬁ)HR

t>0

by setting H(t,z,y) = a;y1 if (z,y) € S5. We can consider H as a restriction of
a smooth Hamiltonian function on R x R?" having compact support in the space
variables for ¢ in a compact interval. If we take o = R(j — 1), the time t-map %,
acts on each set S; as a translation S;-t = S; +toje;. Hence the mutual distances
between the sets S; - ¢ are at least tR, thus proving the lemma. B
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Lemma 9. Assume 91,9, ..., 1, € D have properly separated supports. Then
E(1ya---thg) < Qm?XE(Q/}j)~

Note that these maps necessarily commute.

Proof. Since the energy E is invariant under conjugation we may assume that
we already have the supports of ; separated by parallel hyperplanes. A priori
we cannot assume that the generating Hamiltonians have disjoint supports. We,
therefore, use a trick. Let 1); = ¢, and denote the support by S; = supp (¥;).
Choose R > 0 such that

supp(H;) C [0,1] x Bg(x})

where z7 € S;. Now choose vectors v; such that the sets Br(S; +v;) are disjoint. If

7 € D is the map associated to the S; guaranteed by Lemma 8, we set ¢; = 7,7~ !
and find

E(brts ) = BE(1ta ... 0).

By construction, supp(y;) = 7(S;) = S; + v;. Observe now that miraculously
bi(@) = TN e) = Y@ —v) + o = T (e)

for all x € R*", with the translation 7;(z) = z + v;. Therefore, in view of the
transformation law of Hamiltonian vector fields,

7/;]’ = (ij with I‘:rj(t,iﬂ) = Hj(t,vaj)-

By construction, supp(H;) are now mutually disjoint and hence
Yipe by = @

with H = Hy + Ho + -+ 4+ Hy. Given € > 0, we choose H; such that ||H;|| <
E(1;) + ¢, so that
E(pg - h) = Elpg) < |H].

By definition,
1

|H| = / (Supfft—inff[t)dt,
4 x

and since the supports of H ; are disjoint we have
1
|H|| < 2max / (supf{j —inff{j) dt = 2max||f[j\| < 2max E(1);) + 2.
J x z J J
0

This holds for every € > 0 and the lemma is proved. B
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It is useful for the following to introduce a refinement of the displacement
energy. If S C R?" is any subset we define the proper displacement energy e, (S)
as

ep(S) = inf{a > 0 | for every bounded subset A C S
there exists ¢ € D satisfying F (1) < a and
A and 9(A) are properly separated }

One verifies, as in the previous section, that e, is a special capacity for sets in
R?*" which satisfies, in addition, e,(B(1)) = m = €,(Z(1)). It is an astonishing
observation that the energy of a mapping ¥ € D can be estimated through the
proper displacement energy of the smallest support needed in order to generate
the map by a Hamiltonian. This was discovered by J.C. Sikorav in [198]:

Theorem 10. (J.C. Sikorav) If H € H satisfies supp(H) C [0, 1] x U, then

E(on) < 16e,(U).

Proof. Denote by ¢}, the time evolution of the map ¢g. Given £ > 0, we take N
so large that the maps ;. defined by

k
Uk = @, withty = &, 0<E<N

satisfy
1/)0 - Zd, ¢N = pH
supp (Yp)CSCU, 0<k<N
d(Yr, Yr+1) <e 0<k<N-1

Here S C R?" is a bounded subset of U. By definition of e, there exists a p € D
such that S and ¢(S) are properly separated and

E(p) < ep(S) + e < ep(U) + =

We next construct a distinguished sequence of mappings ¢; € D for 0 < j <
2N.If 7 = 0,1 we set g = id and ¢ = ¢. In order to define s, we first choose a
map oo € D as in the proof of Lemma 8 which satisfies for s € S

o2(s) =5, aa((s)) = pls) +va

with a vector vy € R?™.

Setting o = 020, ', we have for s € S that pa(s) = 0a(p(s)) = @(s) + va.
Similarly, we construct all the maps ¢; by

@; = ojp0; ', 2<j<2N
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choosing the translation vectors v; so that the sequence S; of sets defined by
S;j = ¢;j(8), 0<j<2N

are disjoint and pairwise properly separated. Defining now the mappings «;, 8 €
D by

aj = @iy, 1<i<N
Bk

V207 oo 0<k<N

we see that
supp (o) C  Sj-1, 1<j<N

supp (Bk) < Sok, 0<k<N.
By construction the supports are mutually disjoint so that any two mappings
among aq,...,an, B, 01 ... B commute. Since Oy = gpgNgngoQ_]\l, and Gy = id we
can use the commutativity of the maps and compute
N—1 N—-1
E(pn) = E(Bn) = E(ﬂN( [T or1 Be)(IT ot 5k)*1)
k=0 k=0
N N-—1
= B((I1 arBO(IT ars1B) ")
k=1 k=0
<
2 12&){}\[ E(agf) +2 Oginga]zﬁl E(aks18e),

where we have used Lemma, 9.

Observing that apfr = war—1 (¥ <p2*k171 Dok w,;l)go;kl and recalling that the
maps ¢; are all conjugated to ¢, we can estimate

E(arbr) < 4E(p) < 4e,(U) + 4e.
Similarly, we find by using axi1 8k = @arr1 (Ve 1/)1;1)(1% ¢5k1+1 P2k w;;l)SOQkI
that

E(o15k) 4E(p) + d(Yr, Yr+1)

de,(U) + 4e + e.

IN

IN

Summing up we have E(py) < 16e,(U) + 18¢, and since € > 0 is arbitrary, the
proof of Sikorav’s theorem is finished. l

The following localization of Sikorav’s estimate will be crucial for the proof of
Theorem 9.

Lemma 10. Let ¢ € D with ) # id and let § > |[¢p — id|co. For every Q C R?"
open and satisfying Q N supp(¢)) # 0, there exists a ¢ € D satisfying

(i) 0lQ = ¥|Q
(i) supp(p) C U
(iif) E(p) < 16¢,(U),
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where U = B;(Q) N C. Here C is the convex hull of supp(¢) and Bs(Q) =
{z| dist (z,Q) < ¢}.

Proof. By definition there is a smooth homotopy * for 0 < ¢ < 1 connecting the
identity map with . Choosing zg € QN int supp(¢)), we find an R > 0 such that

(5.27) supp(¢') C Br(zg) , 0<t<1.

Define now the 2-parameter family ¢t € D for 0 < s <1 and 0 < ¢ < 1 by setting

Vi) = smo + (1= )t (w0 + T—2).

One verifies readily that
(5.28) supp(¢l) C Bi—sr(0)

(5.29) supp(yl) c C.
We can fix s¢ € (0,1) such that
(5.30) B(l,SO)R(.’L‘Q) cNC,

and define a new homotopy ¢ € D for 0 < 7 <1 connecting the identity with
by setting
T o t(T)
Y = ws(.,-)a

where the smooth functions ¢(7) and s(7) are chosen such that the curve I'(7) :=
(t(7),s(7)) C R? looks as follows:

AS
I
1 7777 /
5(0)
\\

id "

’;/

0] 1

\/
-

Fig. 5.9

Here the curve I' runs in the shaded area for 0 < 7 < % and on the vertical part
for 1 <7 < 1. It now follows from (5.28), (5.29) and (5.30) that supp(¢”) C C
forall 0 <7 <1 and supp(p”) CQNCif0 <7< % Moreover, |¢™ — id|co <
(1 —s(7))|tp —id|co if 3 <7 <1, as one verifies readily. Consequently,

(5.31) (@) C Ba(Q), 0<7<1
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with d := [) —id|co. Since supp(¢”) C C and C' is convex, this homotopy is gener-
ated by a Hamiltonian F' € H, ¢” = ¢T. having its support contained in [0, 1] x C'.
Cutting off this function smoothly, we find a new Hamiltonian K satisfying

K|Ba(Q) = F|Ba(Q)
supp(K) < [0,1] x B5(Q).

In view of (5.31) we conclude for the time l-maps that ¢x|Q = ¢r|Q = ¥|Q.
Moreover, supp(K) C ([0,1] x Bs(Q)) N supp(F) C [0,1] x (Bs(Q) N C) and
hence supp(ypx) C Bs(Q)NC. We can apply Sikorav’s theorem and find E(px) <
16e,(B;s(Q) N C). Setting ¢ = ¢ € D the lemma is proved. W

We shall need another consequence of Sikorav’s theorem.

Lemma 11. Assume 1 € D and supp(+)) C U. If U = (a1,az) x (b1, bs) & R?" 72,
then

E(’LZJ) S 16(&2 - al)(bg - bl)

Proof. Since U is convex we construct, as in the first part of the above proof, a
Hamiltonian H € H satisfying supp(H) C [0,1] x U and generating ¢ = ¢p.
One verifies easily, by arguing as in the proof of the Corollary to Theorem 7, that
ep(U) = (a2 — a1)(ba — b1) so that the lemma is a consequence of Sikorav’s
theorem above. B

Proof of Theorem 9. We consider 1) € D with 1 # id and choose
0>d = |¢—id|cgo.
Defining the sequence a; by ag = 0 and ap41 = aj, + 26, we set
Qr = [(Gk —e,a +¢€) % R} @ R?2

with 0 < e < (§ — d). Since supp(¢) is compact, the index set I,

I = {k ’ Qi N supp(v) # @}

is a finite set. Choose now d < d; < (§ — ¢). In view of the localization Lemma 10
we find, for every k € I, a map ¢y € D satisfying

(i) 0p|Qr = V| Qr
(ii) supp(px) C Uk

(iif) E(pr) < 16¢,(Uy)
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where Uy, = By, (Q1 )N convex hull supp(¢)). Since B, (Qr) = (ar, —e— 1,0 +e+01)
x R?"~1 and 2(e + 61) < 2, these sets are properly separated and, therefore, the
sets supp(py) are also. Abbreviating

R := diameter supp 1,

we find a sequence b, € R such that for every k € I

R R
Ui C(ap —e —01,ar + €+ 1) X [bk—g,bkﬂ-? @ R™M2,

Using Lemma 9 and Lemma 11 we can estimate

B(I1#) = 2ot

kel
< 2max 16-2(e +61) - R
kel
(5.32) < 64R-S.

Define ¥ = ([] &)~ ! In view of (i) above and using the fact that supp(py) are
kel
properly separated, we conclude for x € Q) that

Pi(z) = Yo t(x) = P l(z) = .

We see that the map ¢ is the identity map on disjoint strips, hence it leaves every
gap in between invariant so that it can be written as a composition of maps having
their supports in the gaps. More precisely there exists a finite sequence ¢; € D,
with 1 < j <, satisfying

1
vod =[] 4
j=1
with supp(¢;) properly separated and
supp($;) C Uy,

where U; = [d; — 6 +&,d; + (6 —¢)] x [bj — £ b; + L1@R?*~2 for suitable numbers
d; and bA] We can apply Lemma 9 and Lemma 11 and find, using the estimate
(5.32),

E() = E@997') < E@WI)+E@W)
E([T¢;) + E(ITew)

2-16-2(6 — )R + 64 RS

IA

IA

128 R - 6.
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This holds true for every § > d = |t — id|co, and we conclude that
E($) < 128 R|p — id|co,

where R = diameter supp(¢). Observing that |1 ~! —id|co = |¢ —1|co, we finally
arrive at the desired estimate

d(p,) = E(poy™") < 128 diameter supp(p o ¢ ™") | — [co,
and the proof of Theorem 9 is finished. B
Finally, we shall complete the proof of Theorem 1 by proving the estimate
(5.33) E(¢) < 16inf{nr? | there is a ¢ € D with supp (e ') C Z(r)},

for every ¢ € D. Given € > 0, we pick a map ¥ € D and R > 0 satisfying
supp(V9~1) C Z(R) and

7R? — ¢ < inf{mr? | there is a ¢ € D with supp(pwe ') C Z(r)}.

Since E(¢) = E(99~1) we may assume without loss of generality that supp(t)) C
Z(R). Choosing now H € H with ¥y = 1, we consider the corresponding arc
t +— 1y and define for s > 0

X 1
vi(e) = sn(Ca).
For a suitable function ¢ — s(t) we find an arc ¢ — 1} () — 4, which is generated
by a Hamiltonian function K € H satisfying supp(K) C [0,1] x Z(R) and ¢, = ).
Therefore, in view of Sikorav’s estimate

E(Y) < 167R?,

using that the proper displacement energy of Z(R) is equal to 7 R2. Since ¢ > 0 was
arbitrarily chosen the announced estimate (5.33) follows and the proof of Theorem
1 is finally completed.

5.7 Fixed points and geodesics on D

A symplectic diffeomorphism ¢ € D possesses, as we have demonstrated, a dis-
tinguished fixed point # = p(x) guaranteed by the minimax principle. Its action
satisfies A(z,¢) = 7(p). Periodic points are fixed points z = ¢ (z) of higher
iterates of ¢ and we call the finite set

O(x) = {z, o(x), p(p(x)), ..., N (z) = x}

the orbit of x. The following qualitative existence theorem is due to C. Viterbo
[218].
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Theorem 11. Every ¢ € D~ \ {id} possesses infinitely many periodic points x; =
¢? (x;) having positive actions

Az, @) > v(p) >0

and disjoint orbits

O(z;) NO(zy) =0, k#j.

The statement also holds if ¢ € DT\ {id}. Actually, by using his homological
version of a special capacity in R??, C. Viterbo proved a more general statement
assuming merely that ¢ € D satisfies ¢ # id.

Proof. In view of the assumption on ¢ we find H € H satisfying ¢ = o and H <0
with H # 0. Hence v(p) > 0 in view of Proposition 13. Since supp(H) C [0,1] x U
for some bounded open U, we have

0 <~(p) < e(U).

Indeed, if ¢ € D satisfies (U) N U = @ then, in view of Proposition 15, y(p) <
E(v) implying that v(¢) < e(U). Since ¢ < id, we find, using the monotonicity of
v, the estimate

0 <y(0) <(p?) < ... <A(¢?) < e(U)

for all the iterates of ¢. For every j there is a fixed point z; = ¢’ (x;) satisfying
Y(p?) = A(zj,97) > v(¢) > 0, and it remains to show that infinitely many of
them belong to disjoint periodic orbits. To see this observe that if z; = <pl(xj) for
some [, then

V") = Ak, 0*) = 1Az, ¢7) = 11 (¥7),
as the computation shows, so that the theorem follows in view of the above bound
for the sequence v(¢’). B

If the time-independent Hamiltonian function H € C'°(R?*") does not vanish
then the Hamiltonian system & = Xy (x) possesses many periodic solutions lying
on regular energy surfaces of H, as we have seen in Chapter 4. Nothing is known,
however, about their periods and we would like to add a qualitative existence
statement for fast periodic solutions. Recall that if H € C2°(U) satisfies ||H|| >
¢o(U), then the system & = Xp(z) possesses a nonconstant T-periodic solution
where the period is contained in the interval 0 < T" < 1, provided H < 0 and
H =inf H on an open subset. This follows immediately from the definition of the
capacity ¢o(U). Generalizing this statement we shall prove:

Theorem 12. Assume H € C°(U) does not vanish. Then the Hamiltonian system
# = Xp(z) has a nonconstant T-periodic solution with 0 < T' < T™, where

Co(U)

T > .
|H |co
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Proof. By using the arguments of Chapter 5, the proof will follow readily from
the definition of the capacity cp. Let Ht = maxH and H~ = —min H, then
|H|co = max{H*, H}. Assume H" > H~ so that H™ > 0 since H # 0. Choose
e > 0 so small that T*(H* —¢) > ¢y(U). Next choose a smooth function f: R —
[0, 0] satisfying f(s) = 0if s < 0 and f(s) = H —e if s > H' and moreover
0 < f’(s) < 1. Then define the Hamiltonian K by

K = T foH.
Since || K|| > ¢o(U) there exists a nonconstant 7-periodic solution z(t) of
i = Xk(z) = T* f'(H)Xu(z)

of period 0 < 7 < 1. The function T* f'(H(z(t))) = c is a positive constant,

hence y(t) = x(1t) is a nonconstant periodic solution of § = Xy (y) having period

cr < T*. The same argument applies if H~ > H' and the statement is proved. B
With a smooth arc ¢! : [a,b] — D, we associate its length by defining

b
length ((p[a’b]) = /[suth — iI;th]dt.

a

The function H is the unique smooth function on [a,b] x R?" of compact support
which generates the arc and which is determined by (4 ¢")o(¢") "' (z) = JVH(t, z)
for a < t < b. In the metric space (D, d) we then call a smooth path ¢' : [a,b] — D
a geodesic path if; locally, its length is the shortest connection of the endpoints;
ie., if
length (¢1*1) = d(¢', ¢*)

for all a <t < s < b with |t — s| sufficiently small. Examples of geodesics are the
flows for time-independent Hamiltonians H € C°(R?*"), as we shall show. In this
case it follows from the definition that

length (") = [t — s| - [|H]|.

Proposition 17. If H € C2°(R?") is independent of time, then the flow ¢! = ¢t is
a geodesic in D which moreover satisfies

dg"¢") = It = s| - [1H]| = length (o)
for all ¢ < s satisfying |t — s| < 2%, where h := sup, [Hyq|.

Proof. We recall first that a T— periodic solution of a time-independent vector
field is necessarily a constant solution if the period is too small. Indeed assume
x(t) is a T— periodic solution of & = Xy (z). Normalizing the period we define
y(t) = z(tT), which solves

y = Xru(y), and y(0) = y(1).
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Note that for every 1-periodic loop z in R?" having mean value zero, we have the
L2- estimate ||z|| < 5=||#||. This is seen by looking at the Fourier series. Applying

= 27
this observation to y whose mean value vanishes, we can estimate

1 1 Th
e L L The
Wil < 5Nl = 5T e ly®)il] < 5119l

which implies § = 0 if AT < 2m, so that y(t) = y(0) is a constant solution.
Therefore, if hT < 27, we conclude from Proposition 16 that E(ery) = T||H]||.
Hence assuming |t — s| < 2%, we can compute the distance as
d(@*,¢") = E((9") " oy
= E(¢y") = E(eu-su) = It = sl|HI|,
as claimed in the proposition. B

Evidently, for autonomous Hamiltonians,
d(¢',id) = t]|H|| = length ()

as long as ¢! admits no nontrivial fixed point. By definition, a geodesic in D
minimizes locally the length of the curve. Globally this need not be true as the
following example shows.

Proposition 18. For every e > 0 there exists a geodesic path ¢! in D for 0 <t <1
starting at ¢° = id and satisfying, for all 0 < ¢ < 1,

d((ptald) <e and 1ength (gp[ovt]) >

M|+

Proof. Pick an open neighborhood U of the origin satisfying 16e(U) < e and choose
a time-independent H € C°(U) with ||H|| > 1. Then, by Sikorav’s estimate, we
find if 0 < ¢t < 1, that d(¢',id) = E(pn) < 16e(U) < ¢, while length (%) =
t|[H|| > ¢ as claimed. W

We see in particular that the metric space (D, d) is not a “flat” space. “Locally”
however the space (D,d) is “flat”. This has been proved recently by M. Bialy
and L. Polterovich [22], who gave a complete description of a geodesic path in
(D, d) which we shall describe next. In order to avoid pathologies, we consider
only smooth paths g : I — D, with I C R an interval, which are regular. This
requires that the Hamiltonian H : I x R?>® — R generating the path g satisfies
||H¢|| # 0, for t € I. Recall that H,(z) = H(t,z) and, as above

[|Ht|| = max Hy(z) — min Hy(x) .
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Definition. A regular smooth path ¢g : I — D is called a minimal geodesic if for all
a,be I, with a < b,

length (gl{a.)) = d(g(a),g(b)) .

Recall that the length is defined by

length (gl(a.s) : / A

where H € H generates the path g. Consequently g : I — D is a geodesic path if for
every ¢ € I there is an interval I, C I such that g : I, — D is a minimal geodesic.
In order to characterize geodesics in terms of their generating Hamiltonians, the
following concepts introduced in [22] turn out to be useful.

Definition. A smooth Hamiltonian H : I x R?” — R is called quasi-autonomous if
there exists two points z;,z_ € R?" satisfying

max Hy(z) = H(t,xy) forall tel

min Hy(z) = H(t,x_) forall tel.
x

Correspondingly a function H on I x R?" is called locally quasi-autonomous if, for
every ¢ € I, there is an interval I. C I such that H is quasi-autonomous on I, xR?".
Special examples are of course autonomous Hamiltonians. Denote by C = C°(R")
the linear space of autonomous Hamiltonians equipped with the metric associated
to the norm ||H|| = max H —min H. We call a smooth nonvanishing arc f : I — C
a minimal geodesic of C if for every a < b in I, we have

b
1) - f@)l| = /Hd%f(sws.

In this terminology a Hamiltonian H € H is quasi-autonomous precisely if it is
the time derivative of a geodesic arc in C, in view of Lemma 13 below.

The following theorem extends Proposition 17 and gives a complete description
of geodesics on (D, d).

Theorem 13. (Bialy-Polterovich) A regular smooth path g : I — D is geodesic if
and only if it is generated by a locally quasi-autonomous Hamiltonian.

The rest of this section is devoted to the proof of this theorem. The result will be
deduced from a criterion for minimal geodesics which we formulate first. Recall that
with a map ¢ € D we have associated in Section 5.2 its action spectrum o(p) =
{A(z,¢)|x € Fiz(p)}. The action spectrum is a compact and nowhere dense set,
as we have seen in Proposition 8. In general, it does not depend continuously on
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©. To a smooth path ¢ : [a,b] — D there belongs a bifurcation diagram »(g). It is
defined as the set

Y(g):= {(t,s) €eR?*| a<t<b and s¢c a(g(t)g(a)_1>} .

If the path g : [a,b] — D is generated by a quasi-autonomous Hamiltonian H, we
have the distinguished fixed points x,,x_ € Fiz(g(t)g(a)~!) for every a <t < b.
Their actions are the functions v, v_ : [a,b] — R defined by

1®) = = [ Hedt, o) =~ [ i

Note that y_(t) < 0 < y4(t). The corresponding graphs Iy (¢) = (¢, v+ (¢)) are two
distinguished curves in the bifurcation diagram which are continuous. Of course,
the curve I'(t) = (¢,0) is always contained in X(g) since the Hamiltonians consid-
ered have compact supports.

Definition. Consider a regular path g : [a, b] — D generated by a quasi-autonomous
Hamiltonian. Then its bifurcation diagram Y(g) is called simple if the following
conditions are satisfied.

(i) Whenever 4 () does not vanish identically the following holds true for every
T > a. There is no continous curve (¢, u(t)) C X(g), 7 < t < b connecting the point
(r,u(1)) € T4 (7) with a point (b, u(b)) where v_(b) < u(b) < v+(b).

(ii) Similarly we require for every 7 > a, whenever y_(¢) is not identically 0, that
there is no continuous curve (¢,u(t)) C X(g),7 < t < b connecting (7,u(r)) €
I'_(7) with (b, u(b)) satisfying v—(b) < u(b) < v4(b).

The first of the figures in Fig. 5.10 illustrates a diagram which is not simple.

The second figure belongs to a regular path g : [0,b] — D starting for simplic-
ity’s sake at the identity, whose generating Hamiltonian H does not depend on
time ¢, and which, moreover, does not admit any nonconstant periodic orbits. In
this example the fixed points are the critical points x of H and their actions are
the lines

A(x,g(t)) - f/H(x)dt — _tH(z).
0

The corresponding bifurcation diagram is simple because the critical levels of H
are nowhere dense.

Theorem 14. (Bialy-Polterovich) Assume the regular smooth path g : I — D is
generated by a quasi-autonomous Hamiltonian. If the bifurcation diagram X(g) is
simple, then g is a minimal geodesic.
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Fig. 5.10

Proof. The proof is based on the properties of the distinguished map v : D — R
introduced in Section 5.3 above. This map is, in particular, continuous and hence
defines a continuous section of the bifurcation diagram. To simplify matters we
assume that I = [0, 1] and g(0) = id. The crucial step is the following lemma which
extends Proposition 16.

Lemma 12. Assume H is quasi-autonomous and generates a path ¢ : [0,1] — D
with a simple bifurcation diagram ¥(g). Then

(o) = %@, (sm) = =)

Proof. Recall that v_(t) < v(g(t)) < v+ (¢) for all ¢, in view of Lemma 4. First
we prove that v(g(7)) = v4(7) if 7 > 0 sufficiently small. Reparameterizing, we
introduce F(t,x) = 7H(rt,z) for 0 <t < 1 and 7 > 0. We may assume that
r_ =0 so that F(t,x) < F(t,0) + 7|z|? if 7 is sufficiently small. Proceeding as in
the proof of Proposition 10, we use the monotonicity of v and estimate

7(9@) = (F) = —/F(t,O)dt = —/TH(taO)dt = 71+(7) -
0 0

Hence v(g(7)) = 7v4+(7) as claimed. Similarly, v(g(7)™!) > —y_(7) provided
is sufficiently small. The statements for ¢ = 1 now follow from the assumptions
on X(g). Indeed, if v, (¢) = 0 then H(t,z) > 0 and hence by monotonicity of
v (Proposition 10) v(g(1)) = 0 as desired. Assume now 4 () #Z 0. Proceeding
indirectly, we assume that v(g(1)) < ~v4(1) and claim that v_(1) < v(g(1)) <
v+ (1). Indeed, if yv_ (1) = 0, then H(¢,z) < 0 and hence v(g(1)) > 0 by Proposition
10. If v_(1) < 0 we just note that v > 0 and the claim is proved. Consider now
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the graph I' defined by the continuous function u(t) = min{y(g(¢)),v+(¢)}, for
7 <t <1 Then I C ¥(g) and we arrive at a contradiction to the required
simplicity of 3(g). We have proved the first statement in the lemma; similarly one
obtains the second statement. Hl

The proof of Theorem 14 follows now in view of Proposition 14; abbreviating
g(1) = ¢ we can estimate

(1) == (1) < () + (et < d(id,p) <

< length (glj0,1) = v+(1) —v-(1),

N

where we have used in the last equality that the Hamiltonian is quasi-autonomous.
We conclude that d(id, ¢) = length (g|[,1]). Hence g is a minimal geodesic and the
proof of Theorem 14 is completed. l

A technically convenient way to describe a small neighborhood of a point ¢ € D
uses the linear space of generating functions which is explained in Appendix 1.
Assume ¢ € D is near the identity mapping and, in symplectic coordinates, given
by ¢ : (z,y) — (£,1) = ¢(x,y) € R?". Then it can implicitly be represented in
terms of a single function S by the relations

z = &4 25y
(5.34)
n o=y + 55y,

where S € C°(R?") is also of compact support and small in the C2-sense. Con-
versely every such function S defines by means of the formula (5.34), a symplectic
map ¢ € D near the identity. We, therefore, have a mapping

d:S—dS)eD,

defined in a small neighborhood of zero in C2°(R?™). To an arc Sy(€,y) = S(t, &, v),
t € I, there belongs a path g(t) = ®(S;) € D for t € I. It is generated by a
Hamiltonian H € H. Its relation to S; is the Hamilton-Jacobi equation

0 0
H(t,f,y + a—S(t,f,y)) = gs(té,y),

3
which holds true in our situation for all (¢,y) € R?"™. This is, of course, well-known,
and we refer to the book by C.L. Siegel and J. Moser [196]. In the linear space
C2°(R?") of generating functions we introduce the norm ||S|| := max S — min S
and the associated metric dy(Sp, S1) := ||So — S1]|- The arc length of a smooth arc
St,a <t < b is, therefore, defined by

length (S[4.5)) /H ||dt .
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A smooth arc S, t € I is called a minimal geodesic, if for every a,b € I, a < b, we
have do(S,, Sp) = length (S, 4)) or, explicitly, if

b
1150 = S| = /H%—fudt for all a<b,

a,b € I. Examples of minimal geodesics are straight lines (1 — ¢)S, + ¢S, = S;
connecting two points S, and Sp. Lemma 13 below expresses the fact that a smooth
arc Sy is a minimal geodesic if and only if %—f is quasi-autonomous. It will turn
out that the image of a geodesic under the map ® is a geodesic in the metric
space (D, d). Indeed we shall deduce from Theorem 14 that ® is an isometry. This
shows, in particular, that the metric space (D, d) is “locally flat” if one considers
the space (C°(R?"),|| - ||) as a “flat” space.

Theorem 15.
d(@(0), ®(51)) = 1150~ Sall

Proof. Define the arc Sy = (1—1)Sp+tS51,0 <t < 1 connecting Sy with S;. We shall
prove that the path g(¢) := ®(S;) is a minimal geodesic in (D, d). It connects g(0) =
®(Sp) with g(1) = ®(Sy). In order to verify the assumptions of Theorem 14 we
shall prove that X(g) is simple and the generating Hamiltonian quasi-autonomous.
Consider a fixed point (£,1) € R?" of g()g(0)7!, ie., g(r)g(0)"1(&n) = (&n)
for some 0 < 7 < 1 fixed. Introducing (£,n) = ¢(0)(z,y), this is equivalent to the
conditions

&mn) = g(n)(@,y) = g(0)(z,y) -

Expressed in terms of the generating functions S, of ¢(7), respectively, Sy of g(0)
by means of the formula (5.34), this is equivalent to

o= y+ %Sy = y+ FSy).

Consequently VS, (&,y) = VSy(€, y) and hence V(Sp—S1)(§, y) = 0 and, reversing
the steps, g(t)g(0)~1(&,m) = (€,m) for all . We have verified that the periodic
solutions of H correspond one-to-one to the critical points of the function Sy — S
and are, moreover, all constant. From the Hamilton-Jacobi equation we deduce for
the critical points (£,71) = ¢g(0)(z,y), that

H(t6y + geSl6n) = (51— 56w

Hence, the Hamiltonian function is quasi-autonomous. The action of a fixed point
P = (£,m) which corresponds to the critical point (£,y) of S; — Sy is easily com-
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puted:

(Sl - SO)(€7 y)ds

A(P.g(1)g(0)) —Of Hy(P)ds = —

= —t(S1—50)(&y) -

Since the critical values are nowhere dense, the bifurcation diagram X(g) is simple.
We have verified for the path g(¢) that the assumptions of Theorem 14 are met.
Using that ||Hy|| = ||S1 — Sol|| we find

o

a(v(so) () = [l = (15 - S

and the proof of Theorem 15 is completed. B

In order to deduce Theorem 13 from Theorem 15, we start with two technical
observations. In order to check that a function is quasi-autonomous the following
lemma is helpful.

Lemma 13. A smooth function H : [a,b] x R?*" — R of compact support is quasi-
autonomous if and only if

b b
[ e = 11 [ 1,2yl

Proof. Clearly, if H is quasi-autonomous, the equation follows from the definition of
the norm. Assuming the equality to hold we now show that H is quasi-autonomous.
By definition, there exists a compact set K C R?" containing the supports of H,
for every t. Defining the closed sets

K,={re K| H(z)=maxH;}, a<t<b,

we have to prove that (| K; # 0, where a < ¢ < b. Since K has the finite intersection
property it suffices to verify that K;, N---N K;, # (0 for every finite sequence
t1 < tg < -+ < ty. Arguing by contradiction, we assume K; N---N Ky, = (.
Thus we find an € > 0 satisfying

N N
Z Hy (z) + ¢ < Z max Hy; for all x.
j=1 j=1

Consequently, by taking small intervals around the ¢;’s we find an open set V' C
[a,b] on which

/Ht(x)dt + % < /maXtht for all z ,
v v
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and thus arrive at the contradiction

b b
9
| i+ 5 < [
a a

Arguing similarly for the minimum, the proof is completed. B

Lemma 14. Consider an arc S;, t € I = [a, D] and the corresponding arc Hy,t € T
generating the path g(t) = ®(S;) in D. Then 2 E is quasi-autonomous in I if and
only if H is quasi-autonomous in I. Moreover, in this case the distinguished points
Py = (&4,m4) respectively Q1 = (£4,y+) of min and max for H respectively
%—f, are related by (5.34), the generating function being S = S,. In addition
H(t,Py) =2 (t,Q1) for all t € I.

Proof. If H is quasi-autonomous with respect to the distinguished points Py, then
g(t)g(0)~1(Py) = Py for all @ < t < b. Hence, arguing as in the proof of Theorem
15, VS,(Q+) is independent of t and so V.S;(Q+) = VS, (Q4). Consequently 2 S
is quasi-autonomous in view of the Hamilton-Jacobi equation. Conversely, if %—f
takes on its max and min at the fixed points @4, then S; — S, also takes on its
min and max at these points, for all ¢ € I. Hence VS;(Q1) = VS,(Q+) and
consequently g(t)g(0)1(P+) = Px. In view of the Hamilton-Jacobi equation, the
function H is quasi-autonomous with respect to Pr. B

Proof of Theorem 13. The metric in (D, d) is bi-invariant and hence we may con-
sider a path ¢g(t) € D near the identity g(0) = id, where t € [—e,¢] = I for a
sufficiently small € > 0. It is generated by H € H and g(t) = ®(S;), t € I for an
arc Sy of generating functions. We have to show that g is a minimal geodesic in
(D,d) if and only if H or equ1valently 5 (by Lemma 14), is quasi-autonomous.

But by Lemma 13, & E is quasi- autonomous if and only if

(5.35) H/ H—-/H

The right hand side is, in view of the Hamilton-Jacobi equation, equal to

/W| = /Hﬂm length (glj—c.))

while the left hand side is equal to

H/' =18 5l = d(o(-2).9(6)

in view of Theorem 15. Hence (5.35) holds if and only if ¢(¢) is a minimal geodesic
for t € I. The proof of Theorem 13 is completed. B



Chapter 6

The Arnold conjecture, Floer homology and
symplectic homology

In the sixties V.I. Arnold announced several seminal and fruitful conjectures in
symplectic topology. This chapter is devoted to his conjecture about fixed points
of symplectic mappings which originates in questions of celestial mechanics dating
back to the turn of the century. Reformulated dynamically, this conjecture gives
a lower bound for the number of global forced oscillations of a time-dependent
Hamiltonian vector field on a compact symplectic manifold in terms of the topol-
ogy of this manifold. Forced oscillations are singled out by the action principle;
solutions of the conjecture gave rise to new ideas and techniques in the calculus
of variations and in nonlinear elliptic systems. In particular, it prompted A. Floer
1986 to the construction of his homology theory.

We shall describe in the following the history of the Arnold conjecture and start
with a proof for the special case of the standard torus 72" in Section 6.2. Here we
can make use of the action principle in the H'/? setting as introduced in Chapter 3.
But this time the aim is to find all its critical points. Our strategy is inspired by C.
Conley’s topological approach to dynamical systems: we shall study the structure
of the set of all bounded solutions of the regularized gradient equation belonging
to the action functional defined on the contractible loops of T2". This invariant set
consists of the critical points together with all their connecting orbits. This way
the study of the gradient flow in the infinite dimensional loop space is reduced to
the study of a gradient like continuous flow of a compact metric space whose rest
points are the desired critical points. It turns out that the compact space contains
the cohomology of the torus. The number of rest points is then estimated by the
Ljusternik-Schnirelman theory presented in Section 6.3.

A reinterpretation of the geometric ideas underlying the proof of the torus case
in terms of partial differential equations will lead us in Section 6.4 to the proof of
the Arnold conjecture for the larger class of compact symplectic manifolds (M, w)
satisfying [w]|m2(M) = 0. In this general case there is no natural regularization
and we are forced to investigate the structure of the bounded solutions of the
not regularized gradient system. They are smooth solutions of a special system
of first order elliptic partial differential equations of Cauchy-Riemann type. These
solutions are related to M. Gromov’s pseudo holomorphic curves in (M,w). The
crucial compactness of the solution set will be established by means of an analytical
technique sometimes called bubbling off analysis. In order to get an insight into
the topology of the solution set we shall use an approximation procedure. We
approximate the bounded solutions by solutions of a special elliptic boundary value
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problem, to which we can apply Fredholm theory based on the Cauchy-Riemann
operator. Using the continuity property of the Alexander-Spanier cohomology we
then deduce the Arnold conjecture by the Ljusternik-Schnirelman theory as in the
torus case.

Assuming, in addition, all the forced oscillations to be nondegenerate, the geo-
metric ideas will lead us in Section 6.5 to A. Floer’s new approach to Morse theory
and Floer homology. It makes use of an additional structure of the set of bounded
solutions of the not regularized gradient equation: namely, since M is compact,
there are only finitely many nondegenerate forced oscillations and every bounded
solution of the gradient equation tends in forward and backward time asymptot-
ically (exponentially) to a specific forced oscillation of the Hamiltonian system.
The 1-dimensional connections determine an algebraic complex generated by the
forced oscillations, its grading is defined by a Maslov-type index associated with a
nondegenerate forced oscillation, which plays the role of the Morse index. We shall
merely outline Floer’s beautiful ideas. A combination of Floer’s construction with
our construction of the special capacity ¢y of Chapter 3 results in a symplectic
homology theory which, however, is not yet in its final form. It will be sketched,
without proofs, in Section 6.6. The technical requirements of these theories, in
particular, the intricate transversality arguments are quite advanced and beyond
the scope of this book. Chapter 6 is, in contrast to the previous chapters, not
self-contained.

6.1 The Arnold conjecture on symplectic fixed points

In his search for periodic solutions in the restricted three body problem of celestial
mechanics, H. Poincaré constructed an area-preserving section map of an annulus
A on the energy surface. The annulus was bounded by the so-called direct and
retrograde periodic orbits. It inspired him in 1912 to formulate the following the-
orem [177]. It is called the last geometric theorem of Poincaré announced shortly
before his death. It was later proved by G. Birkhoff.

Theorem 1. (Poincaré-Birkhoff) Every area preserving and orientation preserving
homeomorphism of an annulus A := S x [a, ] rotating the two boundaries in
opposite directions possesses at least 2 fixed points in the interior (Fig.6.1).

The strength of this theorem is that it provides at once infinitely many peri-
odic points if it is applied to the iterates, which leads to infinitely many periodic
solutions in applications, see [24]. In 1913 G. Birkhoff [23] succeeded in proving
this theorem by an ingenious but strictly two dimensional argument. Note that the
theorem is global in nature; there are no interior assumptions required on the map-
ping. It is not a topological result: it is wrong if the area-preserving assumption
is dropped. S. Lefschetz, who undoubtedly would have enjoyed demonstrating to
Birkhoff that the famous Poincaré-Birkhoff fixed point theorem is a trivial conse-
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Fig. 6.1

quence of his own topological fixed point theory, had to admit defeat: he could not
apply his theory since the Euler characteristic of the annulus vanishes, y(A4) = 0.

The Euler characteristic of the two sphere (x(S?) = 2) does not vanish, hence
by Lefschetz’s theory every continuous map f of S? homotopic to the identity
possesses at least one fixed point, as is, of course, well-known. The map f may
have only one fixed point, as for example, the translation z +— z+1 on the Riemann
sphere shows: its only fixed point is the north pole at co.

ﬁr\ 52

Fig. 6.2

It is, however, a striking fact that f possesses at least 2 fixed points if it is, in
addition, area preserving.

Theorem 2. (N. Nikishin, C. Simon, 1974) A homeomorphism f of S? homotopic
to the identity which preserves a regular measure p has at least 2 fixed points.
In particular, every diffeomorphism of S? leaving an area form invariant f*w = w
possesses at least 2 fixed points.

Proof. The second statement is a consequence of the first one. Indeed, the map has
degree 1, hence is homotopic to the identity by H. Hopf’s theorem. To prove the
first statement, assume P* € S? is the fixed point of f guaranteed by the Lefschetz
theory. Then the map g := f|(S?\P*) can be identified with a homeomorphism of
the plane R2. If g had no fixed point then by Brouwer’s translation theorem there
would be an open set D having the property that ¢/(D) = f7(D) are mutually
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disjoint for all j > 0. But then, since f preserves the measure

n

u(F(D)) = (m+1)u(D) < u(s?),
j=0

for every integer n > 1 and hence pu(D) = 0. This contradicts the assumption that
1(U) does not vanish for an open set U. B

The translation theorem of Brouwer is a very special two dimensional phe-
nomenon which attracted the attention of many mathematicians, [33, 34, 80, 101,
109, 141, 206]. The same argument as in Theorem 2, used by C. Loewner in the
sixties in his Stanford lectures, also shows that a measure-preserving homeomor-
phism of the open disc in the plane always possesses at least one fixed point. This
is clearly false if the homeomorphism does not preserve a regular measure. The
proofs by C. Simon [200] and N. Nikishin [169] of the theorem above use a differ-
ent argument. They show that the fixed point index j(P) for an area preserving
diffeomorphism in the plane is less then or equal to 1. Thus the fixed point formula
X(5%) = 3" j(P) requires at least 2 fixed points.

V. Arnold observed in [11] that the Poincaré-Birkhoff result could be derived
from a fixed point theorem for the two dimensional torus 7? = R?/Z? constructed
by gluing together two identical annuli along their boundaries; we refer to [46] for
details.

y
Tzz%

X(T?) = 0.

Fig. 6.3

In contrast to S2, the Lefschetz fixed point theory is not adequate for precisely
this surface, since x(72) = 0. There are, indeed, area preserving diffeomorphisms
of the torus without fixed points, as the translation maps on the covering space
R? given by

(6.1) X=x+4+c¢, Y =y+ c,

demonstrate. Consequently, the class of symplectic mappings on 7?2 needs to be
restricted if it is required that they possess fixed points. With V. Arnold we con-
sider measure-preserving diffeomorphisms ¢ of T2 which are homologous to the
identity map, and hence are, on R?, given by v : (z,y) — (X,Y):

X = z+ pla,y)
(6.2)
Y

y + q(z,y)
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with periodic functions p and ¢, we require that 1 preserves the center of mass,
hence excluding in particular the translations. Summarizing, the diffeomorphisms
1 of T? are required to meet the following conditions

(1) 1) is homologous to the identity
(i) dX NdY =dx ANdy
(iii) fp=0= [gq.
T2 T2

Proposition 1. A diffeomorphism 1 of T? satisfying (i)-(iii) possesses > 3 fixed

points provided it is sufficiently close (in the C! norm) to the identity. If, in
addition, all the fixed points are nondegenerate, then ¢ possesses > 4 fixed points.

Proof. Since ¢ : (z,y) — (X,Y) is sufficiently close to the identity map it can be
represented by a generating function F : R? — R in the implicit form

oF
oF
(6.3) y = Y + %(fﬁay),

see Appendix 1. The gradient of F' is periodic and it follows from assumption (iii)
that the function F itself is periodic and hence is a function on T2. We conclude
from (6.3) that the fixed points of ¢ on T? are in one-to-one correspondence with
the critical points of the function F' on T2. By the Ljusternik-Schnirelman theory
every smooth function on the 2-torus possesses at least 3 critical points (see Section
6.3 below), and by the Morse theory it possesses at least 4 critical points, if a priori
we know that all the critical points are nondegenerate. The proposition follows. H

There are, of course, symplectic maps on 72, even ones close to the identity
having precisely 3 fixed points. To see this we take a smooth function G on T2
with precisely 3 critical points. An example of such a function is

G(x,y) = sinmx-sin7wy-sinw(x +y),

whose level lines look as shown in Fig. 6.4.

G has a maximum in the left triangle, a minimum in the right triangle and
a monkey saddle in the corners of the unit square. If ¢ > 0 is small, we define a
map ¢ : (x,y) — (X,Y) implicitly by (6.3) with the generating function F' = G.
Then v is close to the identity, satisfies (i)—(iii), and has 3 fixed points, namely
the critical points of G' on T2. Similarly, the function G(x,y) = sin 27z + sin 27y
defines a map 1 having 4 fixed points on T2 which are all nondegenerate. H

The idea of relating fixed points of symplectic mappings to critical points of
an associated function goes back to H. Poincaré [176] and is used quite frequently
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R2 ~
T2 = N5

™

Fig. 6.4

in order to establish local existence results. For example A. Weinstein [222, 224]
makes use of it in order to show that a symplectic diffeomorphism of a compact and
simply connected symplectic manifold M possesses at least as many fixed points
as a function on M possesses critical points provided it is close to the identity
map. For more general results and references we refer to J. Moser [165]. In sharp
contrast to all these perturbation results, the Arnold conjecture we now turn to
asks for fixed points of arbitrary symplectic mappings. For the special case of
T2, V. Arnold conjectured in [10] that Proposition 1 holds without the restrictive
assumption that 1 is close to the identity map.

In order to introduce the restricted class of symplectic diffeomorphisms suitable
for fixed point theory we first mention that for a diffeomorphism 1 on 72, the
assumptions (i)—(iii) are equivalent to the requirement that v belongs to the flow
of a time-dependent Hamiltonian vector field Xz on T?2. The proof is not easy and
we refer to C. Conley and E. Zehnder, [55]. Hence v is a Hamiltonian map of T2
in view of the following:

Definition. Let (M, w) be a symplectic manifold. A diffeomorphism v of M is called
Hamiltonian if it belongs to the flow of a time-dependent Hamiltonian vector field
Xy on M. To be more precise there exists a smooth function H : S' x M — R
such that ¢ = ¢! where the family ¢!, ¢ € R of symplectic diffeomorphisms of M
satisfies

@ P = Xu(e")
o = id.

In his thesis, A. Banyaga [16] shows that a map ¢ is a Hamiltonian map if
and only if it belongs to the commutator subgroup of the identity component
of the group of symplectic diffeomorphisms of M. In addition, he proves that
is Hamiltonian if and only if the Calabi invariant of 1 vanishes. A Hamiltonian
map being homotopic to the identity has, of course, a fixed point according to
Lefschetz’s theory provided the Euler characteristic x(M) does not vanish.
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The Arnold conjecture. Every Hamiltonian diffeomorphism ¢ of a compact sym-
plectic manifold (M,w) possesses at least as many fixed points as a function
F: M — R on M possesses critical points.

In view of the Ljusternik-Schnirelman theory and the Morse theory for func-
tions on M we reformulate this conjecture in the following somewhat weaker form:

# { fixed points of ¢ } > cup-length of M + 1,
and, if a priori all the fixed points of ¢ are nondegenerate,
> sum of the Betti numbers of M .

Recall that a fixed point p of ¢ is called nondegenerate if 1 is not an eigenvalue of

the linearized map dy(p) € L(T,M). The cup-length of a manifold M is defined
as the longest product in the cohomology ring: CL(M) = sup{k|3a1,as,...a; €
H*(M) with dimc; > 1 such that a1 Uas U--- Uy # 0}. Let SB(M) denote
the sum of the Betti numbers 3, = dim H*(M),0 < k < dim M. Introducing the
Poincaré polynomial

dim M
P(t,M) = > Bt", p=dim H*(M)
k=0

we have SB(M) = P(1, M) and, of course, P(—1, M) = x(M) is the Euler char-
acteristic of M. In the special case of a 2n-dimensional torus 7" these topological
invariants are CL(T?") = 2n and SB(T?") = 2?" while x(7%") = 0. In particular,
for T2 in Proposition 1 we see that 3 = CL(T?) + 1 and 4 = SB(T?).

We prefer to reformulate the conjecture dynamically. A Hamiltonian map ) is,
by definition, the time 1-map of the flow of the Hamiltonian equation & = Xy (x)
on M with a smooth function H : R x M — R periodic in time, H(t,z) =
H(t 4+ 1,z). Consequently, p is a fixed point of ¢ if and only if p = x(0) is the
initial condition of a solution z(t) of the Hamiltonian equation which is periodic
of period 1 and hence satisfies z(t + 1) = «z(¢) for all ¢ € R. Such a solution is
also called a forced oscillation. Instead of looking for fixed points of a map, we can
look as well for periodic solutions of a time-dependent Hamiltonian vector field;
the Arnold conjecture formulates a universal lower bound on the number of forced
oscillations in terms of topological invariants of the symplectic manifold.

If (M,w) is a compact symplectic manifold and H : R x M — R a smooth time
periodic function H(t + 1,2) = H(t,x), then for the time-dependent Hamiltonian
equation

t = Xg(x), zeM

the following holds:
# { contractible 1-periodic solutions } > CL(M)+1.

(> SB(M) if all the contractible 1-periodic solutions are nondegenerate) .
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Here a periodic solution z is called nondegenerate if 1 is not a Floquet multiplier
of x. Since there are no assumptions on the function H, we only look for periodic
solutions which are contractible. Indeed the arc length of a 1-periodic solution
x(t) is small if the Hamiltonian vector field is small, so that the orbit is necessarily
contractible. This follows from the formula

1

length () = / i (0))dt = / X g () |
0

0

where we have chosen a Riemannian metric on M.

Take now an almost complex structure J on the symplectic manifold (M, w)
satisfying wy (v, Ju) = g, (v, u) for all v,u € T, M, where g is a Riemannian metric
on M. Then every Hamiltonian vector field Xz on M is of the form

i = J,VH(t,z), x€M

where the gradient of H with respect to x is defined by means of the associated
Riemannian metric g. Assume now that H(¢,z) = H(x) does not depend on the
time and is, moreover, sufficiently small in the C? sense. Then every Il-periodic
solution z(¢) is contractible and hence contained in a Darboux chart so that, by
the argument in the proof of Proposition 17 in Chapter 5, it is necessarily constant,
i.e., z(t) = x(0). Consequently, the 1-periodic solutions are precisely the critical
points of the function H : M — R and the Arnold conjecture is reduced, in this
special case, to the theories of Ljusternik-Schnirelman and Morse about critical
points of functions.

In the special case of a standard torus (T2",wy), the Arnold conjecture was
proved in 1983 by C. Conley and E. Zehnder [55]. The proof is based on the action
principle for forced oscillations. The same principle allowed A. Floer [82], 1986
and J.C. Sikorav [198] 1985 to confirm the conjecture for large classes of sym-
plectic manifolds admitting compatible Riemannian structures with nonnegative
sectional curvatures. These classes include, in particular, all oriented surfaces S,
with positive genus g.

Fig. 6.5
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The earlier proofs by Ya. Eliashberg for surfaces [77] are based on different
ideas and were never published. The case S? = CP! was extended to higher
dimensions by B. Fortune [93, 94] in 1985, who verified the conjecture for CP"
with its standard symplectic structure. Accordingly every Hamiltonian map on
CP™ has > n + 1 fixed points. Note that in this case CL+1=SB=x=n+1,
so that in the nondegenerate case the result follows already from the Lefschetz
theorem. A. Weinstein pointed out in [227] 1986 that the Arnold conjecture is true
for every symplectic manifold (M,w) if the Hamiltonian map v is generated by
a Hamiltonian vector field sufficiently small in the C° norm. We shall describe
the more recent global results and developments in Sections 4 and 5. It will turn
out, in particular, that the forced oscillations of a Hamiltonian vector field X g
on a compact symplectic manifold are more intimately related to the topology of
the underlying manifold M than it is suggested by the conjecture above. First we
study in detail the model case of the standard torus.

Before we turn to the proofs of the Arnold conjecture in higher dimensions, we
would like to refer to some recent two dimensional results related to the Poincaré-
Birkhoff theorem. As mentioned before, the Arnold conjecture for the two torus
T? may be viewed as a generalization of this theorem for diffeomorphisms and
one may ask whether there is a topological analogue. Quite recently, P. Le Calvez
[139] succeeded in proving that every homeomorphism of 72 homotopic to the
identity, preserving a regular measure and preserving the center of gravity (i.e.,
there is a lift to R? satisfying the condition (iii) in (6.2) above) possesses at least
three fixed points. Earlier M. Flucher [91] found two fixed points by extending
techniques and arguments of J. Franks [96, 97]. Attempts to generalize these results
for homeomorphisms of higher dimensional tori must fail: on 7", n > 3, there are
measure-preserving diffeomorphisms satisfying the assumptions analogous to the
T? case without any fixed points, see M. Flucher [91]. An interesting modification
of the Poincaré-Birkhoff theorem for the annulus has been discovered by J.M.
Gambaudo and P. Le Calvez [103] and, independently, by J. Franks [100]:

Theorem 3. A diffeomorphism of the closed annulus A = R/Z x [0, 1], isotopic to
the identity and preserving a regular measure, possesses infinitely many periodic
orbits in the interior of A, provided it has a fixed point.

This result has astonishing consequences. By introducing polar coordinates
(r,1) in the neighborhood of a fixed point, one can blow up the fixed point into
an invariant circle defined by r = 0. Given two fixed points on a sphere S2, one
obtains in this way a map of a closed annulus and hence deduces from Theorem 3
the following:

Corollary. Consider a C2-diffeomorphism of S? preserving the orientation and
preserving a regular measure. If it has 3 fixed points then it has infinitely many
periodic orbits.

In view of Theorem 2 such a diffeomorphism always has at least two fixed
points and it is sufficient to assume one of them to be hyperbolic. Indeed, the
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blown up invariant circle of a hyperbolic fixed point contains 4 fixed points so that
Theorem 3 applies.

J. Franks used Theorem 3 for his breakthrough in an old problem of Rieman-
nian geometry. In [25] G. Birkhoff describes a reduction of the study of the geodesic
flow on a Riemannian two-sphere to the study of an area preserving annulus map
whose periodic points correspond to the closed geodesics. He showed, for positive
Gaussian curvature, that, associated to a simple closed geodesic, such a Birkhoff
annulus map is defined. Franks, assuming that 52 is equipped with a Riemannian
metric having a simple closed geodesic for which the associated Birkhoff annu-
lus map is defined, demonstrates, that this map has a fixed point and hence, by
Theorem 3, infinitely many periodic points. If, on the other hand, a Riemannian
metric on S$? has no simple closed geodesic for which the Birkhoff annulus map
is defined, then V. Bangert [15] established infinitely many closed geodesics by
variational methods applied to the energy functional on the loop space of S2. It is
well known that every Riemann sphere possesses a simple closed geodesic. Hence,
on a Riemann two-sphere there are always infinitely many closed geodesics which
are distinct as point sets.

References related to the Poincaré-Birkhoff theorem and its generalizations are:
[4, 35, 38, 49, 48, 61, 91, 95, 96, 97, 98, 99, 103, 109, 138, 140, 141, 139, 200, 206,
143].

6.2 The model case of the torus

We shall prove the Arnold conjecture for the standard torus (7%",wg), where 72" =
R2" /72" and where wg denotes the symplectic structure induced by the standard
one from R?”. A Hamiltonian vector field on this torus depending periodically on
time is given simply by a smooth function H : R x R*™ — R, (t,z) — H(t, )
which is periodic in all its variables:

(6.4) H(t+1,z) = H(t,x) = H(t,x+7), all jcZzZ?".
The associated Hamiltonian system is represented by
(6.5) & = JVH(tx), xecR™.

A periodic solution ¢t — x(t) = z(t + 1) € R?"™ of (6.5) represents a contractible
periodic solution of the vector field on 72?". In contrast, a solution of the form
z(t) = jt + £(t), with j # 0 € Z*" and £(t) = &(t + 1) represents a 1-periodic
solution on 72" which is not contractible. Yet, such solutions might not exist
on 7?7, as was explained in the previous section. We shall prove the following
qualitative existence statement for Hamiltonian flows:
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Theorem 3. (C. Conley and E. Zehnder) Every smooth time periodic Hamiltonian
vector field on the standard torus (72", wp) possesses at least 2n + 1 contractible
1-periodic solutions (resp. at least 227 if all of them are nondegenerate).

We shall merely consider the first statement which does not impose any as-
sumptions on the Hamiltonian on 72". Our proof in the following is based on the
action principle and is designed to illustrate, in the analytical framework of Chap-
ter 3, some of the underlying geometric ideas which will be used for a large class
of symplectic manifolds described later.

A contractible loop S! — T?" is the projection of a smooth loop z : S' — R2?
represented by its Fourier expansion

(6.6) x(t) = Z Ay, € R
keZ

Two such loops = and y on R?" induce the same contractible loop on 72" iff
x(t) —y(t) = j € Z*" for all t € R, so that x = yi, for k # 0 and xo = yo + j.
Consequently, we can identify the space of smooth contractible loops on T?" with
the space
T2n % Eoo

where E*° := {z € C>°(S!,R?" |f t)dt = 0}. This space is the quotient under
the Z2"-action of the space RZ” X EC>O =~ (81, R?"). Using the same analytical
framework as in Chapter 3, we now replace the space of smooth loops E* by the
Sobolev space

1
(6.7) E = {erW (S1,R2") |/x dt—O
0

which has an orthogonal splitting £ = E~ @& E™ according to the decomposition

x:ZEQﬂk.ItIk:Z+Z:

k+£0 k<0 k>0

We shall denote the loop space of R?*" byAﬁ = R?" x E and the loop space on T%"
by Q = T?" x E. The smooth action ¢ : Q — R is defined by

(6.8) o(x) = a(z) — b(x), zef
where
(6.9) a(e) = —zlla7IP? + 3l

stems from the symplectic structure, and where

(6.10) bz) = / H(t () dt
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contains the given Hamiltonian H. Clearly, ¢ is invariant under the 72" action:
olx+7) = o(x),z € Q, and hence defines a smooth function on the loop space
Q=T x E of contractible loops on the torus. We know from Chapter 3 that a
critical point = € Q of ¢,

(6.11) Vo(z) =0,

is actually a smooth loop. The critical points are precisely the desired contractible
periodic solutions of (6.5) we are looking for. We recall that the gradient of ¢ in
H'/? is given by

(6.12) Vep(r) = —2~ + 2t — b/ (2),

where we denote by V'(z) the gradient of b in H'/2. Also recall that b'(z) =
§* Vb(z), with the L2-gradient Vb(x) = VH(z) € L? of b, and j* : L? — H'/?
the compact operator introduced in Chapter 3. Since H is a periodic function, its
gradient on R?" is bounded and hence b’ maps ) into a compact subset of Q. In
order to find the critical points of ¢, we shall study the quite artificial gradient
flow on the loop space defined by

d .
(6.13) —x = —Voe(x), z€.

ds
The solutions z(s) = x - s of this smooth ordinary differential equation exist for
all times since the gradient satisfies a uniform Lipschitz estimate (see Chapter 3).

They are represented by

r-s = ez + 2% + et — K(s,7)
(6.14) s
K(s,x): = [ (es_TP_ + P° + €_s+TP+)b/(£C'T)dT.
0

The linear operators P, P? and Pt denote the orthogonal projections belonging
to the splitting Q = E° @ E~ ® Et, where E° = R?". In order to motivate our
strategy to find critical points, we first consider a bounded orbit of the flow. By
definition, such an orbit z - s satisfies

(6.15) 2161]11; lp(z - 8)] < .
For every T' > 0,
T
(6.16) p@-T) = p(z-(-T)) = —/ Vel - s)|2ds .
7

Since s — @(x - s) is monotone the limit as T — 400 exists in view of (6.15), so
that

(6.17) / 1Vio(z - 8)|[2 ds < 0o .
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Thus we find a sequence s, — oo such that Vo(z-s,) — 0 and p(x-s,) — d € R.
Since ¢ satisfies the P.S. condition, a subsequence of x - s, converges in Qtoa
critical point y, Vio(y) = 0, which, as we already pointed out, is a periodic solution
of the Hamiltonian equation. Moreover, the set Cr(p) of all critical points of ¢ is
compact and one verifies readily that

(6.18) x-s — Cr(p) as s — +oo

for every bounded orbit of (6.13). We see that every bounded orbit comes from
and tends to the set of critical points and hence is a so-called connecting orbit.

As an illustration we consider the situation where the Hamiltonian H = 0
vanishes. Here the flow on 72" x E is determined by the symplectic structure
alone and is explicitly given by

where z =2~ + 29 + 2t Eﬁ.

Et

T2n

Fig. 6.6

The bounded orbits coincide with the critical points 2° € T2" which are the
constant orbits. Moreover the torus 72" is a transversally hyperbolic invariant
manifold of the flow. The general case is a “compact perturbation” of this picture.
The set of bounded orbits is very small, most of the solutions of (6.13) are un-
bounded in forward and backward time. This is in sharp contrast to the behaviour
of the flow of a variational principle bounded from below where every orbit of the
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negative gradient flow tends to the set of critical points in forward time. The clas-
sical example is the energy functional on the loop space of a compact Riemannian
manifold in the geometric problem of closed geodesics, see W. Klingenberg [127]
and V. Bangert [14].

Our strategy now is to study the structure of the set X, of bounded orbits
of the gradient flow (6.13), i.e., the critical points together with the connecting
orbits. We shall show that this set is a compact space which inherits the topology
of the underlying manifold T2". On this invariant set X, there is, moreover, a
continuous gradient-like flow induced by the gradient flow (6.13), whose rest points
are precisely the critical points of the functional. Theorem 3 will then follow from
a well-known estimate for the rest points of a continuous gradient-like flow of a
compact space which goes back to Ljusternik-Schnirelman.

Fig. 6.7

Proof of Theorem 3. We define the set X+ of bounded solutions of the negative
gradient equation (6.13) by

X = {ueCOO(R,R% ><E) j

Lu(s) + W)(U(S)) =0 for seR, Sup w(U(S))’ < 00}-

(6.19)

The set X, ~ is equipped with the topology induced from C*° (R, R?" x E): namely
that of uniform convergence of all derivatives on compact subsets of R. Note that
X contains, in particular, the constant solutions satisfying u(s) = u(0) for all
s € R; they are critical points of ¢. On Xoo we have a natural action of Z2".
Indeed, since the Hamiltonian is periodic, we conclude that ¢(u + j) = ¢(u) and
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Vo(u+j) = Ve(u) for all j. In the following we shall denote by X the quotient
space. It is defined by (6.20) with R?" replaced by R?"/Z?" = T?". Observe now
that the gradient equation (6.13) is independent of time, where the role of the time
is played by the parameter s. Consequently, with s — u(s), also s — u(s + 7) is
a solution for every fixed 7 € R. This shift in time induces a continuous R-action
on X, defined by

RXXoo — Xoo, (Tyu) — 7%u
(6.20)

(Txu)(s) = u(s+71).

This flow has very special property: it is gradient-like with respect to the contin-
uous Ljapunov function

(6.21) V : Xoo — R defined by V(u) = <p(u(0)) .

In order to prove this we have to show that the function V is strictly monotone
decreasing along the nonconstant solutions 7 * u of the flow (6.20). If 7 > o, then

V(irsu) — V(iocxu) = ap(u(r)) - (p(u(a))

(6.22)

I

A —9
S
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Consequently 7 — V(7 x u) is monotone-decreasing. Assume now that V(7 % u) =
V(o#u) for some 7 > . Then p(u(7)) = ¢(u(o)) and hence, by (6.22), V(u(s)) =
0 for all ¢ < s < 7. Therefore, in view of the uniqueness of the solutions of the
gradient equation, u(s) = u(0) for all s € R and hence 7% u = u for all 7 € R.
Consequently, 7 u is a constant orbit of the flow (6.20) and we have verified that
V is a Ljapunov function for the continuous flow (6.20).

Conversely, of course, if we have a constant orbit, i.e., 7*u = u for 7 € R, which
is sometimes called a rest point of the flow (6.20), then u(s) = u(0) is a constant
solution of the gradient flow (6.13) and hence a critical point of our functional .

So far we do not even know whether X, is nonempty. In order to get an insight
into the topology of the set X, we define the continuous map

(6.23) p: C®(R,R" x E) — R**
associating with u the meanvalue of the loop u(0) € :
1
plu) = / u(0)(t)dt € R*™.
0

With p: C%°(R, T?" x E) we shall denote the map on the quotient space induced
by p. It turns out, and this is the crucial step in the proof of Theorem 3, that the
set X, inherits the topology of the underlying manifold 72":



208 CHAPTER 6 THE ARNOLD CONJECTURE, FLOER HOMOLOGY ...

Theorem 4. X, is a compact (metric) space and
(6.24) (p|Xoo)* + H*(T?) — H*(X)

is injective. Here and also in the following H* denotes the Alexander-Spanier
cohomology with Zs coefficients.

Postponing for a moment the proof of this theorem, we first observe that The-
orem 3 can now be deduced from the following qualitative result of dynamical
systems:

Theorem 5. (Ljusternik-Schnirelman) Consider a continuous gradient-like flow on
a compact metric space X; then

# {rest points } > CL(X) + 1.

We shall prove Theorem 5 in the next section devoted to Ljusternik-Schnirelman

theory. Recalling that the critical points of ¢ are the rest points of the gradient-
like flow (6.20), we conclude from Theorem 5 applied to the compact space X =
Xoo, that #{critical points of ¢} > CL(X«) + 1. Now in view of Theorem 4,
CL(Xw) > CL(T?). Since CL(T?") = 2n we have established at least 2n + 1
critical points of ¢. They correspond to the desired 2n + 1 periodic solutions of
the Hamiltonian vector field and Theorem 3 is proved. B

Proof of Theorem 4. The remainder of this section is devoted to the proof of The-
orem 4. In order to get an insight into the topology of the set X, of bounded
orbits of the gradient equation (6.13) we look for smooth compact submanifolds
which “approximate” the set X, and whose topology can be estimated. The de-
sired cohomology of the set X, will then be concluded by means of the continuity
property of the Alexander-Spanier cohomology (see Appendix 7).

If T'> 0 we define a set )/(\'T consisting of solutions of a very special boundary
value problem for the gradient equation:

Rr:i= {uec=(-1,7,R*" x E) ‘

(6.25) dwuls) = —W)(U(S)) . —T<s<T

u(-T) € R x E-,

uW(T) € R x E+} .

We have the natural Z2" action on XT and denote by X7 the quotient. It is defined
by (6.25) with R?" replaced by T?". We shall investigate the set X7 using standard
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methods of Fredholm theory. For this purpose we introduce the Banach spaces
B:= {u c Cl([fT,T],R% x E) ‘

wn e Er
S fuee(nmm )},

equipped with the usual C' respectively C° norms. We denote by B and £ the
quotients under the Z?" action. These may be identified with the Banach manifolds
defined by (6.26) with R?" replaced by T?". Now define the nonlinear smooth map

:B— &, uw L(u)

)

(6.27)

)

(u)(s) = Lu(s) + V@(u(s)) , —T<s<T.

Then E(] *u) = E(u) and we shall denote by L : B — & the induced map. In the
following we shall use the abbreviation L(u) = @ + Ve (u). Since the solutions of
the smooth ordinary differential equation are smooth in time, we can represent the
sets X7 (respectively X7) as the solution set of L(u) = 0 (respectlvely L(u) =0).

~

(6.28) Xp = L7Y(0) and X = L™Y0).

Proposition 2. L is a nonlinear Fredholm map and the Fredholm index of the
linearized map is

~

ind L'(u) = 2n, ueB.
Proof. From L(u) = i+u" —u~ —b'(u), we obtain for the linearized map at u € B
(6.29) L'(wh = h+hT —h™ =" (u)h,

and we shall show first that the linear operator b”(u) € L:(l/%'\7 &) is compact for
every u € B. Since the derivative of a smooth compact map is compact, it is
sufficient to verify that the map u +— o' (u) : B — &is compact, i.e., maps bounded
sets into precompact sets. Fix u € B; then recalling that b (u(s)) = 3*Vb(u(s)) we

can estimate
I (u(s)) =0 (wl®)) 112 =

15 (V(u(s)) = Vb (u(e) ) 12

< M [|Vb(u(s)) — Vb(u(t))l| L2
< M ||H||cz - |lu(s) — u(t)||L2
< Cllu(s) —u(®)|[1y2 < Cllullg-[t—s|,
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for a constant C' depending only on the second derivative of the Hamiltonian
function H. We conclude that b maps a bounded subset of B into a set in &
which is equi-continuous, and since, for every fixed s, the set {b'(u(s))|u € B} =
{7*Vb(u(s))|u € B} is precompact, we conclude by the Arzela-Ascoli theorem that
b" maps indeed bounded sets into precompact sets.

Using now that neither the Fredholm character nor the Fredholm index of a
linear operator changes if we add a compact linear operator, it is sufficient to prove
that the linear operator

(6.30) Lo:B—Eur t+ut —u”

is Fredholm of index 2n. For its kernel one verifies readily that ker(Lg) = {u €
Blu(s) = 2° € R2"} consists of the constant functions with values in R2" x {0}, so
that dimker(Lg) = 2n. Hence it suffices to show that Lg is surjective. Define for
g e & the function u by

u(s) = / {e*w gt (r) + () + eHg*(T)} dr — / =T g () dr .
7 =7

Then u satisfies the boundary conditions, i.e., u € B and moreover Lo(u) = g as
is readily verified. This finishes the proof of the proposition. l

Proposition 3. L: Z§A—> Eisa proper map modulo the Z?™ action, i.e., if u; is a
sequence satisfying L(uy) — v, then there exists a sequence jj € Z2" such that
ur + Ji 1s precompact in B.

Proof. Recall that L = Lo+b and set E(un) = yn. Then Lo(up) = ypn—b'(uy). Since
dim ker (Lg) < oo there is a continuous splitting B =B"® B with By = ker(Ly),
and LQ‘B\l is an isomorphism of Banach spaces. Now set u,, = v +ul € B B
Since b’ (uy,) and hence y, — b’ (u,,) is bounded in & we conclude that u} is bounded

in B. Pick a sequence j, € Z?" such that u° + j, is bounded in R?". Then, by the
compactness of o', the sequence

Yn — b/(un) = Yn — b/(un + jn)

is precompact in B so that u} is precompact in B. Hence after taking a subsequence
we conclude u, + j, — u in B as claimed. B

Passing to B and &, we conclude from Proposition 2 and Proposition 3 that
the map L : B — &£ is a proper Fredholm map of index 2n. Similarly, the map

(6.31) (L,p) : B—&ExT™

defined by u +— (L(u),p(u)) is a proper Fredholm map having Fredholm index
equal to zero. This class of maps possesses a special degree, the Smale degree
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mod 2, denoted by

(6.32) degs ((L.p), (y.m))

for every point (y,m) € £ x T?". The degree “counts” mod 2 the number of
preimages under a proper and smooth Fredholm map of index zero and is defined
as follows. Assume first that @ = (y, m) is a regular value of F' = (L, p). If u solves
F(u) = x, the derivative F’(u) is a surjective map, and since its index is zero, it
is bijective. Thus the map F' is locally one-to-one near the solutions u. Since it is
proper, it follows that there are only finitely many solutions u and the degree is
defined as the number of these solutions (mod 2)

(6.33) #{ueB|(L,p)(u) = (y,m)} mod?2 .

If (y,m) is not a regular value, its degree is defined by taking any regular value
nearby using the Sard-Smale theorem. That this is well-defined can be proved
the same way as for the Brouwer degree of mappings between manifolds of the
same dimensions, see J. Milnor [157]. The Smale degree mod 2 enjoys the same
useful properties as the Brouwer degree. In particular, it is invariant under proper
homotopies in the class of maps considered. For complete proofs we refer to the
forthcoming book by H. Brezis and L. Nirenberg [32]. For a survey on Fredholm
maps and corresponding degrees we refer to [30].

Proposition 4.
deg, ((L,p),(y,m)> = 1for all (y,m) .

Proof. We consider the smooth homotopy of Fredholm operators @ : [0,1] x B —
€ x T?" defined by

(6.34) O, (1) = <u bt —u — sV (u), p(u)) .

Since the compactness properties proved above depend only on the C? norm of
the Hamiltonian function, we conclude that ® is a proper homotopy, so that the
degree with respect to a point (y,m) is independent of s and hence

degy ((L.p), (y.m)) = deg, (o, (y.m)) .

where ®g(u) = (4 + u™ — u™, p(u)). Similarly we can homotope the point (y,m)
to (0,m) and find that the degree is equal to

(6.35) deg, (<1>0, (0, m)) .

We claim that the number of solutions u of ®¢(u) = (0,m) is equal to one. Indeed,
if u € B solves
t+ut —u =0, plu) = m
w(-T) €T x E~ , uw(+T) € T?" x E*,

then necessarily u(s) = m € T?" is the unique solution.
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Consequently, deg, (®g, (0,m)) = 1 provided (0,m) is a regular value of ®.
To see this we observe that the linearized map at u(s) = m is the linear operator

(6.36) b (h Rt he, /1 h(O)(t)dt)
0

between the corresponding tangent spaces. It clearly is an isomorphism so that
(0,m) is indeed a regular value and the proof is finished. B

So far we know that the set Xo = L~1(0) C B is compact and a smooth
manifold of dimension 2n, perhaps empty, if 0 is a regular value. Consider now the
continuous map p : X7 — T?", u +— p(u) induced by the map p defined in (6.23).

Proposition 5. The map p : X7 — T?" induces an injective map in cohomology:
p* o H*(T?) — H*(X7) .
In particular, the set X1 is not empty.

Proof. Fix an open neighborhood U of X7 in B. If y € £ is sufficiently close to 0,
then L=1(y) C U because L is a proper map. Since, by the Sard-Smale theorem
for Fredholm maps, the set of regular points is dense we can assume, in addition,
that y is a regular value of L. The aim is to prove that

(6.37) (2t w) (1) — i (1))

is injective. Postponing the proof we conclude from the commutativity of the

diagram
U
j L
I-

where j denotes the inclusion map, that (p|U)* is injective as well. This holds for
every open neighborhood U of the compact set Xp. Hence, using the continuity
property of the Alexander-Spanier cohomology

plU o

T
pIL~ ()

()

(6.38) H*(X7) = dir.lim H*(U),

where this direct limit is taken over all neighborhoods U of Xy (see Appendix
7). We obtain that (p|X7)* is indeed injective as claimed in the proposition. It
remains to prove the injectivity of (6.37).



6.2 THE MODEL CASE OF THE TORUS 213

Since y is a regular value of L, the map p := p|L™1(y) : L= (y) — T?" is a
map between two compact manifolds of dimension 2n. We shall prove that

(6.39) degy(p) = 1.

Pick a regular value m € T?" of p. We claim that (y,m) is a regular value of
(L, p). Indeed, if (L,p)(u) = (y,m) then L'(u) : B — £ is surjective since y is,
by assumption a regular value of L. Observe that ker L'(u) = T(L~(y)). Since
by assumption m is regular for p the linear map p'(u) : T(L™1(y)) — T(T?") is
a bijection. Consequently the linear map (L'(u),p'(u)) : B — € x R2" between
the corresponding tangent spaces is a bijection as well, so that (y, m) is regular as
claimed. By Proposition 4 we therefore have

1 = #{(L,p)*(y,m)} mod2
#{(p|L7 (y))"Y(m) } mod 2.

Since m is regular, it follows that deg,(p) = 1 as claimed in (6.39).

Abbreviating the compact 2n-dimensional manifold L~!(y) by M, we denote
by oa and or the Zo fundamental classes of M and T2" respectively. In view of
(6.39) we conclude by the homological definition of the Zs degree (see Appendix
7)

(6.40) ps(op) = or .

We point out that on smooth compact manifolds the usual cohomology theo-
ries (like the singular, Alexander-Spanier, Cech) are naturally isomorphic, see F.
Warner [219]. Hence, we may consider the singular cohomology instead of the
Alexander-Spanier cohomology. Then by the Poincaré duality we have the isomor-
phisms

H{(M) ™ Hyp (M) : a—anNoy .

H{(T?) 25 Hy, (T?") :+ B BNor.

Pick o € H*(T?"), we have to show that p*(a) = 0 implies o = 0. For this purpose
we consider the composition of maps

. * . o o -1 .
(T £ (M) 22 Hy, (M) L5 Hy,_y(127) "2 pi(r2ny |

Using the naturality property of the cap product (see A. Dold [62]) and using
(6.40) we compute

(Nop)™t p{(p*a) Non} =
(Nor)™" {anp(om)} =

(Nor)~! {anor} = a.
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Consequently if p*a = 0 then « = 0 proving that p* is injective. The proof of
Proposition 5 is completed. B

We now return to the set X, of bounded solutions and show that it is a
compact set, which can be “approximated” by X for T large.

Proposition 6. The space X, is a compact (metric) space.

Proof. If u € Xu then u(s) — Cr(p) as s — =oo. Since sup{|b(u)|,u € Q} < 0o
it follows from the monotonicity of ¢(u(s)) that there exists a constant C' > 0
satisfying

(6.41) —C < @(u(s)) < C

for all u € X and all s € R. Consequently the set X, is closed. From the
variation of constants formula (6.14) we conclude, for every T' > 0

(6.42) w(0)t = e Tu(-T)" + P* /0 e’ b (u(s)) ds .

-T

Since u(s) — Cr(p) as |s| — oo, the set u(R) is bounded, and hence we conclude,
as T — oo,

(6.43) w(0)t = Pty /Oest<u(s)) ds .

— 00
A similar formula holds for u(0)~ and hence we find a compact set K C T?" x
E such that u(0) € K for all u € X. Consequently the set {u(0)ju € X}
is compact. Since in the C*°-topology the solutions u depend continuously on
their initial conditions, we conclude that X, is compact as well and the proof is
finished. W

If w € Xp, then u is by definition a solution of the gradient equation for
|s|] < T, hence it has a unique continuation to a solution u(s) for all times s € R
in view of the global Lipschitz continuity of V. This defines an inclusion map
j: Xp — C®(R,T?" x R) by which in the following, we can consider X7 as a
subset of C®°(R,T?" x E).

Proposition 7. If U is an open neighborhood of X, then
XrcU

for T sufficiently large.
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Proof. Since b maps Q into a bounded set, there exists a constant C' > 0 such that
(6.44) o|E~ < C and p|ET > —C.

Consequently, if uw € X7, then

(6.45) —¢ < p(ul) < C,

for all u € Xp, all |s| < T and all T > 0. This follows because u(s) is a solution of
the negative gradient equation (6.13) and hence ¢(u(s)) is a monotone-decreasing
function. We conclude also, that there exists a constant M > 0 such that

(6.46) lu(=D)I + llu(T)]| < M

for w € X7 and all T" > 0. In order to finish the proof of the proposition we argue
indirectly and assume there is a sequence 7;,, — oo and a sequence u, € X7,
satisfying w, ¢ U. We shall show that a subsequence of w,(0) converges to a
point € T2" x E through which a bounded orbit u € X, passes. Indeed, it
follows from (6.46) together with (6.42), as in the proof of Proposition 6, that
dist (u,(0)",KT) — 0 as n — oo, for a compact set K. Similarly for u,(0)";
hence taking a subsequence u,(0) — = € T?" x E. In view of (6.45) we have
—C < p(up(s)) < C, for |s| < T, for every u where the constant C' is independent
of n. We conclude for the solution u(s) through x = u(0) that —C' < p(u(s)) < C
for all s € R, hence u € X,,. Consequently, u, € U for n large in view of the
topology of C°(R,T?" x E) and the continuous dependence of the solutions on
the initial conditions. This contradiction proves the proposition. ll

End of the proof of Theorem 4. In order to prove the injectivity of (p|Xoo)* we
take any open neighborhood U of X.,. By Proposition 6 we have X C U. By
Proposition 5 the map (p|X7)* : H*(T?") — H*(Xr) is injective and therefore
(p|U)* : H*(T?") — H*(U) is injective. This holds true for every open neighbor-
hood of the compact set X, and, again, we conclude by the continuity of the
Alexander-Spanier cohomology that (p|Xoo)* : H*(T?") — H*(X4) is injective.
The proof of Theorem 4 is completed. B

Remarks: It should be pointed out that the torus case permits more elementary
proofs. The original proof by Conley and Zehnder in [55] is also based on the
Hamiltonian variational function on the loop space. However, using the linear
structure of the covering space, the very special symplectic structure wy and the
compactness of the torus the problem of finding critical points on the infinite
dimensional loop space was reduced to the equivalent problem of finding the critical
points of a related functional on a finite dimensional bundle 72" x RY of the torus.
Here the dimension N is large and depends, of course, on the Hamiltonian function
H considered. The reduction used is the so-called Ljapunov-Schmidt reduction, a
well-known technique in functional analysis. The question arises whether there is
an intrinsic finite dimensional approach. Indeed M. Chaperon found in [43] (1984)
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another variational functional which is directly defined on a finite-dimensional
vector bundle of the torus by means of a finite sequence of generating functions.
He also applied his “method of broken geodesics” to the geometric and global
intersection problem of Lagrangian submanifolds in 77 (7™). He showed that the
zero section 0%., which is diffeomorphic to 1™, can never be separated from itself
by a Hamiltonian map ¢ of T*(7™). More precisely he proved that

#{T"Np(T")} > cup-length (T")+1,

(> SB(T™) if the intersection is transversal). This was a long-standing open
question raised by V.I. Arnold in [9]. For modifications and further applications of
this variational approach we refer to [41]-[44]. In this connection we also mention
A.B. Givental [105], M. Brunella [36] and Yu. V. Chekanov [47]. The related finite
dimensional approach due to J.C. Sikorav [197] (1987) is based on the concept of a
generating phase function for a Lagrangian manifold. The concept appeared earlier
in the theory of Fourier integral operators and we refer to L. Hérmander [124]. This
elegant approach turned out to be particularly useful for the special symplectic
manifolds (7% M,d\) as demonstrated by the new proof of Hofer’s Lagrangian
intersection theorem in T*M for general compact manifolds M generalizing the
torus case above, see [197, 136]. The result was previously discovered by H. Hofer
[114] (1985). It states that

#{MnpM)} > cuplength (M)+1,

for every Hamiltonian map ¢ of (T*M,d)), where we have identified M with the
zero section 07,.

In this context of finite dimensional variational arguments we should also men-
tion, that in his work “Symplectic topology as the geometry of generating func-
tions” [218] (1992), C. Viterbo defined symplectic capacities for Lagrangian sub-
manifolds as critical values of the associated phase functions. In this way he defined
the capacities for open subsets of (R?",wq) by using Lagrangians which are graphs
of compactly supported Hamiltonian mappings. In his 1992 lectures Ya. Eliashberg
outlined how Viterbo’s approach could be extended to an alternate construction
of the Floer-Hofer symplectic homology theory described in Section 6.6, for the
special case of open subsets of (R*",wg). The details of his construction were car-
ried out quite recently by L. Traynor in the preprint “Symplectic homology via
generating functions” [212].

It seems that the finite dimensional variational approaches introduced so far
are not adequate for general symplectic manifolds. For this reason we based our
proof above for the torus case on the action principle in the loop space. Our proof
demonstrates that the crucial information of the variational principle is contained
in the set of bounded solutions of the artificial gradient flow. The set consists of the
rest points together with the connecting orbits. This observation will be relevant
in Floer’s approach to the Morse theory of functionals whose gradients do not even
generate a flow.
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6.3 Gradient-like flows on compact spaces

In the following X is a compact metric space. A flow on X is a continuous map
0:Rx X — X:(t,z) — ¢(t,x) = p'(z) satisfying

o (ws(l‘)) = ¢ (x)

Pr) = =

(6.47)

for all t,s € R and « € X. An example is the flow of a differentiable vector field
on a compact manifold. We shall use the notation

pi(z) = w-t

and abbreviate M - B := {x - t|z € M and ¢t € B} for subsets M C X and B C R.
If x € X, then the map
ts () = ot

from R into X is called the solution through the point x € X. The image of the
positive (respectively negative) solution through x will be denoted by y*(z) =
r - R* and we set y(x) = x - R. Every point z € X belongs, in view of (6.47), to
precisely one orbit y(x). The distinguished constant solutions, characterized by
r-t =z, telR

are called rest points or fixed points of the flow, clearly vy(z) = {z} in this case.
In order to describe the global orbit structure of a flow, it is useful to recall the
concept of the positive limit set w(x) and the negative limit set w*(z) of the
solution through x € X.

Definition.

{y € X |3t; = +oowithz-t; — y)

£
g
[

&
*
—~

8
~

I

{yeX‘Hth—oowithxijﬂy}.

We summarize the well-known properties of these limit sets. Recall that X is
compact.

Proposition 8. If = € X then the limit sets w(z) and w*(z) are not empty, compact,
connected and invariant under the flow, i.e., w(z)-t = w(x) for all ¢ € R. Moreover,

x-t — w@) as t— 400
(6.48)
x-t — w'(r) as t— —00.
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Proof. If t; — oo then the sequence z - t; has a convergent subsequence so that
w(z) # 0. Assume that (6.48) does not hold; then there exists an open neigh-
borhood U O w(z) and a sequence t; — oo such that z -t; € X\U. Hence
for a subsequence z - t; — y € X\U. By definition y € w(z), in contradiction to
w(z) C U.fw(x) is not connected, then w(z) = wyUws for two nonempty compact
and disjoint subsets w; C X. Take disjoint open neighborhoods U; of wj,j = 1,2;
then, by (6.48), -t — w(z) and hence for ¢ > t*, we have z -t € U; U U, and
yH(x-t)NU; # 0 for j = 1,2. Consequently the set v (z - ¢) is not connected
contradicting the fact that a continuous image of an interval in R is connected.
The invariance of the limit sets is an immediate consequence of the continuity of
the flow. B

We assume now, in addition, that the flow is gradient-like, i.e., we require
that there exists a continuous function V' : X — R, which is strictly monotone-
decreasing along every nonconstant solution:

t>s = V(@ -t)<V(x-s).

Such a function is usually called a Ljapunov function for the flow. A well-known
special example is the flow generated by a smooth gradient vector field & =
—VV(z) on a compact Riemannian manifold.

Proposition 9. If the flow is gradient-like the limit sets for every solution consists
of rest points:
w(z) and w*(x) C { rest points } ,

for every z € X.

Proof. Since V (x - t) is monotone-decreasing, the limit

lim V(z-t) = mf{V(x-t)|t>0} =:d
t——+o0
exists in R. If y € w(z) we conclude by the continuity of V' that V(y) = d and
hence in view of the invariance of w(z) under the flow, V(y-t) = d for every ¢t € R.
By assumption V is strictly decreasing along nonconstant solutions, hence y must
be a rest point as claimed. B

If the gradient-like flow possesses only isolated rest points, then there are only
finitely many of them, say {z1, ..., 2y} and we conclude from the proposition that
every nonconstant solution connects two distinct rest points. Every point x € X
tends under the flow to a distinguished rest point in forward and backward time.

It is not surprising that the rest points of the flow are intimately related to
topological properties of X. Indeed, we shall conclude from Proposition 9 the
following existence statement formulated in Section 6.2 as Theorem 5.

Theorem 6. (Ljusternik-Schnirelman) For every gradient-like flow on a compact
metric space we have

# {rest points } > cup-length (X)+1.
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TN V(zy) =maxV

1 V(z1) =min V

Fig. 6.7a

The theorem will follow immediately from a general qualitative statement for
Morse decompositions of flows which are not necessarily gradient-like. The state-
ment is taken from [55].

Definition. A Morse decomposition of a flow is a finite collection {M;}er of
disjoint, compact and invariant subsets M; C X which can be ordered, say
(M, My, ..., My), such that the following property holds: for every

rex\{J M
JeI

there exists a pair of indices ¢ < j such that w(z) C M; and w*(z) C M;.

Theorem 7. Assume {M;},c; is a Morse decomposition of a flow on a compact
space X. Then

(6.49) CL(X) + 1 < Y {CL(Mj) + 1}.

jel
In particular, if |[I| < CL(X)+1 then some compact invariant set M; has nontrivial
Alexander-Spanier cohomology and so contains a continuum of points.

We have abbreviated the cup-length of a space S by C'L(S). The flow is not
required to be gradient-like. Postponing the proof of this theorem, we first prove
Theorem 6.

Proof of Theorem 6. Denote by V the Ljapunov function of the gradient-like flow
and assume it has only finitely many rest points. Then the rest points can be
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ordered such that V(z;) < V(za) < --- < V(ag). Since V is strictly decreasing
along the nonconstant solutions, the rest points {x1,...,xx} constitute, in view of
Proposition 9, a Morse decomposition of the flow. Since CL({x;}) = 0 we conclude
from Theorem 7

so that the number of rest points must indeed be larger than or equal to CL(X)+1,
thus proving Theorem 6. B

Proof of Theorem 7. First observe that any Morse decomposition of X can be
obtained by first decomposing X into two sets, then decomposing one of these and
continuing until the decomposition is reached. Indeed assume {M;, My, ..., My} is
an ordered Morse decomposition of X. Then define the subset X; = {z € X|w(zx)
and w*(z) C My UMy U---U Mg_1}. This set is compact and invariant under
the flow so that {X;, M} } constitutes an ordered Morse decomposition of X into
two sets. Therefore one only needs to prove the theorem for decompositions into
two sets. So let {My, M2} be an ordered Morse decomposition of X. From the
definition we conclude that there is a compact neighborhood S; of M; and a
compact neighborhood S5 of My in X satisfying S; U Sy = X and, moreover,

M1 == ﬂ Sl't and M2 = m SQ'(_t).

t>0 t>0

Consequently, observing that H*(S; - t) = H*(S1) for every t € R (similarly for
S3), we conclude by the continuity property of the Alexander-Spanier cohomology
that H*(Sy) = H*(M;) and H*(Sy) = H*(My). It is, therefore, sufficient to prove
that ¢(S1) + ¢(S2) > ¢(X) for S; U Sy = X, abbreviating ¢(S) = CL(S) + 1. This
will follow from the following topological observation:

Lemma 1. Let S;USs C S be three compact sets. Denote byv i1:51 — S,i9 : So —
S and i: S USe — S the inclusion maps. Assume «, 5 € H*(S). Then if(a) =0
and i5(8) = 0 imply i* (U 3) = 0.

Proof of Lemma 1. Consider the following diagram:

H*(S,81) ® H*(S,8;) — H*(S,5USs)

H*(S) ® H*(S) — H*(S)
H*(Sy) H*(S5) H*(S1USs) .

The vertical sequences are exact. Hence if « € H*(S) satisfies i (a) = 0 then there
isan & € H*(S,S1) with j(&) = a. Similarly, if i5(3) = 0 then j5(3) = & for some
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Be H*(S, S3). By the commutativity of the diagram, j*(& UﬂA) = ji(&) U]Q‘(B) =
a U (. and by the exactness, i*(aU () = i* o j* (& U B) =0, as claimed. B

Returning to the proof of Theorem 7, we assume o, ag, ... € H* (X) satisty
arUag U---Uaq; # 0. Let the a’s be ordered so that ay U --- U« is the longest
product not in the kernel of i7. Then, by definition of the cup-length, ¢(S1) > r+1
and 17 (a1 U- - -Ua,Ua,41) = 0. Since X = S71US, we conclude from Lemma 1 that
i3(apyo U+ aq) # 0 and, therefore, ¢(S3) >1— (r+ 1) + 1 =1—r. Consequently
¢(S1) + ¢(S2) > 1+ 1. We have shown that if X admits a nontrivial product with
[ factors, i.e., if ¢(X) > 1+ 1, then ¢(S1) + ¢(S2) > 1 + 1 so that Theorem 7 is
proved. B

We defined a gradient-like flow by a Ljapunov function which is strictly mono-
tone decreasing along the nonconstant orbits of the flow. This tradition comes from
the study of semiflows, defined only for positive time, on noncompact manifolds. In
our situation of a flow on a compact space, we could have taken a Ljapunov func-
tion instead, which is strictly increasing along nonconstant orbits and we would
have reached the same conclusions by the same arguments. Actually, we shall make
use of this remark in the next section, where for different reasons we consider the
positive instead of the negative gradient equation, which leads to a increasing
Ljapunov function. This is not relevant since our functional is bounded neither
from below nor from above.

Remarks: In this connection we would like to point out another useful inequality
associated with a Morse decomposition {Mj, ..., My} of a flow on X which is not
assumed to be gradient-like. It relates dynamical invariants of the invariant sets
M; to topological invariants of the space X and is due to C. Conley. Every set
M; in a Morse decomposition is an isolated invariant set in the sense that it is the
maximal invariant set contained in a compact neighborhood. Hence it possesses a
so-called Conley-index h(M;) which is the homotopy type of a pointed compact
space and which is determined by the flow near M;, see C. Conley [54]. Denoting
by P(t,h(Mj;)) the Poincaré polynomial of the pointed compact space one has

(6.50) 3 P(t, h(Mj)) = P(t,X) + (1+6)Q(t),
J

P being the Poincaré polynomial of the space X and @ being a power series
containing only nonnegative integer coefficients, for a proof we refer to [57]. This
Conley-Morse equation relates the dynamical invariants of the local invariant sets
M; C X to the global topological invariant P(t, X). Consider, for example, the
special case of a gradient flow defined by & = —VV(z) on a compact Riemannian
manifold X. If the critical points x; of the smooth function V' on X are not only
isolated but, in addition, nondegenerate, one can show that

h({e;)) = [$mC)]

is the homotopy type of a pointed sphere whose dimension m(x;) is the Morse index
of the critical point x;. Consequently P(t, h({x;})) = ™) is a monomial, see
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e.g. [56]. Therefore, if all the critical points of V' are nondegenerate they constitute
a Morse-decomposition of X and the equation (6.50) for this special flow is the
familiar Morse equation

(6.51) St = PX) + (1+6)Q() .

{z|VV (z)=0}

It relates the nature of the isolated critical points x of the differentiable function
V' to those topological invariants of X which are described by the Betti numbers.

C. Conley designed his homotopy index theory in view of its invariance prop-
erties under deformations. These are crucial for applications. He developed his
theory for continuous flows on locally compact metric spaces. For a concise pre-
sentation of this theory, we refer to D. Salamon [187]. Later on K. Rybakowski in
a series of papers [184, 185, 186] extended Conley’s index theory to a restricted
class of continuous semiflows in an infinite dimensional setting. It includes flows
generated by partial differential equations of parabolic type. In this more general
setting there is also a Morse equation associated with a Morse decomposition of
an isolated compact invariant subset of the space, as has been demonstrated in
[186].

6.4 Elliptic methods and symplectic fixed points

We are going to prove the Arnold conjecture for general compact symplectic man-
ifolds (M,w) satisfying [w]|m2(M) = 0. The proof, based on the action functional
on the loop space, is inspired by the geometric ideas underlying the proof for the
standard torus in Section 6.2. But instead of looking at O.D.E. problems, we shall
now be confronted with first order elliptic systems.

For the following it is useful to first recall our approach to the torus case.
The covering map R?” — T2" and the special symplectic structure permit by
extending the action functional, originally defined on smooth contractible loops,
to the Hilbert space H'/2. The gradient of the extended functional in H/? is
smooth and can be viewed as a regularization of the L? gradient of the action.
The gradient equation on H'/? determines a unique global flow, which has, in
addition, the necessary compactness properties. For these reasons we can find all
the critical point by using O.D.E.-methods as follows. The study of the gradient
flow on the infinite dimensional space H'/2 of contractible loops can be reduced
to the study of an (induced) gradient-like flow on a compact metric space X,
an almost classical situation. The set X, here is the set of all bounded solutions
of the gradient flow, consisting of all the critical points of the action functional
together with their connecting orbits. It is, in general, not a smooth manifold.
We saw that X, contained the topology of the underlying manifold 72". The
Ljusternik-Schnirelman theorem, applied to the gradient-like flow on X, then
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guaranteed the required number of rest points. In order to get an insight into the
topology of the set X, we approximated X, by a set Xr of solutions of a very
special O.D.E. boundary value problem using the special symplectic structure.
Applying Fredholm theory to this boundary value problem we approximated X
by smooth compact manifolds of dimension 2n whose topology could be estimated.
By the continuity property of the Alexander-Spanier cohomology we finally found
the desired cohomology of the set X .

Since the space H'/? is not contained in C°, the loops in H'/? have no local
meaning, and it is not easy to define H'/2 loops on a general manifold. It can be
done but the space obtained does not carry a natural manifold structure. The main
idea in the case of a general symplectic manifold (M, w) is to replace the regularized
gradient (of the torus case) by the unregularized gradient of the action functional
on the space of smooth contractible loops of M. The associated gradient equation,
however, does not determine a flow: its Cauchy initial value problem is ill posed,
as we shall see. But analogous to the torus case, we can still define the set X, of
all bounded solutions u : R x S* — M of the unregularized gradient equation; they
are now solutions of a system of first order elliptic partial differential equations of
Cauchy-Riemann type, related to the pseudo-holomorphic curves of M. Gromov
[107]. On this solution set X there is, moreover, a natural R-action defining a
gradient-like flow. Hence, following our old strategy, we shall prove that this set
of solutions is compact and contains the cohomology of the underlying manifold
M. The Arnold conjecture then follows by applying the Ljusternik-Schnirelman
theorem as in the torus case. In order to carry out this programme the O.D.E.
methods of the torus case have to be replaced by P.D.E. methods. In order to
determine the topology of X., we shall approximate the set X,, by the set of
solutions X7 of a distinguished elliptic boundary value problem, to which we apply
Fredholm theory based on the Cauchy-Riemann operator on compact surfaces. In
this way we can approximate X7 by smooth compact manifolds of dimension
2n whose topology can be determined. The easy compactness arguments for the
torus case, based on O.D.E. methods, will be replaced by an intricate bubbling off
analysis based on elliptic estimates.

In order to find the crucial substitute for Xp used in Section 6.2 we begin
with the analysis of the torus case T?" = R2?"/Z"  this time from the point
of view of the unregularized gradient. The aim is to reinterpret the approach of
Section 6.2 from a P.D.E. point of view. We recall that to a periodic function
H € C®(S' x T?" R), we associated the action functional ®, defined on the
space of smooth contractible loops = of 72" by

1

(6.52) By(z) = /{%(—Jﬁc,x) — 1 () yar.

0

On the covering space R?" the contractible loops x are simply the smooth
functions z € C*°(S*,R?"). By extending ®z to a smooth functional ¢ on the
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Hilbert space H'/?(S',R®") we obtained for the H'/? gradient, which we now
denote by ¢, the representation

(6.53) Oy(x) = §* @y () if € C(SHR™).
Here () is the L?-gradient of ® given by
(6.54) V() = —Ji— VH(t, ),

and j* is the adjoint of the inclusion mapping j : H'/2 — L? defined explicitly in
Chapter 3. We may view ¢, as the regularization of the L?-gradient ®/; by means
of the positive and compact operator j* on L2. Instead of the gradient equation
%x = —¢y(z) on H 1/2 studied previously, we now study the unregularized equa-
tion £z = @/, (). Observe that we now consider the positive gradient instead of
the negative one considered in Section 6.2. For indefinite functionals this is irrele-
vant. However, this way we are led, as we shall see, in a natural way to the familiar
Cauchy-Riemann operator instead of the anti-Cauchy-Riemann operator. Setting
u(t,s) = x(s)(t) for the loops at time s, we obtain the partial differential equation
ou ou

9 Jat VH(t,u),

for a smooth function u € C*®°(R x S, R*"). Abbreviating the notation in the
following, we write v’ = —Ju — H'(t,u) instead of (6.55), where H' = VH stands

for the gradient of the function H in the x variable. The operator

(6.55)

6.56 ! Ju = — J—

(6:56) R T

is nothing but the well-known Cauchy-Riemann operator for maps u : R? —
R2™. To see this it is convenient to identify R?" with C" as follows. We split
R?" = R?@- - - ®R? into symplectic subspaces R?, having the symplectic structure
wo(a,b) = (Ja,b) with the matrix J given by

(6.57) J = (_(1) é) .

We identify R? with C by means of the linear isomorphism U : C — R? given by
z = (y+ix) — (x,y) = (Im z,Rez). On C, the complex structure is now the
multiplication by i = v/—1, since

(6.58) Ulgu =i,

and wg becomes wy(z,£) = —Im{(z,&). Setting z = s+it € C we shall view the map
u:R? — R?™ as a map u : 2 — u(z) € C" so that the operator (6.56) becomes
the familiar Cauchy-Riemann operator on every copy of C,

Ju ou =
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Similarly the operator % —-J % is, in our complex notation, the operator
Ju . Ou

6.60 — —i— = Ou.

(6.60) 9s ot "

Note that for convenience we drop the factor % in the usual definition of the

2
Cauchy-Riemann operator.

The Cauchy-Riemann operator is a first order elliptic partial differential oper-
ator and VH is a lower order perturbation. There is no well-defined initial value
problem associated with the elliptic equation (6.55). Indeed, assume H = 0. Then
every solution u of (6.55) solves du(z) = 0 and hence is holomorphic so that the
initial data u(0,t) = x(t) at s = 0 has to be at least a real analytic loop. But even
working in the space of real analytic loops does not help since there are analytic
loops which are not restrictions of globally defined holomorphic maps.

Assume now that u € O (R x S, T2") solves the partial differential equation
(6.55), and define the map s — u(s) from R — C°°(S*, T?") by setting u(s)(t) :=
u(s,t). From (6.52) we compute readily

(6.61) % Dy (u(s)) = || = Ju(s) — H' (t,u(s)) 12, .

Hence the map s — ® g (u(s)) is nondecreasing. The following nontrivial fact will
become crucial.

Lemma 2. Assume u € C*°(R x S, T?") is a solution of (6.55). If for some sq € R

d

= 5 (u(s) ) o=sy = 0,

then u(s) = u(sg) for all s € R hence is independent of s. Moreover x € C°°(S1, M)
defined by x(t) := wu(so)(t) is a l-periodic solution of the Hamiltonian system
associated to H.

Proof. Considering our geometric approach, this statement seems obvious, yet the
proof is not easy. It is based on Carleman’s similarity principle proved in Appendix
5. Without loss of generality we may assume that so = 0 so that

— Ja(0) — H’(t,u(O)) — 0, foralltes!.

This means that x(t) := u(0)(t) defines a 1-periodic solution of the Hamiltonian
vector field & = Xy (x). We denote by 1; the 1-parameter family of symplectic
diffeomorphisms solving %% = Xpy(¢:) and ¢y = Id. Extending the map u
periodically in ¢ we shall view it as a map v : R x R — M. Now we define a new
map v:R xR — M by

u(s,t) = Uy (v(s,t)) , for all (s,t) € R?,
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and compute,
0 = %4+ J% 4+ H'(t,u)
= TY)L + JTe ()L + J(%%)(v) + H/(wt(v))
= T3 + (To) T Tew) %]
Hence, introducing the almost complex structure
J(s,t) = Ty (v(s, 1))~ Tohr (v(s, 1))

the map v : R? — M solves

ov ov
and, since u(0,t) = ¢¢(v(0,0)) by the assumption on w,
v(0,t) = v(0,0), for teR.

Let v(0,0) = m € M. We take a chart around m, say ¢ : U — ¢(U) C R?"
satisfying ¢(m) = 0. Then the map w : R? — R?", defined by w = ¢ o v, satisfies,
near 0 € R?, the partial differential equation

ow ~1 9w ov ov
—T(,t)J,tT(,t)—:T D s .
5 TTelv(s0)J(s,)Te(v(s ) - pv)| 5, + It
Moreover, w(0,t) = 0 for ¢ close to t = 0. To sum up, introducing the almost
complex structure J(s,t) := T(v(s,t))J(s,t)Tp(v(s,t))~t, the map w : R? —
R?™ solves, near 0 € R?, the equations

ow A ow

s + J(s,t)g =0, w(0,t) = 0 fortclose to 0.
In particular, the point (0,0) € R? is a cluster point of zeroes w(s,t) = 0 of the
solution w. In this situation we can apply the generalized Carleman similarity
principle proved in Appendix 5. It states that w is of the form w(z) = ®(z)o(z)
for all z = s+ it in a neighborhood U of z = 0 € C, where ® : U — GIg(C")
is continuous and ¢ : U — C" is holomorphic. We conclude that w = 0 in a full
neighborhood of 0 € R2. This implies that v is constant in a neighborhood of zero
and, therefore,

u(s,t) = x(t) for s and ¢ close to 0 .

Consider now the following set of points:
Y = {(s,t) eERx R u(s,t) = x(t)

and there exists a sequence (sg,tg) — (s,t),
(Sk,tk) # (s,1) satistying u(sg,tg) = x(tr)} .
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This set is closed, and by the previous discussion nonempty. If (sg, o) € X we can
apply the previous argument and deduce that (sp,?o) is an interior point of X.
Consequently ¥ = R x R, and hence u(s,t) = z(t) for all (s,t) € R x S. This
implies that u(s) = u(0) for all s € R, hence u(s) is a rest point representing the
periodic orbit z(t) = u(0)(¢). The proof of Lemma 2 is complete. B

The space X, of “bounded solutions” of the (unregularized) gradient equation
is defined by

(6.62) Xo = {u € C=(R x S*, 17%") ‘ u satisfies (6.63) below } .

Here
us + Juy + H'(t,u) = 0

(6.63) -0 < irs1f Py (u(s)) < Sl;p Oy (u(s)) < +o00.

We equip the space X, with the topology induced from C>°(R x S, T?"). There
is a continuous R-action on X, defined by

Rx Xoe — Xo
(6.64)
(r,u) — wu-T

where (u - 7)(s,t) = u(s 4+ 7,t). The gradient is independent of time; hence with
u(s,t) also u(s+7,t) is a solutions of (6.63). The flow (6.64) on X is gradient-like.
Indeed, define the continuous function V' by

Vo Xoo — R, u'—><I>H(u(0)).

Then it follows from Lemma 2 that V is a Ljapunov function, i.e., 7 +— V(u - 7)
strictly increases with 7, along nonconstant orbits. In addition, the constant orbits
of the flow are the 1-periodic solutions of the Hamiltonian equation & = Xg(x).
Hence the rest points are the same as the ones for the set X, previously introduced
in Section 6.3. But the new set X, differs from the old one. If the set X, is
compact and if its cohomology is sufficiently rich, we can conclude from Theorem
1 a certain number of rest points of the flow. Before we turn to the compactness
proof of X, which is closely related to elliptic regularity theory, we first address
the question how we can replace T?" by a general compact symplectic manifold
(M,w).

We choose an almost complex structure J compatible with w, in the sense that
gy defined by

(6.65) gs(m)(h, k) = w(m) (h, J(m)k)

for m € M and h,k € T,,M, is a Riemannian metric on M. We consider the
partial differential equation for u € C*°(R x S, M).

ou ou

(6.66) 25 T J(u)a + H'(t,u) = 0.
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Here H' is the gradient associated to g; with respect to the x-variable. Again
we assume that for fixed s, the loop u(s)(+) in C*°(S*, M) is contractible. Hence
s — u(s) defines a map from R into C°(S1, M), where C2° denotes the set of
contractible loops on M. Here the first difficulty arises. What should the functional
® 5 be? There is only one way to produce such a ®: if x is a contractible loop in
M. We pick an extension = : D — M, where D is the closed unit disc bounded by
S1 = 9D such that #|0D = x. We now define the action by

(6.67) Sy(z) = T'w — | H(t,x(t))dt.
) = [ = [(eso)

Unfortunately, this is in general not well-defined. Namely, if we take another
extension T of x the numbers fD T*w and fD Z*w need not be the same. In fact
they may differ by a number r € I' C R, where T, the so-called period group, is
the image of the group homomorphism

UZWQ(M)H]RI[U]H/U*W,WhereUZSQHM.
S2

We note that the map o is well-defined by Stokes’s theorem; moreover, I' = im
(o) is a subgroup of (R, +). Summing up we only have a functional

Qg : O (S, M) - R/T .

Since for M = T?" we have m3 = 0, we conclude that I' = {0} implying R/T" = R.
In contrast to this special example, the subgroup I' can be dense as the following
example shows. Take M = S? x S? with the symplectic form Q @ rQ where € is
a volume form of total volume 1 on S? and where 7 > 0 is an irrational number.
Then I' = {a + br ‘ a,b € Z } , which is dense in R. We point out that

the condition I' = {0}, which for example is satisfied if mo(M) = 0, is a very
restrictive condition. Indeed, since M is compact we know that the cohomology
class of the symplectic structure w, say [w], is nontrivial in H?(M,R). If 71 (M) = 0
the Hurewicz-homomorphism

mo(M) — Ho(M,Z)

is an isomorphism. Therefore the homomorphism ¢ is nontrivial, implying that
I' # {0}. We see that I' = {0} implies m (M) # {0}. We want to point out
that the case I' # {0} can also be treated at least partially. In fact, in order to
do Morse theory, one only needs a hypothesis on the first Chern class of T M,
which is vacuous in dimensions 2,4 and 6. Under this condition no hypothesis on
the symplectic form is needed. So, in particular, the Arnold conjectures for the
Morse theory hold in dimensions 2,4 and 6. We refer the reader to H. Hofer and
D. Salamon [119] and K. Ono [172].
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In the following we shall assume I' = {0} hence requiring that

(6.68) /u*w =0 for u:8%— M.

S2

Now we have a well-defined functional ®z : C°(S', M) — R defined on the
contractible loops by (6.67). In order to prove the Arnold conjecture we need to
show the compactness of X, and to compute its cohomology. The compactness will
be studied by using elliptic regularity theory. The cohomology will be computed
by using an approximation argument, replacing the sets X7 previously used in
Section 6.2 by suitable substitutes.

The first aim is to replace the O.D.E. boundary value problem X7 in Section
6.2 by a boundary value problem for an elliptic P.D.E. To find the appropriate
modification for the general symplectic manifold, we go back to the torus case
and consider z € T?" x E*. Identifying R*" with C", a loop # € T?" x E7 is
represented as

(o]
(6.69) 2(t) = ap + »_ ap e,
k=1

with ag € T?" and a;, € C". We shall view S' as the boundary 0D of the closed
disc D = {z € C : |z|] < 1} and extend the map z : S' = D — C" to a map
u: D — C by defining

(6.70) u(z) = ap + Z arz®, zeD.
k=1

Clearly u(e?™) = x(t) and since this loop belongs to H'/?(S'), the series
converges on every disc |z| < p < 1 uniformly and hence defines a holomorphic
map from the open disc D = {z € C : |z| < 1} into T?". Setting 2z = s + it we
have ug + iu; = 0 on D. We claim that

1 . 1
011 5 [ (P + ful)dst = [ uteo = Glelfas
D D

provided ag = 0. We conclude that an element x € T?" x E* can be considered as
the boundary = = u|dD of a holomorphic disc u : D — T?" of finite area, which
is positive if x # 0

O</u*w0<oo.
D
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The proof of (6.71) is a simple computation. Setting z = s + it, we find

s/ (|ué|2 + Jug |2 ) dsdt = [ wlus,u)dsdt
D
= fw( S oap k2t E ap ik 25 1) ds dt
D =1 k=1
1, 2n ‘ ‘
. ( I ag, kR 219 SN ke 2n(k=1)i9 Y o dq?) dr
0 \0 :1

oo oo
= 27rf o JagPRErldr = 1Y ag? k| = %Hx”?{l/g < o0,
0 k=1 k=1

proving the claim. Similarly 2 € 7?" x E~ can be considered as boundary of an
anti-holomorphic disc. It is represented by

.%‘(t) = by + Z b, (:’_Qﬂ—ikt,

k=1

and the extension v : D — C" is defined by

:b0+2bk2k, ze€D,

so that v(e*™"") = x(t). The map v is anti-holomorphic i.e., it satisfies vy — vy = 0
on D. Moreover, the area is finite and negative:

-0 < [vwy = —3f <|vs|2 + \’Ut|2)ds dt
(6.72) D D

_%Hx”%ﬂ/z(sl) S 0 9

provided by = 0. We now can rewrite the boundary value problem for X7 studied
in Section 6.2 (however replacing the negative gradient flow by the positive one)
as follows

as + Jag = 0 on D
(6.73) us — ut+u” + J*H'(t,u) = 0 on (=T,T) x S*
by — Jby = 0 on D,

with the matching boundary conditions

w(—=T,t) = a(e*™) for te St
(6.74) .

uw(T,t) = b(e®™)  for te S,

where S! = R/Z. The solution triplet (a,u,b) can be visualized as follows:
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Zr

Fig. 6.8

Not regularizing the L2-gradient in the model equation we are led to

as + Jaz = 0 on D
(6.75) us + Juy + H'(t,u) = 0 on (=T,T) x S*
by — Jby = 0 onﬁ7

together with the matching boundary conditions (6.74). We shall rewrite the sys-
tem (6.75) together with the boundary conditions as a single equation. We de-
fine the Riemannian sphere Sy by adding two caps at the ends of the cylinder
Zr = [-T,T] x S such that

(6.76) Sy =D\ JZr(JD-
o 8

Here a and [ denote the identifications
a et~ (=T t)
g e 2™t ~ (T t) .

Next we define the structure of a complex manifold on Sr by introducing the
charts

Y (=T, T)xS* — C : (s,t) 2" GFit)

z€Dw—z
o1 :DU[-T,0) xSt — C : {

(677) (S,t) — 627T(8+T+it)

0,7] x S'|UD C pEDms
Y2 ( 5 ] X LBJ - : (S,t) NN 627r(sz+it)

We observe that the transition maps (01! and @501 ~! are holomorphic. These
charts define a complex structure j on Sr. By the Uniformization Theorem (St, j)
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is bi-holomorphic to (5?,4), where S? = C U {oo} is the standard Riemannian
sphere, see, e.g., O. Forster [92]. For notational convenience we denote the a-disc
by D; and the S-disc by Dsy. Consider now v € C*(Sy,T?") and define a map
Lv, which is smooth on Dy, Dy and (=T, T) x S! as

(6.78) Lv = Tv + Jo(Tv)oj + X|—r1xs" (H’(v)ds—JH’(v)dt) .

Here (s,t) are the coordinates on [T, T] x S* and x[_7 7y is the corresponding
characteristic function on S7. Moreover T is the tangent map of v : Sp — T?".
Observe that (Lv)(z) is a linear map 7, St — Tv(z)TQ”, which satisfies the relation

—Jo (Lv)(z) = (Lv)(z)oj.

We denote by Apz2n — S x T?" the vector bundle whose fibre over (z,m) consists
of all complex anti-linear maps v : T.Sr — T,,T%", satisfying vj = —Jv. If v
is a map St — 12", we denote by v*Apz2. the pullback of Ap2n by the graph
z — (z,v(2)) of v. Then Lv may be viewed as a section of v*Apzn — Sp. Assume
v is continuous and smooth on Sp\{(+7,t)|t € S1} and moreover satisfies Lv = 0
away from the circle {7} x S'. That precisely means that Lv is the zero section
of v* Ap2. — Sp. Consider the vector field & on (=T, T) x S*. Then

0 = (Lv)(s,1)(55)
= vy + Ju + H'(t,v) .

We see that v satisfies differential equation (6.75) on (=7,T) x S'. On D; and
Dy we have vg + Jv; = 0 and vy — Jvy = 0 respectively. Moreover, the boundary
conditions are satisfied on the common parts of Dy, Dy and [-T,T] x S L

This new construction can easily be generalized to arbitrary compact symplec-
tic manifolds. For this let us denote by j the complex structure on St and by J
an almost complex structure compatible with w on M. For v : Sp — M we define
the section Lv of v* Ay by

(Lv)(z) =Tv(z) + J(v) o Tv(z) 0 j

X775 (2) {H' (t,v(z))ds — J(v(z))H’ (t,v(z))dt} .

In order to study the equation Lv = 0, we need to develop a suitable functional
analytic set up. If 2 < p < oo we consider the Banach manifold W17 (Sr, M)
consisting of maps from Sz into M belonging to the Sobolev class WP, For the
construction of a natural differentiable structure on WP(Sy, M) we refer the
reader to the article by H. Eliasson [79]. For v € W1P(Sy, M) we consider the
bundle v*Ay; — St and let LP(v*Ajps) be the associated space of LP-sections.
Then, we can equip

LP(WLP(ST, M)*AM) - U {o} x LP(v" Ar)
vEWL.P(Sp M)

(6.79)
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with the structure of a Banach space bundle over the Banach manifold
WP (Sp, M). Summing up we have formulated the elliptic system (6.75) to-
gether with the matching boundary conditions (6.74) in such a way that solu-
tions are to be found as the zeroes of the section L of the Banach space bundle
LP(WYP(Sp, M)*Apr) — WHP(Sy, M). We shall denote the set of solutions by
Xr = {1} S Wl’p(ST,M)|L(U) = 0}

Note that we cannot expect a solution v : Sy — M of L(v) = 0 to be of
regularity better than W1? near the boundary dZ7 of the cylinder Zp. This is
due to the non-smoothness of the cut-off function s — x;_7.7)(s) at the boundary
components s = +7T of Zp. Recall that these two boundary components agree
with the boundaries of the two disks D glued to the cylinder. However, it follows
from the results in Appendix 5, that a solution v of L(v) = 0 is smooth except at
0Zr where the derivatives in s (i.e., normal to the boundaries) do not match. To
be more precise we have W1P(Sp, M) € C°(Sy, M) by the Sobolev embedding
theorem, since p > 2. Hence v being continuous can be studied in local coordinates.
If z is a point in the interior of the cylinder Z; we have, in local coordinates,
v € WHP(B.,R?") with a small open ball B. centered at z. Moreover v is a weak
solution of a special system of first order elliptic equations and we conclude that
v € O%°(B.,R?") by the “inner” regularity theory of elliptic partial differential
equations. Similarly, the solution v of L(v) is smooth in the interior of the disks
D. Tt is proved in Appendix 5 that, in addition, v has smooth extensions from the
interior of Zr to its boundary 0Zr and also from the interior of the disks to their
boundaries 9D U 9Dy = 0Zp. This does, of course, not mean that the solutions
fit smoothly at the boundary, since the derivatives (in s) normal to the boundary
do not agree. But the restriction of v to the boundary 0Zr is smooth, so that, in
particular, v(—T') and v(T) are smooth loops belonging to C°(St, M).

We can now use the variational structure of our problem to derive a natural

a priori estimate for solutions v € X7. Recall the assumption w|me(M) = 0 and

assume that L(v) = 0. Let C' > 0 be a constant bounding |r(na>)(H(t,x)| and
t,x

\ miI)l H(t,x)|. We estimate

)

D,

<I>H<v(—T)) = [ v'w — Ole(t,v(—T,t)) dt
Z —

> — max H(t,z) C.

(t,2)

We have used that for holomorphic maps
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Similarly

| vw —} H(t,v(T,t)) dt

D»>

< —{mr)l H(t,x) <C,
t,x

using that for anti-holomorphic maps

1
/v*w = —§/|Vv|3 <0
Do

Dy

Oy (U(T))

Summarizing, we have proved

Lemma 3. There exists a constant C' > 0, independent of 7" > 0 such that every
solution v : S — M of Lv = 0 satisfies

—-C < @H(v(—T)) < (I>H<v(s)) < Q)H(v(T)) < C, for —T<s<T.

From this we conclude

Lemma 4. There exists a constant C' > 0, independent of T" > 0 such that every
solution v € WHP(Sp, M) of Lv = 0 satisfies

1
1
Z < .
2// 8t — X, (v) }dsdt_zc
“T 0
Proof. We compute, using Lemma 3,
20 > CI)H(U(T)> —@H(u(—T))
T T
= [ g ou(v(s)ds= [ (195 (v(s))I5 . ds
-T -T

(1 06) 1B e + 119() = X, (v5)) 13 12| ds

3 Ofl [ (s,)|% + |9 — Xpg, (U(S,t))ﬁ] dsdt .

Here || || 22 is the L2-norm for sections associated to the Riemannian metric g;. B

Our next aim is to study compactness properties of the space X, of “bounded
orbits” defined by

Yoo = {ue ™R x SHM)’ e+ J(u)uy + H'(t,u) =0,
(6.80)

u(s) € C°(S*, M)and (@H(u(s)) is bounded in R} .

seR



6.4 ELLIPTIC METHODS AND SYMPLECTIC FIXED POINTS 235

We note that for the estimates it is convenient in the following to view M as a
compact submanifold of some RN via Whitney’s embedding theorem, see, e.g., M.
Hirsch [113]. Since C*°(R x S, R¥) is a Frechet space with the usual translation
invariant metric d we may view C*°(R x S, M) as a closed subspace of C*°(R x
ST, RY). The induced metric we denote also by d. We shall see that X, is a
compact subspace of C*(R x S1,R™). We begin with

Proposition 10. There exists a constant C' > 0 such that for every u € X, we have

oy (u(s)) €[-C,C], seR.

Proof. By assumption ®p(u(R)) is bounded in R. Hence, abbreviating ||| =

117,22,
+00 oo
[ i (ue)iPds = [ (o)) ds < oo

Consequently there exists a sequence (s,) C R, with s,, — 400, such that
Dy (u(sn)) — a€R and ||} (u(sn))H —0.

Defining z,, = u(s,) € C*(S', M) we obtain

(6.81) [lEn, — Xp(xn)|]] — 0.

Considering z,, as a map into RY we deduce by the compactness of M that
||| r2(s1 vy < const, where we used the usual L*-inner product. Hence we
find a subsequence satisfying

Tp =T weakly in Hb2(S1, RY)
(6.82)
r, —x  strongly in C°(S* RY).

The latter convergence follows using the Arzela-Ascoli Theorem. From (6.81) and
(6.82) we conclude that ,, is a Cauchy-sequence in L? so that

(6.83) T, — o in HY*(S', M) and & = Xpg(z).

Consequently z € C°°(S*, M) and z is a 1-periodic solution of the Hamiltonian
vector field. Now @y (z,) — @y (z) and hence a = @y (z). We can argue similarly
for sequences x,, = u(s,) where s,, — —o00. By the Arzela-Ascoli Theorem the set
of all 1-periodic solutions & = X (x) is compact in C°°(S',RY), so that the set

of critical levels
C:= {@H(x)\cbg,(x) = o}

is compact in R. We choose C' > 0 so large that the interval [—-C, C] contains C.
Since s — @ (u(s)) is monotone and since, as we have seen, the bounded solution
u connects critical points we conclude that —C' < @y (u(s)) < C for all s € R
completing the proof of the proposition. l
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Corollary 1. X is closed in C*°(R x S*, M).

Proof. Pick any sequence (u,) C Xo. We know from Proposition 10 that
D (un(R)) C [-C,C]. Assume u,, — u for the C*°-metric d. We obtain for every
r>0

C > oy (un(r)> > &y (un(fr)) > —C.

Hence, as n — oo the estimate implies that 5 (u(R)) C R is bounded. Moreover,

since % + J(un)% + H'(t,u,) = 0, we may pass to the limit and see that
u satisfies the differential equation as well. This shows that indeed u € X, as

claimed. W

The geometric picture is as in Section 6.2: a “bounded orbit” u € X, connects
1-periodic solutions of the Hamiltonian equation & = Xpg(z) on M. We next
prove that X, is a compact subset of C°(R x S!, M). Note that the metric
space C*°(R x S!, M) has the Heine-Borel property; this is a consequence of the
Arzela-Ascoli Theorem applied to all the derivatives of the functions. Since, by
the Corollary, X, is a closed set we have to show that X, € C®(R x S, M)
is bounded. This requires that for every compact K C R x S* and every integer
n € N there is a constant C,, > 0, such that

sup |[D%u(s,t)] < Ck,, forall ve Xy .
(6.84) (s,t) e K
ol <n

The important ingredient for the proof of (6.84) is a gradient estimate uniform in
u € Xoo. Here we shall use the assumption w|my(M) = 0 in a crucial way. Note
that in order to work in local coordinates we have to make sure that, for a whole
sequence of mappings, a fixed local neighborhood of a point is mapped into the
same chart of the image space.

Theorem 8. Suppose w|m2(M) = 0. Then there exists a constant A > 0 such that
[Vu(s, t)|; < A
for all u € Xo, and (s,t) € R x S

Proof. Arguing indirectly we find sequences (sy,t;) € R x S* and (uy) C X such
that
|Vuk(8k,tk>|J — +o00 .

Since X is invariant under the R-action (6.64) we may assume that s = 0
replacing wug by uy - si. Moreover, taking a subsequence we may assume t; — t.
Pick any sequence (ey) satisfying

(6.85) ex > 0,65 — 0, ex|(Vug) (sk, t)|s — +o0.

We wish this sequence to meet additional conditions and use a little trick. It is
based on the following:
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Lemma 5. Let (X, d) be a complete metric space and g : X — [0, +00) a continuous
map. Assume zg € X and g9 > 0 are given. Then there exists z € X and ¢ > 0
such that

0<e<eg
g(z)e > g(zo)eo
d(x,x0) < 2e9

g(y) < 2g(z) for all y satisfying d(y,z) <e.

Proof of Lemma 5. Assume there is no x1 € X satisfying d(z1,20) < g0 and
g(x1) > 2g(x0). Then the statement follows taking z = xg and € = g¢. Otherwise
we can pick such an z; and, proceeding inductively, we can assume there are
T, X1, - - -, Ty satisfying

€
d(wg, 7p—1) < 21@—81 and g(wx) > 29(r—1)
for all 1 <k < n. Then if there does not exist an x,1 with

(6.86) d(xpi1,on) < ;—2 and g(zn41) > 29(zy),

the statement follows choosing # = x,, and ¢ = 5%. Indeed z,, satisfies d(xn,z0) <
d(Tn, Tn—1) + - +d(z1, 0) < 20, and g(zn) > 2g(xp—1) > 2°g(v5—2) > 2"g(20)
and hence g(zy,)e > g(zg)eo. Moreover, from (6.86) we conclude that if d(y, ) <
e, then g(y,) < 2g(z,), hence proving the claim. If, on the other hand, there
exists an x,11 satisfying (6.86) we continue the process. It must terminate after
finitely many steps since otherwise we have a Cauchy sequence (z,,) C X satisfying

g(xzy,) — +oo. This is not possible, since z,, — z* and ¢ is continuous at z*. B

In order to simplify the notation we shall write in the following | - | instead of
the Riemannian norm |- |; on the tangent space. In view of the above lemma we
can replace x = (sg, 1) and 5 by slightly modified sequences and may assume,
again using the R-action, that the above sequence wy satisfies, in addition

(6.87) |Vug(s,t)| < 2|Vurp(0,tg)], if [s|>+ [t —tx*> < €2, 0<t, <1.

Here we conveniently view the maps u as maps defined on R x R by a 1-periodic
continuation in the ¢-variable. Rescaling we define a new sequence vy, € C*°(R?, M)
by

1
(6.88) wi(s,t) = uk((o,tk) n R—(s,t)), where Ry, = |Vuy,(0,1)] -
k
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Denote by Dy, the “large” discs Dy, = {x = (s,t) € R?||z| < e Rx} C R% Then
the sequence v has the following properties:

Vi € COC(Dk,M)

[Vog(z)| < 2 for € Dy,
(6.89)
[Vur(0)] = 1

ex R — +00 .
Moreover vy, satisfies the partial differential equation

RS

)ou = L
ot ko Ry

Rk ) vk)

(6.90) -

v + J(vg H' (t +

on Dy. Since uy € X, we find in view of Lemma 4

(6.91) /|Vvk|2dsdt < 13C,

Dy,

for k large, with the universal constant C' > 0 of Lemma 4. Indeed, introducing
the “small” discs By = B, (0,1;) C R? we find

[ |VopPdsdt = [ |Vug*dsdt
Dk Bk

, , )
= {5+ (% - Xutw + Xu(u)| }dsdt

k

2 2

< 3 [ |9 dsdt + 2 ]XH(uk)) dsdt

Bk Bk

2

< 3 [ |Z| dsdt + I < 12C + I,

RxS?t

where I, — 0 as k — oo. This proves the claim (6.91). Since the gradients of vy,
are uniformly bounded, we shall conclude later on by the elliptic estimates for the
equations (6.90) the following crucial:

Lemma 6. Assume the sequence vy, satisfies (6.89) and (6.90). Then there exists
v € C°(R?, M) and a subsequence such that

v — v in C™ (R?, M) .

Postponing the proof of this lemma, we show next how Theorem 8 follows from
our topological assumption that [w]|m2 (M) = 0. We observe that the smooth map
v guaranteed by the lemma is a holomorphic map of finite and positive area, hence
not a constant map. Indeed from (6.89), (6.90) and (6.91) we deduce the following
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properties of v:

Vu(0)] = 1
Vo(z)] < 2, zeR?
(6.92) vs + J)uy = 0

2
‘<oo.

Define the monotone function ®(R) for R > 0 by

(6.93) |/vm Q/WF,f /ww

The restriction to the boundary of the holomorphic disc v|Dg : D — M defines
the contractible loop g : S — M by zr(7) = v(Re*™*7). In view of the differen-
tial equation in (6.92) this loop satisfies [iz(7)| = 27 R|2%(Re?™'7)|. Computing
in polar coordinates we find that

00 1
1
/ /_R/ ()2 dr dR
0 0

which is finite in view of (6.92). Consequently, there is a sequence of holomorphic
discs v|Dp, such that the arc lengths [(zg,) of their boundaries tend to zero as
j — oo. In order to estimate the area of these discs by the arc length, we cover
the compact manifold M by finitely many open sets U; C M, 1 < j < N such
that each U ; is diffeomorphic to a closed ball. There is a constant d > 0 such that
every loop x on M having diameter < d is contained in one of the sets Uj;. By
Poincaré’s lemma we conclude that w|U; = d); for a 1-form A; on U;. Therefore
we can estimate the action of a loop z(t) C U, for ¢ € [0, 1] by the arc length I(x),

(6:94) [ el < @Il
0.1]
where ||As|| = max{||\;(m)||,m € U,}, with the standard norm of the linear map

Aj(m) € (T, M)*. Consequently, if v = max||\;]|, 1 < j < N, we conclude for
every loop z on M having diameter < d that

(6.95) |/M|§mwv

Consider now the small loop 2z (7) which is the boundary of the holomorphic disc
vgr. Then it is contained in one of the open sets, say U;. Since it is contractible we
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can choose a different disc w: D — M also satisfying w|0D = xr but which, in
addition, is contained in U; so that w(Dg) C Uj. If, for example o : U; — By (O)

R?" is a local chart we deﬁne such a disc by w(re%w) a HEao v( e2mivY).

v(9D) w(D)
C
A
aD
v
R M
D

v(D)

Fig. 6.9

Finally we play the Joker. Since [w]|m2(M) = 0 we conclude for the discs v|Dg
and w

(6.96) /ww:/ww.

Dr Dgr

Hence applying Stokes’ theorem in U;, we find in view of (6.95) that

|/vw| \/xR)\|<l;vR)

[0,1]

However, there is a sequence of holomorphic discs with I(xr;) — 0 as we have
seen above, and hence we arrive at a contradiction to the monotonicity (6.93) of
®(R). This contradiction shows that our assumption, namely that the gradients
of u € X, are not uniformly bounded, is false. Hence Theorem 8 is true.

The above techniques are usually referred to as bubbling off analysis. In order
to complete the proof of Theorem 8, it remains to prove Lemma 6.

Proof of Lemma 6. In order to simplify the procedure we first get rid of the Hamil-
tonian term in (6.90), which tends to zero as Ry — oo. Using a trick due to M. Gro-
mov [107] we put @ = (s,t,m) € R? x M and define J; : T(R? x M) — T(R? x M)
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by
(6.97) J(@) (e B,1) = (= B, J(m)h + BH{(t,;m) + ad(m)H{(t,;m)) ,

where Hj (t,m) = RikH’(tk—&— RLk,m). One verifies readily that JZ = —id. Hence Jj
is a sequence of almost complex structures on R? x M converging together with
all its derivatives uniformly on R? x M to the almost complex structure i @ J, if
we identify R? with C in the usual way. Define the sequence @, € C°°(R2,R? x M)
by

(6.98) (s, t) = (s,t,vk(s,t)).
Then, on Dy = Be, g, (0) C R?,
Loe + Je(Oe) 5t = 0
Vg (s, )]
ViR (0,0)] > 1

IN
N

(6.99)

EkRk — OQ.

The aim is to find a subsequence such that ¥, — @ in C*°(R?,R? x M) for a map
0 € C°(R?,R? x M). In view of the Arzela-Ascoli Theorem it is sufficient to find
Cr -bounds for oy, i.e., for every compact set K we have to find uniform (in k)
bounds for vy, together with all the derivatives. Choosing p > 2 it is sufficient, in
view of Sobolev’s embedding theorem to establish on every compact subset K C R?
uniform bounds in WP (K) instead of C!(K) for all [ > 1. In order to establish
such Wllo’zc’—bounds, we proceed by induction. By assumption the gradients of vy are
uniformly bounded so that the Wﬁ;f -bounds are guaranteed. Arguing indirectly
we shall assume now that there are Wll(;i'—bounds but not V[/llotl’p -bounds, for some
1 > 1. Hence possibly taking a subsequence of 9, we find a sequence z;, € R? and
a sequence ¢ > 0 satisfying €, — 0 such that

(6.100) wp — xo and |Ok[wreie (B, (o) +09

where, viewing M as a subset of RY, we consider ¥, as a map from R? into RY.
Since, by assumption, |V is uniformly bounded we conclude, by the Arzela-
Ascoli theorem, for a subsequence, that

(6.101) (o) — (zo,m) and Oy — ¥ in Cp. .

This allows us to localize the problem in a coordinate chart. Around (zg,m) €
R? x M there is a chart given by a : U — R*+2" satisfying a(zo,m) = 0 and

(6.102) o (B—Eo(mo)) cvcVeu,



242 CHAPTER 6 THE ARNOLD CONJECTURE, FLOER HOMOLOGY ...

for some g9 > 0 and for a suitable open neighborhood V' of (xg,m) and for all k
sufficiently large. Hence defining the smooth functions wuy := «o 0y, : B, (,0) —
R2+2" and replacing Jj, by J; defined by

(6.103) i) = Ta(o™'@) - J(a ) Ta" @),
y € a(U) C R?>+2" we have, on B, (o),
G+ u(u)%GE = 0

up(zg) — O
(6.104)
Vup(z)] < C

[uklwiern By @) = o0

Moreover, Jj — Jso in O for some almost complex structure Joo in R2+27 near
0. We shall denote by J, the following constant complex structure on R2*2"

Jo=Jo(0), JZ = —1.

Now we make use of the following well-known elliptic estimate for the Cauchy-
Riemann operator. For every 1 < p < oo, m and n > 0 there exists a constant
C > 0 such that

(6.105) Clulmy1p < |us + JoUt|myp

for every smooth function u : R?> — R?"*+2 having compact support in the unit
ball. This is the classical estimate for the Cauchy-Riemann operator (if written in
complex notation), Jy being constant. For a proof we refer to the monograph by
E. Stein [205], p. 60. In order to apply this estimate, we take a smooth function
B: R — [0,1] such that B(s) =1 for |s| < £ and 3(s) = 0 for [s| > 1. For A > 0 we
define the function ay(z) := B(*52). Then ay(z) = 0 if |z — x| > . To simplify
the formulas we shall use the abbreviating notation

uli : = Julwir (5., o) »

where p > 2 is fixed. Moreover, we shall abbreviate a = a). We then conclude
from (6.105) that
Cloauglivr < [(auk)s + Jo(ou )i -

By the Cauchy-Riemann equation, (uy)s = —Jk(ug)(ug)¢, and
Clouglivr < Cr(N|url + o (ui)urli + [[(Jo — Jr(ur)](our)elr -

Using now the Leibniz rule for differentiation and the inductive assumption, name-
ly that |uk|; < Cy, we conclude

Clauglirr < |Jo = Jr(ur)| Lo By (20)) - lourlir + C3(A) .
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Since ug(xo) — 0, ur — Uo uniformly on B (x¢) and Jo = lim J;(0), we see,
that the factor in front of |cug|;+1 on the right hand side is smaller than %, if A
is sufficiently small, and if & is sufficiently large. Since & = 1 on B., (z}) as soon
as k is sufficiently large, we finally conclude

|Uk|Wl+1)P(BEk(xk)) < Oy < 00,
if k is sufficiently large. This obviously contradicts the last statement in (6.104)
and hence the proof of Lemma 6 is finished. B

With Lemma 6, the proof of Theorem 8 is completed: we have uniform gradient
estimates for u € X,. Therefore, we can apply the same arguments as in Lemma
6 and obtain Cf}; -bounds, uniform for © € X. In addition, using the R-action
(6.95) on Xo we can get much more, namely C} bounds on R x S1, with the norms
defined by \u|clz) = sup |D%u(s, t)|, where the supremum is taken over |a| <[ and

(s,t) € R x S'. We shall show that

sup |U|Cg(1Rx51,RN) < o0,

ueEX oo

for every I > 0, so that X, is uniformly bounded in C*°(R x S!, M); here we
view M again as a subset of RY. The easiest way to see this is the following.
Since the uniform gradient estimate for X, holds on all of R x S*, we can take
the R-action on X, given by 7 - u(s,t) = u(s + 7,t) and only have to prove the
uniform C! estimates for X, on a finite covering of the interval s* x [0,1] C Rx S*
by compact sets for some fixed s* € R. But this we have just done in the proof of
the previous lemma and the claim is proved. Since X, is closed and bounded in
C*(R x S, M) we have demonstrated

Proposition 11. The set X, of bounded orbits is a compact subset of the metric
space C°(R x S, M).

On X there is as we have seen a continuous flow which is gradient-like and
we can estimate the number of rest points by Ljusternik-Schnirelman (Theorem
6), provided of course that X, # (). In order to get an insight into the topology
of this set X, of bounded orbits we shall proceed as in Section 6.2 and first prove
that the sets X1 are close to X, if T' is large. Recall that the space X7 is defined
as the set of solutions

(6.106) Xp:= {ue W' (Sp, M) | Lu = 0},

where the nonlinear operator L is defined in (6.79). Recall also that we cannot
expect better regularity properties for these solutions, since L contains the non-
smooth term x(_7 r)xs1H'. Since p > 2 we have W'?(Sp, M) C C°(Sp, M) in
view of the Sobolev embedding theorem. However, we shall restrict now the solu-
tions u to the cylinder Zp C Sp. By elliptic regularity theory, these restrictions are
smooth as we have pointed out above: u|z, € C*°(Zp, M'). Moreover, by Lemma
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4, there exists a constant C' > 0 such that for every solutions v € Xp, the following
estimate (on Zr) holds

T 1
1 ov 4 ov 9
. - = = <
(6.107) 2//[35|J 12 X 3] dsar < 20
-7 0

where C' is independent of T' > 0. Copying now the above C*°-estimates word for
word we find, for every given multi-index «, a constant C, > 0 such that for every
T > 2 and for every v € Xp, the following estimate holds:

(6.108) max {|D%(s,t)| | (s,t) € [-T +2,T —2] x [0,1]} < Ch,.

From this we shall conclude that X is close to X, provided T is large enough.
To make this statement more precise we take a smooth function 3 : R — [0, 1]
satisfying G(s) =1 for s < 1, f'(s) > 0 for 1 < s < 2 and B(s) =0 for s > 2 and
define the family of cut off functions G : R — [0, 1] for T > 5 by

Br(s) = 1 for |s|] < T -3
pr(s) = p(s—T+3) for s >T-3
Br(s) = Pr(-s) for s > 0.

Given Ty > 5 we define for T' > Ty a map
or : Xr — C®(Rx S M)

or(u)(s,t) = u(sBT(s),t).

By (6.108), we have uniform C*-estimates on [T+ 1,7 — 1] x [0, 1]. Assume we
are given an open neighbourhood U of X, in C*°(R x S!, M). This means that
there exists R > 0, ¢ > 0 and k € N such that every w € C°°(R x S, M) for which
there exists an u € X satisfying

| D*(u(s,t) —w(s,t)) | < e, for all (s,t) € [-R, R] x S*, and for all || <k,

(6.109)

belongs to U. We conclude that for T' large
or(Xr) CU.

Indeed, arguing indirectly we find a sequence 7;, — oo and a sequence u,, € X,
such that v, := or, (u,) ¢ U. However, in view of (6.108) we find that (v, ) has
a subsequence converging with all its derivative on bounded subsets of R x S!
to some smooth map v : R x S' — M. Hence we may assume without loss of
generality that (v,) converges to some v € U. We observe that for every R > 0

R 1
1 ov ov 2
, — — — <
(6.110) 2//{88J + |8t Xu, ()5 |dsdt <2C',
“R O
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in view of (6.107). If R — oo, we obtain

+oco 1
1 v v
—oco 0

Clearly v satisfies the partial differential equation

ov ov , B
75 +J(v)%+H (t,v) = 0.

This implies that v € X, hence contradicting the fact that v ¢ U.

Summing up we have shown that for a given open neighbourhood U of X, in
C>(R x S, M), there exists Ty such that, for T > Ty, the set o (X7) belongs to
U. Consequently, we have the following commutative diagram

Xr

where the maps 71, 7o, and 7yy are the evaluation maps at the point (s,t) = (0,0).

Assume now that 7 is injective in cohomology. Then 7; is also injective and
we consider the following diagram for the Alexander-Spanier cohomology:

(U) — 7(X.0)
T \ ‘T:O
(M)

In view of the continuity property of the Alexander-Spanier cohomology, we
can take the direct limit over all open neighborhoods U of X, in C*°(R x S, M)
and conclude that the map 7% is injective. We see that the set of bounded solutions
contains the cohomology of the underlying manifold M, in particular cup-length
(Xoo) > cup-length (M). Applying the Ljusternik-Schnirelman Theorem (Theorem
6) to the continuous gradient-like flow on X, we conclude the desired statement

Theorem 9. (A. Floer, H. Hofer) Assume (M, w) is a compact symplectic manifold
satisfying [w]|m2(M) = 0. Then every smooth time-periodic Hamiltonian vector
field & = Xy (x) on M possesses at least cup-length (M) 4 1 contractible periodic
solutions of period 1.
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In order to complete the proof of Theorem 9, we still have to verify that the
map 77 is injective. Proceeding as in Section 6.2, we shall use Fredholm theory in
order to approximate X, by smooth compact manifolds of dimension 2n, whose
cohomology can be estimated using degree theory. For the following we choose a
fixed number 7 > 5 and consider the operator L = LT as a smooth section of the
bundle

LP(WP(Sy, M)*Apr) = U {v} x LP(v* Aypy).
vEWLP (S, M)

over WLP(Sr, M). We abbreviate this bundle by
E — B.

The idea now is to homotope the given section L to the Cauchy-Riemann type
section % +J % by considering the homotopy p — L,, 0 < p < 1, defined by

L,(v) = Tv+ J(v)(Tv)j+ px(s)[H'(t,v)ds — J(v)H'(t,v)dt].

Introducing the evaluation map 7 : B — M by v +— v(0, 0) we define the associated
homotopy L,, 0 < p <1 by

L) = (Lp(v),r(v)),o <p<l1.

This is, by definition, a map from B into £ x M, for every 0 < p < 1. We may
view £ x M as a Banach manifold bundle over B. For p = 0, the equation Lg(v) =
(0,m), for given m € M, only has the constant solution vy = m, since there are
no nontrivial holomorphic spheres because of our assumption [w]|m2(M) = 0 on
the manifold M. The linearization at this particular section vy gives in the first
component the linear Cauchy-Riemann operator, and in the second component
the evaluation at 0. To be more precise, denoting by D = ﬁg(vo) the linearization
at the particular point v9 = m, one computes that

Dh = (Th+ J(m)(Th)j, h(0)).

In view of the results in Appendix 4, the operator D : WYP(Sp, T,,M) —
LP(v§Apn) X T M is an isomorphism. Now we use the Zo-degree for Fredholm
sections having Fredholm index zero. Given the necessary compactness conditions
we have just demonstrated that this degree is equal to 1. Let us assume for the mo-
ment that the set of solutions of L,(v) = 0,0 < p < 11is compact. Then there exists
an open neighborhood of this solution set on which the Fredholm map is proper,
see S. Smale [201]. Consequently, by the homotopy property of the Zs-index, the
original map for p = 1 given by v — (L1(v),7(v)) has also Za-degree equal to 1.
To continue our line of thought, let us also assume for the moment that the image
of the map v +— Lq(v) is transversal to the zero section O¢ of the bundle £. Then
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the preimage of O¢ is a smooth compact submanifold ¥ of B with dimension 2n.
Moreover, the evaluation map 7 := 7| : ¥ — M, defined by v — v(0,0) will have
Zo-mapping degree equal to 1. This allows us to argue precisely as in Proposition 5
of Section 6.2 in order to prove that in Alexander-Spanier cohomology the map 75
is injective as desired, hence completing the proof of Theorem 9. To reach this con-
clusion, we assumed all the necessary compactness properties and, in addition, the
transversality of the image of v — Lj(v) to the zero section Og. The transversal-
ity can be established by an arbitrary C*°-small perturbation of the Hamiltonian
H. However, the argument is quite intricate and we refer the reader to A. Floer,
H. Hofer and D. Salamon [87] for a proof. Hence with this perturbation argument
together with the continuity property of the Alexander-Spanier cohomology, we
are left with the compactness question, and it remains to prove the following

Proposition 12. Assume 2 < p < 0o and [w]|m2(M) = 0. Then the set of solutions
Xr:= {(p,v) € [0,1] x WP (Sp, M) | Ly(v) = 0}

is compact in [0,1] x WP (Sp, M).
Proof of Proposition 12. If v € X1 we define the number e(v) > 0 by

(6.111) e(v) = inf{e > 0| there exists z € St

satisfying |V, p_(z) = . 1.

Here B.(z) denotes the e-ball around z for some fixed metric on Sr. (The choice
of the metric is irrelevant since Sp is compact.) Note that the function £ +—

p=2 . .
e 7 |V, B_(z) is nondecreasing. Assume now that

inf e(v)=e>0.
veXp
Then -
|V’U|p,BE(U) (Z) S er

for every z € Sy, and hence we have a WP-bound for XT. This bound implies the
compactness of X7 in [0,1] x W'P(Sp, M) as we shall show next. Viewing M as
a subset of some RY, we can consider W1P(Sp, M) as a subset of W1P(Sp, RY).
Pick a sequence (pg,vi) € XT; then we have to find a convergent subsequence.
By taking a suitable subsequence we can assume that pp — p, and vy — v in
CO(S7,RN) (in view of the compact embedding of W1P(Sp, RY) c C°(Sy,RV))
and vy — v weakly in W1P(Sp, RY) for some v € WLP(Sp,RY) (in view of
the reflexivity of the space W1P(Sr,RY)). We shall show that vy, is a Cauchy
sequence in WP (S, RY). Since we have convergence in C°(S7, RY) we now can
work locally in charts of S and of M as well. Any difficulty that may arise occurs
near the boundary 0Zr C St of cylinder Zp C S, since away from this boundary,
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the maps u € X are smooth (by elliptic regularity theory) and we can therefore
establish C°°-bounds arguing as above. Hence we carry out the local argument
for the worst case only focussing on the lower cap of St. In order to find local
coordinates on St near the boundary 0Zr belonging to the lower cap we take a
biholomorphic embedding ¢ of [—1,1] x St into St satisfying (s, t) = (s—T,t) for
all 0 < s < 1. Choosing now symplectic coordinates on M we are confronted with
the following situation. We have a sequence of mappings v, € WHP(B.(0), R?*")
and a sequence of numbers py, € [0, 1] satisfying

vy, — v in C° (BE(O), RQ")
o — v i WP (BE(O), R2">
Pk — P

where v € WHP(B.(0),R*") and v(0) = 0, and where B.(0) C R? is the open disk
centered at (s,t) = (0,0). Moreover, these maps satisfy the following system of
first order elliptic partial differential equations

A3
0s

o
Pk 1 pex(s)H' (t,0) = 0

+ ) 5

on B.(0), where x is the characteristic function of the positive half line in s. We
conclude that v solves the equation

ov ov

+ pX(S)HI(t,’U) = 0.

We shall prove that vy, is a Cauchy sequence in WP (B,(0), R?") for some small
p > 0.Let 8:R? — [0,1] be a smooth function having its support in the unit disk
and taking on the value 1 on the smaller disk of radius 1/2. For 7 > 0 we then
define the function 3, on R? by 8,(z) = B(z/7). By Jo we denote the constant
almost complex structure J(0) on R?". Finally, we write |.|; for the W/P-norm
on the e-disk in R?, recalling that 2 < p < co and fixed. If 0 < 7 < £ we now
compute, using the classical estimate (6.105) for the Cauchy-Riemann operator,

c|Br(vx —v)li < 10(Br(vx —v))lo
0 0
< g5 Br(e =) + J (0) 7 (Br (ve = )l
+Jo — J(v)| Lo (B,)|Br (v — V)1
0 0
< |ﬂr($(vk —v)+ J(U)E(Uk —v))|o + c1(7) vk — vfo

+0(7)|8- (vk — v) .
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Here o(1) — 0 for 7 — 0, and ¢1(7) is a constant depending on 7. Hence, if 7 > 0
is small enough,

C
18- (r =) < e(m)ok = vlo + 17 (v) = J(vk) o= (B, [0kl
+|pexH' (t, ) — pxH'(t,0)]o -

By assumption, |vg|; is a bounded sequence, |vp — v|p — 0, J(vi) — J(v) uni-
formly on B.(0) and |ppH'(t,vx) — pxH'(t,v)]o — 0. Consequently vy, — v in
W1P(Bs(0),R?") for some 6 > 0 sufficiently small. Covering St by finitely many
charts we have demonstrated the v, — v in W1P(Sp, M), so that X is compact,
as claimed in the proposition.

To finish our argument, it remains to verify our assumption that the numbers
¢(v) are uniformly bounded away from 0 on the set X 1. We argue by contradiction,
assuming that we have no uniform W1!P-bound on XT, that we find a sequence
(pr,vx) € Xp satisfying e(vg) — 0. By the definition of e(v) we find a sequence
2, € St such that with ey := e(v) we have

IVuklo,s., () < [VUklo,B., (21)

for all z € Sp. Moreover,

pP—2
1 = &7 |Voklos., (z1) -

Since g, — 0, and since we have C*° bounds away from 0Zp, we deduce that dist
(2, 0Z71) — 0. Hence, after taking a subsequence, we can assume that zx — 2o €
0Z7. The argument now is similar to the one used previously in the bubbling off
analysis. Namely we rescale near z; and obtain in this way a new sequence for which
we have a V[/lif -bound. Therefore, arguing as above, the new sequence, uy, will be
Wllo’cp -precompact. Hence taking a convenient subsequence we can pass to the limit
and obtain a solution v € W?(C, M) of vs + J(v)v; = 0 on C, which is nonzero.
By ellitpic regularity theory v € C*(C, M). Moreover, [, |Vu|3dsdt < oo; this
follows from (6.110) applied to our sequence wug, together with the following a
priori estimate for the caps:

|/u;';w\ < 2,
D

which follows immediately from the estimate before Lemma 3. Arguing now as in
the proof of Theorem 8, we arrive at a contradiction to our topological assumption
[w]|m2 (M) = 0. The proof of Proposition 12, and therefore the proof of Theorem
9 is complete. B
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Remarks: We note that the torus (72", w) meets the assumption of Theorem 9 for
every symplectic structure w.

Theorem 9 is due to A. Floer [86] and H. Hofer [115], 1987. They both derive the
result from a more general intersection result for compact Lagrangian manifolds.
M. Chaperon, in his Bourbaki lecture [42] 1982-83, had already noticed that the
variational approach is applicable to the global intersection problem of Lagrangian
manifolds suggested by V.I. Arnold in [9].

The cohomology in the above statement uses Zs coefficients and we would
like to point out that the statement actually holds for every coefficient field. The
proof, however, requires more intricate tools from Fredholm theory and algebraic
topology. The crucial point is to resolve a number of orientation questions for a
distinguished class of Fredholm operators. For the technology involved, we refer to
A. Floer and H. Hofer [89]. It turns out that X, has a natural orientation inherited
from the orientation of (M,w) provided it is a manifold.

The above proof of the Arnold conjecture for a general symplectic manifold
(M,w) crucially uses the restrictive assumption requiring [w]|me(M) = 0, and
we point out that without this assumption the conjecture is still open. However,
more can be said if one (a priori) requires that all the 1-periodic solutions of the
Hamiltonian vector field under consideration are nondegenerate, as we shall see in
the next section.

6.5 Floer’s approach to Morse theory for the action functional

We shall sketch Floer’s seminal approach to solving the Arnold conjecture in the
nondegenerate case where one assumes that all the 1-periodic solutions of the
Hamiltonian system on (M, w) are nondegenerate. Since M is compact, there are
only finitely many such 1-periodic solutions. Floer studies the set of bounded or-
bits of the unregularized gradient equation defined by the action functional on the
space of contractible loops of M. The bounded orbits are special solutions of a dis-
tinguished system of first order elliptic equations of Cauchy-Riemann type, as we
have shown above. But unlike the general case studied in the previous section, in
the nondegenerate case the bounded orbits tend in a strong sense asymptotically
to the 1-periodic solutions of the Hamiltonian equation. This additional structure
of the solution set is used by Floer in order to construct by means of Fredholm
theory a chain complex generated by the finitely many 1-periodic solutions. The
homology of this complex is called Floer homology; it is an invariant of the under-
lying manifold. By continuing the complex to the classical Morse complex defined
by the gradient system y = —VH(y) of the Hamiltonian function on M, Floer fi-
nally shows that his homology is a model of the singular homology of the manifold.
This then finishes the proof of the Arnold conjecture.



6.5 FLOER’S APPRAOCH TO MORSE THEORY ... 251

We consider a compact symplectic manifold (M,w) of dimension 2n restricted
by the requirement that [w]|me (M) = 0. This means that the integral of the sym-
plectic structure vanishes over every sphere

(6.112) /u*w:O, w:S%— M.

S2

To the smooth time-dependent Hamiltonian function H : S' x M — R, periodic
in time, H(t,z) = H(t+ 1,z) for t € R and € M we associate as usual the
Hamiltonian vector field Xy : R x M — TM by w(Xp, ) = —dyH(t,z). The
solutions z(t) of the time-dependent Hamiltonian equation

(6.113) (1) = XH(t,Jr(t)> on M

define the flow ¥ by ! (z(0)) = z(t). We are looking for periodic solutions z(t +
1) = «(t) which are contractible loops on M, x ~ 0. We shall assume that all the
contractible periodic solutions x(¢) are nondegenerate, requiring for the flow map
W =" that

(6.114) det (1 - d¢(x(0))> £0.

By P we shall denote the set of these periodic solutions:

Py = {x:S' > M|z(t+1) = z(t),z solves (6.113) and (6.114),
(6.115)
and x ~ 0} .

Note that this is a finite set, since M is compact and the nondegenerate 1-periodic
solutions are isolated in M. By Q we shall denote the set of smooth contractible
loops v of M, where, as usual, S' = R/Z. A loop is represented by its cover
v : R — M satisfying v(t + 1) = ~(t). The required 1-periodic solutions are
distinguished in € as the critical points of the action functional ¢y : Q@ — R
defined by

(6.116) er(y) = —/"y*w + /H(t,'y(t)) dt .
0

D

Here D C C denotes the closed unit disc and 4 : D — M is a smooth function
extending v and hence satisfying J(e?™) = ~(¢). Such an extension exists since v
is assumed to be contractible and it follows from the assumption (6.112) that the
first integral on the right hand side of (6.116) does not depend on the choice of
the extension and hence depends only on the loop 7. With 7, we shall denote
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the tangent space at v € € consisting of the smooth vector fields £ € C®°(v*TM)
along v satisfying £(t + 1) = £(t). Computing the derivative of vy at « in the
direction of £, one finds readily that

1

(6.117) dog ()¢ = / {w(3.6) + dH(t,7)E }dt |

0

which indeed vanishes for every & € T} if and only if the loop v € € is a solution
of the Hamiltonian equation (6.113). It is convenient to choose an almost complex
structure J on M compatible with w (see Chapter 1). This is an endomorphism
J € C*® (End TM), i.e., J, € L(T,M, T, M) satisfying J? = —1 such that

(6.118) g&m = w(&J@n), &nenM

defines a Riemannian metric g on M. The Hamiltonian vector field is then repre-
sented by

(6.119) Xp(t,z) = J)VH(, 1),

where V denotes the gradient of a function on M with respect to the z-variable
in the metric g above. For the derivative we obtain

1
(6120) don() = [ o(I0)5 + VHE).€) dt.
0

so that the gradient of ¢y with respect to an induced L? metric on 2 is given by
(6.121) grad ¢ () = J(v)¥ + VH(y) € T,Q.

However, the gradient equation

d
(6.122) 5= grad pg(x), ze€f

s
does not determine a flow. As we have pointed out in the previous section, due to
a loss of derivatives there is no Banach space setup in which grad ¢ (x) can be
considered as a vector field on a Banach manifold. Indeed the initial value problem
defined by (6.122) on € is not well-posed. Floer views a solution x of (6.122) as a
map

(6.123) u:Rx S — M, (s,t) — u(s,t) = u(s,t+1)
which solves the partial differential equation

ou ou
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The crucial objects from now on, are therefore the solutions u : R x S' — M of
the nonlinear partial differential equation (6.124), which are contractible so that
u(s,-) € Q. These solutions correspond to the flow lines of the gradient equation
(6.122). The equation (6.124) is a perturbation of a Cauchy-Riemann equation. A
smooth map u : S2 — M solving the Cauchy-Riemann equation

ou ou

(6.125) 9s T W 5 =0

is called a holomorphic sphere. It satisfies

1
(6.126) /u*w = 5/ |Vul?,

S2 S2

so that our assumption (6.112) excludes, in particular, nonconstant holomorphic
spheres.

From the torus case we know that not all solutions of (6.124) are relevant
and we are interested only in the set of “bounded orbits” which we denote by
M = M(H,J). This set is defined as the set of smooth mappings u : R x S — M
which are contractible, solve the equation (6.124) and have, in addition, finite
“energy”

co 1

(6.127)B(u) : = ;/ 0/ {]%]2 + %fXH(t,u)r}dsdt < .

Equivalently M is the space of contractible solutions u along which the decreasing
function pgu(s) remains bounded for all s € R, where u(s)(t) = u(s,t) € Q.

Floer proves in [85] that the space M of bounded solutions of the partial
differential equation (6.124) has a structure which looks like that of a Morse-
Smale system on a smooth, compact, and finite dimensional manifold, as we now
describe.

Since M is compact and since [w] vanishes over my(M) according to the as-
sumption (6.112) it follows using elliptic regularity theory that the set of solutions
M is compact in the topology of uniform convergence with all derivatives on com-
pact sets. This is not easy to prove and we refer to A. Floer [85], D. Salamon [188],
and H. Hofer and D. Salamon [119]. Moreover, for every bounded orbit v € M
there exists a pair z,y € Py of periodic solutions, such that u is a connecting
orbit from y to x, i.e.,

(6.128) lim w(s,t) = y(t), lim wu(s,t) = z(t),

S— — 00 s——+00
the convergence being uniformly in ¢ as |s| — oo and % converging to zero again
uniformly in ¢. Given two periodic solutions z,y € Py we abbreviate by

(6.129) M(y,x) = M(y,x; H,J)
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the set of solutions u € M satisfying the asymptotic boundary conditions (6.128).
For the energy one computes

(6.130) Ew) = puly) —eu(z), if ue M(y,x).

The energy is positive for nonconstant orbits. From the previous section we know
that the set M of solutions consists of the periodic solutions and the connecting
orbits

(6.131) M= |J M@z,

Y, 2€PH

The group R acts naturally on M by shifting u(s,t) in the s direction, hence
defining a continuous flow on the space M. Under this action the sets M (y, z) are
invariant subspaces. Their compactness properties can be formulated analogously
to the finite dimensional Morse theory as represented by M. Schwarz in his book
[191]:

Proposition 12. A sequence u, € M(y,z) possesses a subsequence with the fol-
lowing property: there is a sequence s/, € R of times, j = 1,2,...,m, such that
u, (s + s, t) converges together with all its derivatives uniformly on compact sets
to solutions u?/ € M(a7,2771) where 27 € Py for j = 0,1,...m, with 20 = 2 and
" =y.

Uy

Fig. 6.10

Using of Fredholm theory in the appropriate functional analytic setting, one
proves that for a generic choice of the pair (H,J) the sets M(y,x) are smooth,
finite dimensional manifolds. Linearizing the equation (6.124) in the direction of
a vector field & € C°(u*TM) along u leads to the linear first order differential
operator

ou

(6.132) F(u)€:= Vs& + J(u) Vi€ + Ve J(U)E + Ve VH(t,u),
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where V,, Vi, V¢ denote the covariant derivatives with respect to the metric g
associated with J. If u : R x S — M is any smooth map connecting y with z,
hence satisfying (6.128) for two nondegenerate solutions y,z € Py, then F(u)
is a Fredholm operator between appropriate Sobolev spaces. A pair (H,J) with
an almost complex structure J satisfying (6.118) is called regular, if F(u) is a
surjective linear operator for every u € M. It can be proved that the set of regular
pairs is dense with respect to the C*°-topology, using of the Sard-Smale theorem.
It then follows by the implicit function theorem that My, x) is indeed a smooth
manifold whose local dimension near v € M(y, x) is

(6.133) dim M(y,z) = Index F(u).

This index depends only on the boundary condition on w, i.e., on y,x € Py, if we
require, in addition to (6.112), that the first Chern class of (T'M, J) vanishes over
mo(M). Note that w determines an almost complex structure J satisfying (6.118)
uniquely up to homotopy and we denote by ¢; = ¢1(T'M) € H?(M) the first Chern
class of TM. We shall assume that [¢q]|m2(M) = 0 requiring that the integral of
the 2-form ¢; vanishes over every sphere

(6.134) /u*cl =0, u:58*—>M.

S2

Consider a nondegenerate periodic orbit € Py. Since = : S! — M is con-
tractible we can extend it to a map u : D — M of the closed disk D satisfying
u|0D = x. Now we take a trivialization of u*(T'M); it determines a trivialization of
a*(T'M). Note that if we take another extension v : D — M of x, we find another
trivialization of *(T'M) which, however, is homotopic in view of the assumption
[c1]]m2 (M) = 0. In the trivialized tangent bundle z*(TM), the linearized flow of
the Hamiltonian vector field Xy along = determines a unique Maslov-type index
w(H,x) € 7Z associated with z. (The integers are in one-to-one correspondence
with the homotopy classes of linear Hamiltonian systems on (R?",w,) which are
periodic in time and nondegenerate). This gives

(6.135) pug : Py —Z, xw— p(Hx).

If a smooth map u : R x St — M satisfies (6.128) for two nondegenerate periodic
solutions y, x € Py of the Hamiltonian vector field, the Fredholm index of F(u) is
given by

(6.136) Index F(u) = wp(H,y) — u(H,x) .

We conclude for a generic pair (H,J) that dim M(y,x) = pup(y) — pu(z). For
the definition of the index py and also for a proof of the above index formula, we
refer to D. Salamon and E. Zehnder [190]. We remark that if [¢1]|m2 (M) # 0, the
index (6.135) would depend on the homotopy class of the chosen extension. The
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ambiguity would be the integer 2N, where NZ = {(u*c1)[S?]|u € m2(M)}. Hence
w(H) is only well-defined as a map pup : Py — Z/2NZ.

We are now prepared to define the Floer homology groups associated to a
regular pair (H, J) on (M,w). With C' = C'(M, H) we shall denote the vector space
over Zo generated by the finitely many elements of the set Py of nondegenerate
contractible periodic orbits of the Hamiltonian vector field. This vector space comes
with a grading defined by the index map p : Py — Z:

C = P C
(6.137) hez
Cr = Cp(M,H) = spang, {z € Py |p(z,H) = k}.

Consider now y,x € Py satisfying u(y) — p(x) = 1. Then the manifold My, x)
is one-dimensional dim M(y,z) = 1. In view of the compactness, combined with
the manifold structure, it can be shown [85] that this manifold has finitely many
components, each of which consists of a connecting orbit together with all its
translates by the time —s shift. This was used by Floer to construct a linear
boundary operator 0 : C — C respecting the grading by counting the connecting
orbits modulo 2. The map 0y, = (M, H, J) : Cx — Ci_1 is defined by

(6.138) Oy = > (Oy,z) @,

{z€Pu | p(z)=k—-1}

for y € Py satisfying u(y) = k. The matrix element (Jy,x) € Zsy is the number
of components of M(y,x) counted modulo 2. Floer proves [85] that d o d = 0, so
that the pair (C,0) defines a chain complex. Its homology

ker(0 : Cy — Ck—1)
im (0 : Cgy1 — Ck)

(6.139) HF.(M,H,J):=

is called the Floer homology of the pair (H,J) on (M,w).

In order to explain the relation Jy; o Ox+1 = 0 for the boundary operators
Okt1 @ Crr1 — Ck, we pick & € Ciy1, y € C and z € C_1. Assume that there
exist connections u € M(z,y) and v € M(y, z). Then we may view the pair (u,v)
as a “broken trajectory” connecting x with z. By a perturbation argument, called
the gluing method, Floer established in [85] a unique l-parameter family of as-
sociated true connections in M(x, z). Taking the quotient by the R-action of the
time-s shift, one finds this way a connected 1-dimensional manifold without bound-
aries of unparameterized orbits which represents one component of M (x, z). Such
1-dimensional manifolds are either circles or intervals with two ends. The compact-
ness argument in Proposition 12 shows that each end converges in a suitable sense
to a well-defined broken trajectory (v/,v") € M(x,y") x M(y/, z) for some y’ € Cy.
The gluing construction shows in a reverse process that the broken trajectories
correspond uniquely to such an end. Thus, the 1-dimensional manifold M (x, z)/R
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has an even number of ends.

m(z)=k+1
m(y) =m(y') =k
m(z)=k—1
dim Mg (z, 2)

=m(z) —m(z)

Consequently the “broken trajectories” (u,v) between z and z occur in pairs.
Since we use Zs coefficients, we find for every z € Cyy1 that

> > (Ony)(0y,2) | 2 = 0.

m(z) = k—1 m(y) =k

For the intricate details of this gluing construction we refer to A. Floer [85] and
C. Taubes [210, 211] and in particular to the recent book by M. Schwarz [191].

The chain complex is defined by the one dimensional components of the so-
lution space M of bounded orbits. It is obviously constructed analogously to the
familiar Morse complex for Morse-Smale gradient flows on finite dimensional com-
pact manifolds. The transversality conditions of the Morse-Smale flow correspond
to the assumption that the Fredholm operator F(u) is a surjective map which
is met only “generically” as in the finite dimensional situation. The role of the
Morse index of a nondegenerate critical point of the Morse-Smale flow is played by
the integer u(x, H) associated with the nondegenerate contractible periodic orbit
x € Pg. The Morse index of z € Py is infinite!

Up to now it is conceivable that the space M might be empty and the Floer
homology groups all trivial. At this point it is useful to recall a crucial aspect of
C. Conley’s index theory for flows on compact spaces: it is designed in such a way
that it is invariant under continuation. Prompted by this theory, Floer established
an analogous homotopy invariance property for his homology groups, which can be
used to show that the groups are independent of (H,J) used for its construction.
A special choice of H and J then allowed him to compute the homology:

Theorem 10. (Floer continuation) For every two regular pairs (H®,J%) and
(HP,JP) there exists a natural isomorphism of the Floer homology respecting
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the grading
PP HF,(M,H®,J*) — HF,(M,H? J") .

Moreover, if (H7,J7) is another regular pair, then
PP opP = ¢ and YO =id .

We see that the Floer homology FH,.(M, H,J) is independent of the regular
pair (H,J) used in the construction of the connecting orbits of Pp; hence it is an
invariant of the underlying manifold (M,w). We have a category whose objects
are the Floer homology groups associated with regular pairs (H,.J) and whose
morphisms are the natural isomorphisms 1”® induced by regular homotopies as
explained below. In the terminology of C. Conley [54] such a category with unique
morphisms is called a connected simple system.

We shall sketch the ideas of the proof which is again based on special solutions
of a P.D.E. and Fredholm theory. We follow the presentation in D. Salamon and
E. Zehnder [190]. In order to construct a homomorphism ¢® : C(M, H*, J®) —
C(M, HP, J®), we choose a smooth homotopy H*? : R x S' x M — R of Hamil-
tonian functions together with a smooth homotopy of almost complex structures
J? :R x M — End (TM) such that H*(s,t,z) and J*?(s,x) are independent
of s for |s| sufficiently large and satisfy

lim H (s,t,2) = H%(t,x)
6.140 T
( ) lir+n HP (s, t,x) = H°(t,x)
and

lim Jo% (s,z) = J%)

6.141 S
( ) lim JY (s,t,2) = JO(x).

s—+00

Recall that the space of almost complex structures compatible with w is con-
tractible. Given such a pair (H*? J*?) of homotopies connecting the data one
studies the smooth solutions u(s,t),u : R x St — M of the P.D.E.

(6.142) 9u + J(s,u)@ + VH(s,t,u) =0
0s ot

which satisfy the asymptotic boundary conditions

(6.143) lim wu(s,t) = z%(t), lim u(s,t) = z°(t)
s——00 s—+00
where % € Pyo and 27 € Pys.
The solutions can be considered as flow lines of a time-dependent gradient
flow defined by the action functional ¢z , Hy(t,z) = HY®(s,t,x) with respect to
the time-dependent metric determined by the almost complex structure J,. As
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before, a solution of bounded energy satisfies the boundary conditions. We shall
abbreviate by

(6.144) Mz, 2P HB | Jos)

the set of smooth solutions u : R x S1 — M of (6.142) and (6.143). This set
is analyzed locally by linearizing the equation in the direction of a vector field
¢ € C°(u*TM) along u which leads to a linear operator FA%(u) : W*P(u*T M) —
WkE=LP(y*T M) between appropriate Sobolev spaces. For every smooth map u :
Rx S! — M satisfying the boundary conditions (6.143) with 2%, z” nondegenerate,
the operator F¥(u) is Fredholm and its index is computed as

(6.145) Index FP% (u) = p(z®, HY) — p(z?, HP) .

Moreover, for a regular homotopy from (H®,J%) to (H”, .J?) the operator is surjec-
tive. Here a pair (H*%, JP) is called regular, if both pairs (H®, J*) and (H?, J?)
are regular and if the linear operator FA%(u) is surjective for every solution u
of (6.142) and (6.143) for every 2% € Pyao and 2” € Pys. Floer proved [84, 85]
that the set of regular homotopies connecting regular pairs is dense in the set
of all smooth homotopies connecting (H®,J) to (H?,J%) with respect to the
C* topology. (Floer carried out his proof for the analogous geometric problem of
Lagrangian intersections.) It then follows that the space M (z®, 2%, H*? J*8) of
connecting orbits is a finite dimensional manifold and

(6.146) dim M (2, 2% H*P JP) = pu(z®, H*) — p(z?, H?) .
This allows us to construct a chain homomorphism
PP = p(H*P, J*P) . C(M, H*) — Cyx(M, H?)

by counting the connecting orbits modulo 2 between periodic solutions having the
same index

(6.147) Pl ) = Y (P (a),2")a”
p(z? HP )=k

where p(z%, H*) = k and where (p”“2®,27) is the number of solutions modulo 2.

One can show that for every regular homotopy this linear map ¢”® is a chain
homomorphisms, i.e., satisfies 9P = ©?*9*. Moreover, it respects the grading.
It, therefore, induces a natural homomorphism ¥?® of Floer homology, which
turns out to be independent of the choice of the homotopy (H®?,J%?). More
precisely one shows that for two regular homotopies (Hg”, J$¥) and (H??, J&7)
from (H®, J%) to (H”, J?), the associated chain homomorphisms 90’50‘ and gp’fa are
chain homotopy equivalent. This finishes our sketch of Theorem 10.

Finally, in order to compute the homology, Floer used the continuation theorem
and connected a regular pair (H®, J*) with a very special pair (H, .J), whose Floer
homology agrees with the homology of the Morse complex defined by the gradient
flow of the function H : M — R on the underlying manifold M.
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(H*, J%) (HP,JP)

®> 28

Fig. 6.11

Theorem 11. (Computation of the homology) For every regular pair (H®, J) there
exists a natural isomorphism ¢ : FH.(M,H®, J*) — H,(M,Zs) respecting the
grading

G« FH(M, H*, J*) = Hypn, (M, Z5)

between the Floer homology of the pair (H*, J*) and the singular homology of M
with Zs coefficients. Moreover, if (H”,.J?) is another regular pair, then

Y = Yoyt

In particular, the Floer homology vanishes for |k| > n.

We outline the idea of the proof of Theorem 11 following the presentation in
[190]. We choose a special Hamiltonian function H : M — R which is independent
of time ¢, and which is a Morse-function, such that all its critical points on M
are nondegenerate. Moreover, we assume that H is sufficiently small in the C?
topology. Then, as we have seen above, the periodic solutions of period 1 of the
Hamiltonian system & = Xpgy(z) on M are constant and agree with the critical
points of H such that in this case

(6.148) Py = {a(t) =z €M |dH(x)=0}.

In this situation of a “small” Hamiltonian H, the Morse index indg(x) of the
critical point x of H is related to the index u(x, H) of the constant 1-periodic
solution z(t) = x of & = Xy (x) by

(6.149) wlz,H) = indg(z) —n, xz€ Py,

see [190]. We can choose an almost complex structure J such that (H, J) is a regular
pair. One then shows that the solutions u € M(y,x) for z,y € Py satisfying
w(y, H) — p(z, H) = 1 of the partial differential equation (6.124) and (6.128)
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are also independent of the time ¢. Hence setting u(s,t) = 7(s), they satisfy the
gradient equation

dry B
(6.150) s + VH(’y(s)) =0onM,

and the boundary conditions y(s) — y as s — —oo and y(s) — x as s — +00.
These solutions agree with the 1-dimensional connecting orbits of the Morse-Smale
gradient flow # = —VH(z) for which

(6.151) My, z) = W¥(y) N W (x),

whenever ind F(u) = indgy(y)— indg(z) = 1. Hence, the chain complex C' (M, H)
agrees with the familiar Morse complex, in which Cx(H) = {z € M|dH(z) = 0
and indy(z) = k} and where the boundary operator 9y, = Oy (H,J) : C), — Cj_1
defined above counts the connecting orbits (mod 2) of the gradient flow on M. It
is well-known, that its homology groups

ki
(6.152) H M (M, H,.J) = %
im Ok41
agree with the singular homology of M
(6.153) H M (M,H,J) = H,(M,Zs) .

For a proof we refer to D. Salamon [188] and to the recent monograph by M.
Schwarz [191] in which he develops a Morse homology theory on finite dimensional
manifolds based on the trajectory spaces of Morse functions. We see in view of
(6.149) that Floer’s chain complex for our special symplectic manifold (M,w)
agrees with the familiar Morse complex of a gradient flow of a function, the grading
being shifted by n:

(6154) HFk‘(M7H7 J) = HMk‘-i—TL(Ma Ha J) = HTL-Hi?(M?ZQ) :

Consequently, Floer’s connecting orbits of nondegenerate periodic solutions can
serve as a model for the homology of the underlying manifold. We conclude, in
particular, that

(6.155) S0 e = P M) + (14 0Q(E) -

cEPH

This Morse equation relates the nondegenerate contractible periodic solutions x €
Py having indices p(x, H) € Z to the topology of M described by the Poincaré
polynomial P(t, M). Recall that we posed the assumptions w|my = 0 = ¢;|m2 on
(M,w). In case of a time-independent and small Morse function H, the equation
(6.155) becomes the familiar Morse equation

(6.156) @ = P(t,M) + (1+6)Q()
VH(z)=0

which relates the critical points of the function H to the Poincaré polynomial
P(t,M). In particular, we conclude from (6.155)
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Theorem 12. (Floer) Assume the compact symplectic manifold (M,w) satisfies
w|ma(M) = 0 and c¢;i|m2(M) = 0, assume the time periodic Hamiltonian vector
field & = Xp(x) on M possesses nondegenerate 1-periodic solutions only. Then
their number is at least the sum of the Betti numbers SB(M,Zz) of M.

For example mo(T?") = 0 so that every symplectic torus (72", w) meets the
assumption of the theorem. Actually Floer proved in [85] a more general result,
assuming merely that (M,w) a monotone in the sense that

(6.157) /u*q = )\/ uw,

S2 S2

for every sphere u : S2 — M, with a constant A > 0.

More recently, H. Hofer and D. Salamon succeeded, [119], in defining the Floer
homology groups under the assumption that

(6.158) w(A) < 0 for every A € ma(M) satisfying 3 —n <c¢(A) <0,

and to compute them in the cases ci|m2(M) = 0 and N > 3 dim(M), where
NZ = c¢1(m2(M)) C Z, proving the Arnold conjecture in these cases. They demon-
strate that the Floer groups form a module over Novikov's ring of generalized
Laurent series. Such a ring was introduced by S. Novikov in his generalization of
Morse theory for closed one-forms [170]. Under the assumption (6.158) the ob-
tained theory is a Novikov type variant of Floer homology. Modifying the ideas of
Hofer and Salamon, K. Ono [172] gave a modified construction of Floer’s homology
theory, again under the assumption (6.158), which can be computed without addi-
tional hypothesis. It turns out that for a suitable coefficient field these Floer groups
are isomorphic to the singular homology groups of the manifold establishing, in
particular, the Arnold conjecture for the dimension 2,4 and 6 in which (6.158) is
vacuous. Manifolds meeting the condition (6.158) have the property used in the
proof that, for a generic almost complex structure, there is no holomorphic sphere
of negative Chern number.

The Arnold conjecture for a general compact symplectic manifold with dim
M > 8 is still open.

It should be mentioned that the Floer homology groups HF, can be defined
for integer coefficients Z (instead of Zs) and, therefore, for every Abelian group.
In order to do this one has to assign an integer +1 or —1 to every connecting orbit
u € M(y,z) whenever u(y) — p(z) = 1. However, the determination of such an
orientation is quite subtle and requires a consistent orientation of the moduli spaces
My, z) for which we refer to A. Floer and H. Hofer [89]. Thus all the statements
described above are true not only for Z, coefficients but for Z coefficients as well.

The 1-periodic solutions of & = Xg(x) on M correspond in a one-to-one way
to the fixed points of the Hamiltonian map ' which is the time-1 map of the
flow generated by the Hamiltonian vector field. Since M is compact one should
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expect, in view of Poincaré’s recurrence theorem, in addition to these fixed points
an abundance of periodic points having large periods. Indeed, if one of the fixed
points is of general elliptic type as explained in the introduction, then it is a cluster
point of other periodic points whose prime periods tend to infinity. This follows
simply by the Birkhoff-Lewis theorem, a local theorem for the proof of which we
refer to J. Moser [164]. Unfortunately, our global approach to the existence of the
fixed points gives only little information about their nature and, in particular,
no information about their nonlinear Birkhoff invariants required to deduce the
periodic points nearby. We shall show next under additional assumptions on the
1-periodic solutions that infinitely many periodic solutions are deduced from the
Floer homology. A 1-periodic solution x(t) = x(t + 1) can be considered as a 7-
periodic solutions x(t) = z(t + 7) for every integer 7 € N, which is then called
the 7-iterated solution of x and denoted by z7. We call a 1-periodic solution x
strongly nondegenerate if all its iterates 7 are nondegenerate, i.e., if

det (1 - 1/)T(m(0))) £0

for all positive integers 7, not only for 7 = 1.

Theorem 13. Assume the compact symplectic manifold (M, w) satisfies w|my = 0
and ¢;|me = 0 and assume H : S x M — R is a smooth Hamiltonian so that all
the contractible 1-periodic solutions of the Hamiltonian system are strongly non-
degenerate. Then there are infinitely many contractible periodic solutions having
large integer periods.

This is a special case of a more general statement proved by D. Salamon and
E. Zehnder in [190] which requires merely that the 1-periodic solutions z(t) =
x(t+1) are weakly nondegenerate, i.e., they possess at least one Floquet multiplier
not equal to 1 so that o(di!(z(0))) # {1}. The condition on (M) cannot be
removed as is demonstrated by the example of a rotation on M = S? with irrational
frequency (Fig. 6.12).

This is a Hamiltonian map, but has only two periodic points, namely the
strongly nondegenerate fixed points at the north and the south pole.

In sharp contrast to this example, an area preserving diffeomorphism of S2
having > 3 fixed points, has automatically infinitely many periodic points. This
striking phenomenon has been discovered by J.M. Gamboudo and P. Le Calvez
[103] and J. Franks [96]. One is tempted to conjecture that every Hamiltonian
map on a compact symplectic manifold (M,w) possessing more fixed points than
necessarily required by the V. Arnold conjecture possesses always infinitely many
periodic points. Similarly one could expect, that a compact and strictly convex
hypersurface S C R*, carries either 2 or oo many closed characteristics.

Theorem 13 is an easy consequence of the Floer homology. We make use of
the fact proved in [190], that for the index p(z, H) of a strongly nondegenerate
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Fig. 6.12

1-periodic solution z(t) = z(t 4+ 1), the following iteration formula holds

p(z™) = %(TA(.I) + rT(x)) .

Here A(x) € R is a mean winding number associated with the 1-periodic solution
and |r,(x)] < wn for every 7 € N. We see that either |u(z7)| — 0o as 7 — oo or
|u(z7)] < n for every 7. Assume now, by contradiction, that there are only finitely
many periodic solutions of integer periods. Then they have a common period, say
70 € N, and we pick a prime number 7 > 73. Then all the T-periodic solutions
of & = Xpy(x) are iterated l-periodic solutions and hence, are nondegenerate by
assumption. Considering the Floer complex for the 7 periodic solutions = € P ()
we conclude that
|p(z)] #n for all € Py(r)

if only 7 is sufficiently large. Hence we miss the highest and the lowest homology
groups, in contradiction to the Morse equation (6.155). Consequently there are
infinitely many periodic solutions. Modifying this idea it is shown in [190] that
if there exists only finitely many contractible 1-periodic solutions x perhaps even
degenerate but satisfying A(z) # 0 then, for every 7 € N large and prime there
exists a T-periodic solution which is contractible and has prime period 7.

Floer’s approach to the Morse theory in the loop space of a compact symplectic
manifold (M, w) leads to an invariant of the underlying manifold which turned out
to be the familiar singular homology of M. However, Floer carried out his construc-
tion also for the Chern-Simons functional on the space of SU(2) connections on a
homology 3 sphere X, see [83]. Here the connecting orbits can be interpreted as
self-dual Yang-Mills connections on the manifold X x R with finite Yang-Mills ac-
tion. For this functional, the Floer homology groups are surprising new invariants
of the underlying homology 3-spheres refining the Casson invariant. Indeed it turns
out that the Euler characteristic of Floer’s instanton homology of X agrees with
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double the Casson invariant. We shall not discuss these developments in topology
here and refer instead to J.C. Sikorav’s Séminaire Bourbaki [199] in 1990. Floer’s
instanton homology was extended to general oriented 3-manifolds by K. Fukaya
in [102]. Recent developments on instanton homology are presented in the Floer
memorial volumes [120].

6.6 Symplectic homology

In Chapter 3 we introduced the special symplectic capacity co(M,w) dynamically
in terms of Hamiltonian systems. The existence proof was based on a distinguished
critical point of the action functional. This critical point represents a particular
periodic orbit and the question arises whether the structure of all critical points
together with their connecting orbits leads to a more subtle symplectic invariant
which is not necessarily a number anymore. Indeed, combining the construction of
the capacity ¢y with Floer’s homology construction in the loop space H. Hofer, and
A. Floer established in [90] a symplectic homology theory. Our aim is to sketch,
without proofs, this theory which is not yet in its final form.

We first recall the setting from the previous section and consider a symplectic
manifold (M,w) satisfying mo(M) = 0, for simplicity. By Q(M) we denote the
set of parameterized contractible loops = : S* — M. If H : S' x M — R is a
time-periodic Hamiltonian, the action functional ¢ : Q(M) — R is defined by

1

@H(z):—/f*w + /H(t,x(t)) dt .

D 0

Here T : D — M is an extension of = to the closed unit disc D satisfying Z|0D = x.
The critical points of ¢y are the contractible 1-periodic solutions of the Hamilto-
nian vector field # = Xy (z) on M. We shall assume that all of them are nonde-
generate and denote this finite set by Py. By C(M, H) we denote the vector space
over Zgy generated by Py to be

C - @Ck7 Ck(MvH) = SpanZg {IEPH“L(H,:L‘) = k}

The grading is determined by the index p(H, ) € Z intrinsically associated to the
nondegenerate periodic solutions € Py . For a generic almost complex structure J
associated with w there exists a boundary operator 0y = 0y (M, H, J) : C, — Ci_1.
It is defined by counting (mod 2) the connecting orbits M(z~, 2", H, J) which
connect periodic solutions of index difference pu(H,z~) — u(H,z ") = 1. The pair
(C,0) is a chain complex and we denote by

ker 0
im 0

F.(M,H,J) =

the Floer homology of the generic pair (H,.J). Turning now to the construction
of the symplectic homology of (M,w), we first make the observation that for a
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fixed generic pair (H,J) there exists an additional filtration of the Floer complex
defined by the values of the functional pr on Q(M). We define for a € R U {oo}
the graded free groups

Ca(M7H) = @ Cr
kez
Cp = spang, {z € Py|p(H,z) = k and ¢py(x) <a}.

Assume now that u is a connecting orbit in M(z~, 2", H, J) and denote by us € Q
the loops us(t) = wu(s,t). By the variational structure, og(z™) < pr(us) <
wr(x7), hence the periodic orbits lying between two different levels together with
their connecting orbits constitute a subcomplex of the Floer complex. More pre-
cisely 0 = O(H, J) satisfies

0:Cp — Cyp_y.
Therefore, defining for —oo < a < b < 0o, the quotient group by
C*H,J)
1 @O ([, J) = Z 27

then the boundary map induces a boundary operator 0 : C,[:’b) — C,[i’bl)

can define

, and we

ker(&k)

[a,b)
6.160 F H,J) = ————.
( ) k ( ) im (ak+1)

Yet, this Floer homology group depends on the choice of a generic pair (H, J) and
is not an invariant of M. The aim is to construct a directed set of very special
generic pairs, so that the directed limit of the corresponding groups defines a
symplectic invariant of M. The class of admissible Hamiltonians in a generic pair
is prompted by the class used in the construction of ¢o(M,w) in Chapter 3.

We sketch this construction for compact symplectic manifolds (M, w) possibly
having a boundary OM. In the case that OM # () we shall assume that OM is
of contact type as defined above. Equivalently, this requires that there exists a
1-form A on OM satisfying dA = w on M and A(z,£) # 0 for all nonvanishing
¢ € T,(OM) for which w(§,n) = 0 for all n € T,,(OM). Moreover, we assume for
simplicity, as above, that mo (M) = 0. By H we denote the collection of all smooth
and time-periodic Hamiltonian functions H : S* x M — R satisfying

(6.161) supp(H) is compact in S* x (M\OM) and H(S* x M) C (—o0,0].

Clearly this condition implies that there are many periodic solutions x of Xz on M
which are degenerate and satisfy ¢ (x) = 0. In addition to (6.161) we, therefore,
require that all contractible periodic solutions x of Xy satisfying pp(x) < 0
are nondegenerate. Consequently, if —oco < a < b < 0 we can define as above
the relative Floer groups F[) (H,.J). Here, however, not every .J is admissible.
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The J has to be chosen in such a way that every solution v : R x S' — M in
M(x~, 2%, H,J) stays away from the boundary, i.e., u(RxSt) ¢ M\OM, provided
x~ and z1 are contained in M\OM. Such admissible J’s do exist; the boundary
OM is then called J-pseudo convex in the sense of D. McDuff [154]. We shall call
a pair (H,J) satisfying the above conditions admissible and introduce in the set
of admissible pairs a partial ordering, by defining (this is not a typing error)

(H,J) < (K,J) < H(t,x) > K(t,z)

for all (t,2) € S x M. For such pairs one can define a monotone homotopy. It
consists of a pair (L, J), where L : R x S* x M — R and where the almost complex
structure .J (s,t,) is adapted to the symplectic form w. Moreover, L = H, J=1J
for s — —oo while L = K, J = J for s — 400, and aL < 0. Given a monotone
homotopy for (H,.J) < (K,.J) one considers the partlal differential equations for
u:R xS — M:

ou

ou
2 T J(s,t,u)a + (V;L) (s, t,u) = 0

u(s,) — x€Pp (s— —00)

u(s,) — y€Pr (s— +00).
Using the monotonicity assumption we conclude that ¢ (y) < @g(x). This im-
plies that the boundary operator O preserves the real filtration; this was the reason

for the monotonicity assumption. Proceeding as in Floer’s construction, the com-
binatorics of the set of solutions is used to construct a natural homomorphism

Flev(H gy — Fleb) (K, J)

of Zy vector spaces, which is independent of the chosen generic monotone homo-
topy. The partial ordering < turns the set of admissible pairs (H, J) into a directed
set, since given (Hy, J;) and (Ha, J3), there exists an admissible pair (H, J) satis-
fying

(Hj,Jj) < (H, J) for _j = 1,2.
Hence we may pass to the limit obtaining the symplectic homology group

Sl = dir. lim FI“Y (H,.J).

In addition, if U C M is an open subset, and if Hy consists of those admissible
pairs (H, J) which are restricted by the requirement that supp(H) C S x (U\OM),
we may take the directed limit over Hy and obtain a symplectic homology group
of U defined by

Sty (U) 1= dir. lim Flab) (H, 7).

We next list some of the properties of these groups known so far. It can be shown
that there are natural homomorphisms of Zs vector spaces

S[f;{b) (U) — S[ﬁ{b).
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Moreover, the short exact sequence 0 — FI*Y(H,J) — Fl@9(H,J) —
F[b’c)(H, J) — 0, for —oo < a < b < ¢ <0, gives rise to an exact triangle
AN p,c(U) of symplectic homology groups:

Sld () — Sl (U)
ZBAN 7
Sbo ().

Given a symplectic diffeomorphism 1 : M — M we can define for any admissible
pair (H,J), with H € Hy, a new admissible pair (Hy, Jy) as follows:

Hy(t.w) = H(tw ()
Jo(@) Ty (v @) J (674 @) To ).
This is used to show that v induces a natural isomorphism
by 1 Sy (©) = Sty (v@))-

If U C V then the inclusion map induces a homomorphism

vt Sihy (U) = Sy (V).

If ¢» : M — M is a symplectic diffeomorphism satisfying 1)(U) C V', we define the
induced map 1, by

P = Ova) © Vg ab)( ) — S[tj,b) (V).

Then if ¢ : M — M is another symplectic diffeomorphism satisfying (V) C W,
one can prove

(wow)* = UW,<pow(U)O(<P°¢)#

(owp(v) © ) 0 (Ovu) © Y)
= s 0Py

Moreover, the identity map of M induces the identity map id: S b)(

The most useful property is the isotopy invariance formulated as follows 1f) ws :
M — M for 0 < s < 1is asmooth family of symplectic diffeomorphisms satisfying
Ys(U) C V for all s, then (¢g)y : S[Zg{b)(U) — S{Z{b)(V) is independent of s.

It is rather difficult to compute the symplectic homology groups sketched above
and we refer to [50] for computations and applications. It is not surprising anymore
that the homology groups are related to distinguished periodic orbits, which sit
on or near the boundary of a domain. This is illustrated by the theorem below.
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We consider a compact symplectic manifold (M,w) with boundary OM # ()
which is exact symplectic, i.e., w = dA for a 1-form A. We assume the boundary
to be of contact type with respect to A. Then we can define the action spectrum
o(OM) C Ras follows: 0(OM) = {| [ A|, where z is a periodic solution of the Reeb

vector field on 9M }, note that iterated solutions are also considered, in particular,
k-o(OM) C o(OM) for k € N.

Theorem 14. (K. Cieliebak, A. Floer, H. Hofer and K. Wysocki [52]) Consider two
exact symplectic and compact manifolds (M, d\) and (N, d7) with boundaries 9M
and ON of contact type with respect to A and 7. Assume there exists an exact

symplectic diffeomorphism . i

@ M —N
(i.e., *7 — XA = dF for a smooth function F : M — R). If the periodic solutions
on OM and N and all their iterates are nondegenerate, then

o(OM) = o(ON).

Examples by Ya. Eliashberg and H. Hofer [75] demonstrate that under the as-
sumptions of the theorem, the flows on 9M and N are not necessarily conjugated,
so that ¢ cannot be extended to a symplectic diffeomorphism M — N.

The proof of Theorem 14 is based on the following nontrivial fact [52]. Let
a < 0 and define

o

1 a—Eg,xrT¢&
da(a) = 3 lim dim slameete ap,

e—0

Then dp(a) =0 if —a ¢ o(OM) and

dy (o) = #{ periodic solutions z on M with action \//\| = —a}.

Since Sj[&’b) M) = S][\‘;’b) (V) for all a < b, we conclude dys(a) = dn(«) so that the
theorem follows. For the intricate details of the proof and for applications of this
result, we refer to the forthcoming paper [52].

By computing the homology groups one also proves a conjecture by Gromov
on the symplectic classification of open polydiscs. Define for r = (r1,72,...,74),
where 0 < r; <7y < -+ <1y, the polydisc D(r) = B%(ry) x -+ x B?(ry,).

Theorem 15. The open polydiscs D(r) and D(r’) are symplectomorphic if and only
if 7 =1/, assuming r and r’ are ordered.

We recall that we have proved this statement in Chapter 2 for the special case
n = 2. The proof was based on two symplectic invariants: the volume and a ca-
pacity. The proof for n > 2 follows with other applications, in [52]. The details of
the above construction of the symplectic homology are carried out in K. Cieliebak,
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A. Floer and H. Hofer [51] where also possible extensions of this theory are out-
lined. The proof is based on the action principle in the loop space of symplectic
manifolds and combines the construction of the dynamical capacity of Chapter
3 and the construction of the Floer homology, with an additional real filtration.
An alternate more recent construction of a symplectic homology theory for open
subsets of (R*" wg) can be found in L. Traynor [212]; the construction is based
on the generating function approach in a finite dimensional setting introduced in
[218] by C. Viterbo.

Concluding remarks. As already pointed out in the introduction we have selected
only a few and rather elementary topics in symplectic geometry and explained
them in detail. We would, therefore, like to mention some additional literature.
There is a whole sequence of relative symplectic capacities for subsets in (R?", wq)
in the framework of symplectic diffeomorphisms defined on all of R2" constructed
by I. Ekeland and H. Hofer in [68]. These capacities have an outer regularity
property, in contrast to the intrinsically defined dynamical capacity of Chapter
3 which has an inner regularity property. Quite recently S. Kuksin extended in
[130] the capacity concept to some special infinite dimensional Hamiltonian sys-
tems defined by partial differential equations, e.g. nonlinear string equation on
S, some nonlinear Schrédinger equations on 7. He proved, in particular, a non
squeezing result for the flows of such systems. The construction of the capacity is
based on a Galerkin approximation using the finite dimensional capacities intro-
duced in Chapter 3. Kuksin’s result prompted a non squeezing result for a very
special nonlinear Schrédinger equation on S, whose flow maps are not compact
perturbations of linear maps in the symplectic Hilbert space, see J. Bourgain [31].
Extending the embedding capacity, called the Gromov-width in Chapter 2, one
can define, for every integer k, a new capacity as follows: one takes k symplectic
embeddings of equal balls B(r) having disjoint images in (M,w) and determines
an upper bound of the radius r. This leads to the symplectic packing problem
related to algebraic geometry studied by D. McDuff and L. Polterovich in [155];
for interesting packing constructions we point out L. Traynor [213]. The intrin-
sic L*°-geometry on the group of compactly supported Hamiltonian mappings of
(R?", wy) described in Chapter 5 has been extended to general symplectic mani-
folds by F. Lalonde and D. McDuff in [134] and [135]. It turns out that the corner
stone of this geometry, namely the energy-capacity inequality, is equivalent to the
non squeezing theorem. Conjugate points on geodesics in the Hofer metric have
in the meantime been investigated by I. Ustilovsky in [214]. For a survey on these
interesting developments we point out F. Lalonde [133].

As already emphasized, the V.I. Arnold conjecture about fixed points of Hamil-
tonian mappings is open for general compact symplectic manifolds of dim M > 8.
For a survey on Floer’s contributions to this problem we refer to D. McDuff [153]
and to the Floer memorial volume [120]. Recently an analogue of the Arnold
conjecture for symplectic mappings ¢ which are not necessarily Hamiltonian but
isotopic to the identity through symplectic diffeomorphisms has been studied by
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Lé Hong Van and Kaoru Ono [137]. They prove for compact manifolds satisfying
c1|ma(M) = dw|me (M) (A > 0) assuming that all the fixed points are nondegener-
ate, that the number of fixed points of ¢ is at least the sum of the Betti-numbers
of the Novikov homology over Zo associated to the Calabi-invariant « of ¢, Nov
(a). In the special case of the torus 72" considered in Chapter 6, Nov (a) = 0 if
a # 0, so that one obtains nothing new for the torus.

Finally, for an abundance of exciting developments and discoveries in sym-
plectic geometry not treated in our book, e.g. pseudo-holomorphic spheres, filling
techniques, Lagrangian intersections, contact geometry, examples of symplectic
manifolds, and so on, we refer to the forthcoming books by D. McDuff and D. Sala-
mon [156], M. Audin, J. Lafontaine [13], B. Aebischer, M. Borer, Ch. Leuenberger,
M. Kélin, H.M. Reimann [3] and C. Abbas, H. Hofer [1].






Appendix

A.1 Generating functions of symplectic mappings in R*"

We shall start with the very useful observation that every symplectic map can
locally be represented in terms of a single scalar function, a so-called generating
function. This will be used in Appendix 2 to prove the Arnold-Jost theorem con-
cerning the construction of so-called action-angle coordinates in integrable systems.
Such Hamiltonian systems are characterized by the property of having sufficiently
many integrals so that, as we shall show, the task of solving (or “integrating”) the
differential equations becomes trivial, after a global symplectic transformation.

All the considerations in section A.l are local in nature. We consider a sym-
plectic mapping u : (&,1) — (z,y) in (R?",wy) represented by

z = a(&n)
(A1)

y = b&n).
If we assume
(A.2) det(ag) # 0,

then, locally, the first equation in (A.1) can be solved for £ = a(x,n) and inserting
this solution into the second equation in (A.1) we find the following equivalent
representation of the map wu:

where 3(x,n) = b(a(x,n),n) and
det(ag) - det(ag) = 1.

The advantage of scrambling the variables in this seemingly ugly manner is that
the condition for u to be symplectic is much easier to express in terms of « and 3
than in terms of a and b. We shall show that under the condition (A.2) the map
u is symplectic if and only if there exists a scalar function W = W (x, n) with

¢ = alzn) = W)
(A.3) !
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Hence (0, «) is the gradient of a function. To prove this statement we consider on
R*" having the coordinates (£,7,z,y) € R*", the one-form,

o = Z yjd.’lfj + fjd?’]j,
j=1
whose exterior derivative is the two-form
do = Zdyj/\dJJj — Zd?’]j AdEj .
j=1 j=1
Introducing the embeddings i and j: R?* — R*" by
i+ @ o~ (alem). n @ Bm)

i &m o= (& malgm), bEm)

and defining the local diffeomorphism ¢ : R?" — R2?" by (z,7) — (£,1) =
(a(z,m),n), we have i = j o . Consequently,

d(i*o) = i*do = ¢*(j*do)
= ¢*(u*wg — wo) .
If w is symplectic, that is u*wy — wg = 0, then i*o is closed and, therefore, locally
exact, such that
io(z,n) = 21 Bj(@,m)dz; + oz, n)dn;
j=

n
= dW(x,n) = lemj(m,n)dxj + Wy, (z,m)dn;
J:

for a function W = W (z,n). From this identity we read off (A.3). We can reverse
all the steps and hence have proved:

Proposition 1. Every symplectic mapping u as in (A.1) satisfying (A.2) can locally
be represented in the implicit form

f = Wn(x7 77)

(A.4)
y = Wi(z,n),

where det(W,,) # 0. Conversely, any smooth function W = W(z,n) satisfying

this inequality defines implicitly by (A.4) a symplectic mapping u near a point.
The function W (x,n) is called a generating function of the symplectic map w.

The proposition shows that a symplectic map v satisfying (A.2) can locally be
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described in terms of a single function. For example, the identity map corresponds
to W(z,n) = (x,n). Thus every function W,

W(z,n) = (z,n) + w(z,n),

w being small together with its first two derivatives, defines a symplectic mapping
near the identity, and all such mappings can, locally, be parameterized by func-
tions. Of course, other generating functions can be constructed. If we single out
(x,&) as independent variables, where we assume

(A.5) det(a,) # 0,

instead of (A.2) we can represent the map « in (A.1) locally in the implicit form
n o= - Vel& )
y = Ve(§ @),  det(Vig) # 0

(A.6)

with a generating function V' (£, x). The proof proceeds as above, but starts with
the one-form on R*" given by ¢ = ydx — nd¢, in short notation. For example,
the identity map violates conditions (A.5) but satisfies (A.2) while the symplectic
rotation

r=1"n0,Y = 76

satisfies (A.5) but violates (A.2). However, for every symplectic mapping there
is some generating function representing it, as we shall prove next. The so-called
group of elementary symplectic transformations of (R?*",wg) is generated by the

rotation
Ty = M, xszk, k22

= —& Yk = Tk
and the mappings
Ty = 671(])73/] = Nx@) » j:1u27'°'7n7

with a permutation 7 of the integers (1,2,...,n). All these mappings are sym-

plectic and can be represented by symplectic matrices which we abbreviate by
E.

Proposition 2. Let U be a linear symplectic map of (R?",wg). Then there exists an
elementary symplectic transformation E satisfying

A B
U-F = and det A #0.
C D

With U and U7 is a symplectic matrix, hence Proposition 2 follows immediately
from
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Lemma 1. Let A respectively B be two n X n matrices having column vectors
a; respectively b; € R™ for 1 < j < n. Assume that the rank of the 2n x n
matrix (4, B) is equal to r. If ABT = BAT then there are r different indices
Jp € {1,2,...,n} such that there are column vectors v, = a;, or v, = b; , which
are linearly independent.

Proof. The following argument is due to C. de Boor. Choose I C {1,2,...,n} such
that {a;};er are linearly independent and Im(A) = span{a;|j € I}. It is sufficient
to show that

(A7) Im(B) C Im(A) + span{bs | s ¢ I} .
Pick a basis ¢; of R"™ satisfying (a;, cx) = d;1 for j, k € I. Then one computes, for
j €1, that
BATc; = by + > dj(s)bs
s¢l
where d;(s) is the s-th component of the vector A”c;. Since Im(BAT) C Im(A),

due to the assumption BAT = ABT, we conclude that bj,7 € I, belongs to
Im(A)+ span {bs, s ¢ I} and so the claim (A.7) follows and the lemma is proved. B

Applying Proposition 2 to a symplectic map u with Jacobian U at some point,
we achieve the condition (A.2) to hold for wo F with some elementary symplectic
transformation F and thus find a local representation in terms of a generating
function near this point. To illustrate the use of generating functions we shall
determine the most general symplectic map w in (A.1) for which

(A.8) z = a(§)

is prescribed, satisfies det(ae) # 0, and is independent of 7. Representing the
desired map u by a generating function V(§,y) in the form

n = V(& ),

we find V, (€, y) = a(§) and hence V/(&,y) = (a(€),y) —v(§) or n = Ve = aly — ve
and the explicit representation of u is

v = al®)
y = @) (n + wel©)

where v = v(§) is an arbitrary scalar function. This is the most general symplectic
map u compatible with (A.8). For the special case that a = id we find

v o= ¢

y = n+ ve() .

(A.9) u

(A.10) u
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In order to generalize these considerations we first recall a definition. If (M, w) is
any symplectic manifold, then the Poisson bracket of two functions F,G : M — R
is defined to be the function

(A.11) {F,G} = —w(Xr,X¢)

where X is the Hamiltonian vector field associated to the function F. Clearly
{F,G} = —{G, F}, and, since w(Xp,-) = —dF, we have

(A.12) {F,G} = dF(X¢g) = —dG(XF) .

A symplectic map u on M, i.e., u*w = w, leaves the Poisson-bracket invariant:
(A.13) {F,G}ou = {Fou,Gou}.

In order to verify this, recall the transformation formula for Hamiltonian vector
fields, u*Xg = (du) 'Xg ou = Xgoy if u*w = w. Therefore {F,G}ou =
dF ou(Xgou) =d(Fou)(u*X¢g) =d(F ou)(Xgou) = {F ou,G ou} proving the
claim (A.13). Conversely, one verifies readily that a map u satisfying (A.13) for all
functions F' and G is necessarily a symplectic map. One verifies, moreover, easily
that for all functions F,G and H on M

(A.14) (Xr, Xc] = X(a.ry
and
(A.15) {F.{G,H}} + {H,{F,G}} + {G.{H,F}} = 0.

Actually, it can be shown for a nondegenerate 2-form w on M that the condition
dw = 0 is equivalent to each of the conditions (A.14) and (A.15), see, e.g., [167].

Locally in a Darboux chart of M i.e., in (R?",wy) the Poisson-bracket of two
functions F' = F(z,y) and G = G(z,y) is expressed as

The special coordinate functions (x,y) — x;, for example, satisfy {z;,z,;} = 0.
Hence, if u : (&,n) — (x,y) = (a(&y),b(&, y)) is a symplectic map we con-
clude from the invariance of the Possion brackets that {a;,a;} = 0, where z; =
a;(&,m), 1 <j <n.Our aim is to prove the converse:

Theorem 1. (Liouville) Consider n functions a; = a;(£,n), 1 < j < n satisfying
(i) {ai,a;} = 0
(ii) rank (ag,a,) = n.
Then there is a local symplectic diffeomeorphism u = (a,b),
= al&mn)
b(&;m)

Y

extending the relation z = a(§, 7).
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Proof. By applying an elementary symplectic transformation we may assume that
det(ag) # 0 and solve the equation = = a(§,n) for £ = a(x,n). We shall prove
that «, is symmetric as a consequence of the condition (i). Indeed this condition
can be written as agag — anaET = 0. Multiplying this equation by agl from the
left and its transpose from the right we find a! (af )™ —ag'a, = 0, ie., ag'a, is
symmetric. On the other hand, differentiating the identity & = a(a(€,n),n) yields

l=a,a and O0=o0;a, + oy,

and consequently o, = —a£_1a77 which is symmetric, as claimed. Therefore, locally,
there is a function W = W (z,n) with

04(%77) = Wn(%n) .

Moreover, det(W,,) = det(a,) = (detag)™* # 0, and hence W is a generating
function of the desired symplectic map u extending = a(&,n). B

Corollary. If ag, a1, ...a, are (n+ 1) functions for which

(i) {aj,ar} = 0, 4,k =0,1,...n
(i) rank (ajg,ajn) =n,
j=1,2,..n
then ag can be expressed as a function of aq, ... a,. In particular, there are at most

n independent functions satifying (i).

Proof. Extending the relation = a(&,n) by the theorem, we find a symplectic
map u for which aou(z,y) = x . Now set ag ou = f(x,y). Since the Poisson
bracket is preserved under u we have 0 = {aj,a0} = {x;, f} = f,, so that f is
independent of y. Hence ag = f(a1,...a,) proving the corollary. B

For further examples of generating functions we refer to the Notes on Dynam-
ical Systems by J. Moser and E. Zehnder [167]. We turn now to a global version
of Liouville’s theorem.

A.2 Action-angle coordinates, the Theorem of Arnold and Jost

We consider a symplectic manifold (M, w) of dim M = 2n.

Definition. A Hamiltonian vector field Xy on M is called integrable (in the sense
of Liouville) if there exist n functions Fj : M — R, 1 < j < n satisfying at every
point of M:

(i) dFy,...dF, are linearly independent
(ii) {F;,F;} = 0 foralli,j.
(iii) {H,F;} =0 forallj.
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Introducing the map
(A.17) F:M—R", F(z)= (Fl(x),...Fn(x))

we conclude from (i) that the level sets
(A.18) N ={zreM|F(x) = ¢}, ceR"

are n-dimensional submanifolds of M. The Hamiltonian vector fields X, are lin-
early independent and, since dF;(Xp;) = 0 in view of (ii), they span the tangent
space of Ng:

T,N. = span{Xp,(z)| 1<j<n},

r € N.. We remark, moreover, that in view of w(Xr,;, Xr,) = 0 we have w(v,w) = 0
for all pairs v,w € T, N.. Hence N, is a Lagrangian submanifold of M. By (iii),
the functions F}; are all integrals of Xz which is therefore tangent to the level sets
N, so that the flow of Xy leaves N, invariant. Under an additional topological
assumption on N, the flow can be determined explicitly for all times in view of the
following theorem which goes back to V. Arnold [12] in the special case M = R*".
However, Arnold required an additional assumption which was removed by R. Jost
in [126] who proved it in the general case.

Theorem 2. (Arnold-Jost) Let (M,w) be a symplectic manifold of dim M = 2n.
Assume there are n functions Fj satisfying (i) and (ii) at every point. Assume,
moreover, that one of the level sets, say N = F~1(0) C M is compact and con-
nected. Then

1) N is an embedded n-dimensional torus 7.

2) There is an open neighborhood U of N in M which can be described by the
action and angle variables (z,y) in the following manner. If x = (z1,...,2,)
are the variables on the torus 7" = R"/Z"™ and y = (y1,...,Yn) € D1, where
D, and Dy are some domains in R™ containing y = 0, then there exists a
diffeomorphism

Y T"xDy —U = |J (F—l(c)mU)
ceDs

and a diffeomorphism p : Dy — Dy, with p(0) = 0, such that

(A.19) P'w = Z dy; Ndzj; = wy
j=1
(A.20) poFoip(r,y) =y.

In particular, ) maps the torus 7™ x {0} diffeomorphically onto F~1(0) = N
and the torus 7™ x {y} onto N. N U where y = u(c).
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Corollary: Any integrable Hamiltonian system given by H having the integrals F}
is by the symplectic diffeomorphism % transformed into the following system on
(Tn X Dl,wo):

(A.21) Ho(x,y) = h(y),

where the Hamiltonian h depends on the integrals only and not on the angle
variables x.

Proof of the Corollary: In view of (A.13) the functions Fj o ¢ and therefore, by
(A.20) also the coordinate functions y;, are integrals of H o), and hence

0

0 = {Hov,y;} = {h,y;} = a—mjh

so that h(z,y) = H o t(x,y) does indeed not depend on the z variables. B

Consequently, on 1~ (U) the transformed Hamiltonian system looks extremely
simple:

. oh
Xh.x—a—y

It is easily “integrated” with the solutions

(y)a y=0.

o) = 2(0) + i (40) . ¥ = 40O

hence the name “integrable systems”. Geometrically, every torus 7" x {y} in T™ x
D5 is invariant under the flow ¢! of X}, and the restriction onto such a torus is
linear:

o' | T" x {y} : (z,y) — (x+tw,y)
oh

where w = 52(y) € R" are the frequencies of this particular torus. We see that in
the open set U C M all the solutions of & = Xy (z) are quasi-periodic.

Proof of Theorem 2. The proof proceeds in several steps. First we show that N is
a torus. Second we introduce convenient coordinates (z,y) locally near a point p
on N by means of Liouville’s theorem. Thirdly, these coordinates are extended to
an open neighborhood of NV by means of the flows of the Hamiltonian vector fields
Xp;. Finally, the normalization of the periods requires an additional symplectic
change of variables to conclude the proof.

a) In order to prove the first statement of the theorem, we denote by go;j
the flow of Xp,. Since [XF,;, Xr,] is a Hamiltonian vector field with Hamiltonian
function {F}, F;} = 0, the vector fields X, and hence also their flows do commute
and we abbreviate

(A.22) P =pitopto.. i s=(S1,...,8,) €R",
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wherever it is defined. Since the F}; are integrals of Xp,
F(w(z)) = Flz), zeM

and hence ¢° leaves all the level sets N, C M invariant. Fix now a point p € N.
Then the flow ¢®(p) exists for all s € R™, since N is compact, and we can define
the action of R™ on N by

(A.23) A:R"— N, s ¢°(p).

Clearly * o ¢t = ¢, The map A is an immersion, since the tangent map at t
maps e; € R™ onto Xp, (¢"(p)) € Tyt (p) N and hence these vectors span the tangent
space. Consequently, A is a local diffeomorphisms and its image is both open and
closed and hence equal to N, since N is assumed to be connected. The map A,
however, is not injective. The isotropy group I' = {s € R"|p*(p) = p} is a discrete
subgroup of R™, i.e.; a lattice. Therefore I" is generated by vectors v1,...,74 € R™
which are linearly independent over R and

(A.24) I = {7 = i n;v; | nj € Z} .

Jj=1

In view of p*T7(p) = ¢*(p) for all s € R, the map A induces a diffemorphism
between R™/T" and N. Since N and hence R"/T" are compact, we necessarily have
d = n so that N is an n-dimensional torus as claimed.

b) We next introduce convenient local coordinates near the point p € N. By
the Darboux and Liouville theorems and its corollary we have

Lemma 2. (Liouville) If (M, w) is a symplectic manifold of dim M = 2n, and if F}
are n functions with {F;, F;} = 0 and dF} linearly independent everywhere, then
every point ¢ € M has an open neighborhood W and a diffeomorphism ¢ : V. — W
where V is an open neighborhood of the origin in R?" such that

(i) ¥(0) = ¢
(11) Prw = i:l dyj /\dl‘j .
(iif) Foy(z,y) =y,

where (x,7) are the symplectic coordinates of (R?",wy).

Corollary. In the above “Liouville”-coordinates the flow ¢* defined in (A.22) looks
very simple, namely

(A.25) p'op(z,y) = Y(r+s,y), seR”

if (x,y) and (x + s,y) € V.
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Indeed, ¥~ ' o gojj o is the flow of the Hamiltonian vector field Xz oy on V'
for every 1 < j < m. Since Fj o ¢(x,y) = vj, it is indeed linear and given by
(x,y) = (x+ sje;,y).

c¢) Going back to our point p € N, we choose by Lemma 2 the Liouville co-
ordinates 1) : V — U C M, where V is an open neighborhood of 0 in R?" and
¥(0) = p. In order to extend these coordinates to (z,y) € R?" we shall define a
map

v: R"x Dy — M

(z,y) = Iz, y) = ¢*o9(0,y)

where " is the flow of the integrals X, defined in (A.22), and where Dy C R"
is an open (and small) neighborhood of y = 0. For small  we have, in view of
the corollary ¥(x,y) = ¢(z,y), for (z,y) € V. Geometrically, the definition (A.26)
says that we apply the flow ¢® to the local section S = {¢(0,y) € M : y € Dy}
which is, in view of the corollary, transversal to the vector fields Xp,.

(A.26)

P M

R‘z’nl/

Y

©

Fig. A2.1

Moreover, since F o ¢” = F we conclude from Lemma 2 (iii) that F(J(z,y)) =
(" 01(0,y)) = F(¥(0,y)) = y and hence

(A.27) 9 R"x {y} — N, = F(y)

for y € Do, wherever the map is defined. If y = 0 then by 1(0,0) = p, we have
I(x,0) = ¢®(p), and therefore by the considerations in a) the map is defined for
all z € R® and maps R™ x {0} onto N = F~1(0). It follows that 9 is defined
on K x Ds for a compact set K C R™ containing the lattice I' in its interior
provided D5 is small enough. We shall prove next that 1 is in fact defined on all
of R™ x Dj. Recalling that if y = 0, then J(x + ~,0) = ¥(z,0) for z € R™ and
~ € I" we shall first construct, for y in a small neighborhood of 0, an n-dimensional
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lattice I'(y) C R™ close to I'(0) = I" such that d(x + v(y),y) = Y¥(z,y) for every
1Y) € T(y)-

Let v = v; € T be an arbitrary basis vector of the lattice defined in (A.24).
Then ¢ (p) = p and p = 1(0). Hence, in the Liouville coordinates V' C R?*"

(A.28) plopTor  (2,y) = (&)
defines a symplectic diffeomorphism locally near the fixed point 0 in V.

Lemma 3. The symplectic map (A.28) in V is of the form

¢ = z-u(y), vy = 2Q),

(A.29)
no=1Y

for a smooth scalar function @ satisfying Q(0) = 0. Moreover, v(0) = 0.

Proof. Since, by definition, ¢7 o ¥(x,y) = ¥(£,n) we conclude from F o ¥ = F|

in view of Lemma 2 (ii), that

y = Foy(a,n) = Fopoy(e,n) = Foi(&n) = 1.
Every symplectic map extending the relation 17 = y is necessarily of the announced
form as we have seen in the previous section. That v(0) = 0 follows from 1~! o
©Yo(0)=0. 1
By definition (A.28), ¢” o ¢(z,y) = ¥(&,n) and we conclude from Lemma 3
and Lemma 2 that

(A.30) U(z,y) = @ oy(a,y)

for (z,y) € V' C V. We can do this for every basis vector 7; € I' and find
vi(y) = 8%Qj(y) such that (A.30) holds true for v; +v;(y) replacing v+ v(y). We,
therefore, introduce the lattice I'(y) C R™ by

(A.31) ) = {1) = 3 nu) | n; e 2}
j=1
where, in view of Lemma 3,
B) )
i) = v +uly) = a—ij(y) , 1<j<n.

Here v; € T" and W; are scalar functions satisfying ;(0) = 0. Moreover, since
v;(0) = 0 we have v;(0) = v; and hence

(A.32) ro) =r.

Consequently, for small y, the lattice vectors v;(y) are linearly independent and
satisfy, in view of (A.30)

(A.33) (z,y) = ¢ Woy(z,y), 1<j<n,
if (z,y) e V' CV.
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Lemma 4. The map ¢ : (R™ x Da,wp) — (M,w) defined in (A.26) exists for all
(x,y) € R™ x Dy and satisfies

(1) P*w = wp.

(i) 19(:6+v(y),y) = d(z,y), if y(y) €T(y).

Proof. The map ¢ exists for (x,y) € K x Dy with a compact set K C R" containing
['(0) in its interior, if Dy is small enough. Since, for 2 small, we have, in view of
(A.33),

Iz +ruwy) = ¢ o0y
= ¢ oW oy(0,y)

= ‘:Dmow(oay) = ﬂ(x7y)

for every v;(y) € I'(y), the flow x — ¢” 0)(0,y) does indeed exist for all z € R™ by
the standard continuation theorem of solutions of ordinary differential equations.
It remains to prove (i). If (z,y) € R™ x Dy we choose x close to = such that
(x — zg,y) € V and represent the map ¥ in the form

Wa,y) = @720 04(0,y)
= @ o(xr—x0,y) = Y™ 0o, (x,Yy)

where oy, (z,y) = (x — x0,y) and where we have used the corollary to Lemma 2.
Hence, ¥ being locally a composition of symplectic mappings is indeed symplectic
and the lemma is proved. B

Recall that 9(R™ x {y}) C F~1(y). We claim that, for every y € Ds, the map
¥ induces a diffeomorphism

(A.34) Yo : R"/T(y) — F~(y)

onto its image in F~1(y), which then is a torus 7™. We only have to prove that
¥g is injective provided y is sufficiently small. Arguing by contradiction there are
sequences (r;,y;) and (2, y;) satisfying

ﬂ(xjvyj) = ﬂ(xz‘vyj)v Yi — 0
zy — i & D(y;) -

Taking a subsequence we may assume z; — x* and x; — 2*. Hence ¥(z*,0) =
¥(z",0) and, therefore 2* — 2™ € T'(0) = I'. Consequently, z; — 27 is close to a
point in I'(y;). Since I'(y) is discrete with distances between points greater than a
positive constant uniformly in y, we conclude that z; —x; € I'(y;). This contradicts
(A.35) and hence proves the claim (A.34).

(A.35)
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d) Finally, we normalize the lattices I'(y) by means of another symplectic dif-
feomorphism

g RnXDl — RnXDQ
& = (xy).

Recalling the definition of the lattice I'(y) C R™ in (A.31) the symplectic map o
is implicitly defined by the generating function

(A.36) V(Ey) = D &Wily) ;
j=1
hence,
n, = % V(Ey) = Wj(y)
(A.37) 9 = o)

The first relation n = W (y) in (A.37) defines a local diffeomorphism near the fixed
point y = 0. In the statement of Theorem 2 it is denoted by p : Dy — D;. This
follows since 9

3 W) = (@) 7))

is of rank n. Indeed the column vectors v;(y) are the n linearly independent gen-
erators of I'(y). Hence det(Vz) # 0. Moreover, o(e;,n) = (v;(y),y) for n = u(y)
and therefore

o 2" x{n} —Ty) x{y}, n=uny).

The composition
O:= Yoo : (R" X Dy,wy) — (M,w)

is a symplectic map satisfying ®(¢ + ej,17) = ®(&,n). It induces a symplectic
diffeomorphism
¢ R"/Z"x D, —UCM

which is the desired map defining the action and angle variables denoted by (£,7) €
T™x D;. Indeed, using the definitions we compute proFo® (£, n) = poFodoo (&, n) =
wo Fod(x,y) = uly) = n as claimed in Theorem 2 whose proof is therefore
completed. H

The symplectic manifold (M, w) is not required to be exact (exact meaning that
w = dv for a one-form ¥ on M). But it follows from the theorem that the restriction
of w onto the image U = ¢(T" x D) in M of the action-angle coordinates is an exact
form. Indeed w|U = do for the one-form o = (¢~ 1)*\, where \ = 2?21 yjdx; on
T™ x D satisfies d\ = wg. This allows us to obtain the action variables y = po F’
as “action integrals” of o over closed curves on N, N U whose homology classes
form a basis in Hy (N, NU,Z) with pu(z) = y. Hence the name action variables.



286 APPENDIX

The action-angle variables (z,y) we constructed are, of course, not unique. Given a
unimodular matrix M € GL(n,Z), a function w(y) and constants ¢ € R™, we find
other action-angle variables (2/,y’) by means of the symplectic diffeomorphism of
™ x D:
[é]
¥ = M(:c + B—Z(y))
y = (M")'y + c.

This corresponds to a change of the basis of the fundamental group of T" by the
matrix M and a phase shift g—:’(y) of the action variables. Straight lines on 7" are
mapped into straight lines under this map.

We have constructed the action-angle coordinates near a torus and one can
ask how these local action-angle charts fit together. We do not discuss this global
question and refer instead to N. Nekhoroshev [168] (1972), to A.S. Mishchenko and
A.T. Fomenko [158] (1978) and, in particular, to J.J. Duistermaat [64] (1980). In-
tegrable systems constitute a very restricted even exceptional class of Hamiltonian
systems. Examples are described in the Notes [167], from which this appendix is
taken with minor modifications. For interesting developments in the field of inte-
grable systems we refer to J. Moser [166].

A.3 Embeddings of H'/?(S!') and smoothness of the action

In our proof of the smoothness of the action functional below the following em-
bedding properties of the space H'/2(S) introduced in Chapter 3 will be crucial.
Formally they follow from Sobolev’s embedding theorem. However, for fractional
derivatives a separate proof is needed.

Theorem 3. If u € HY/?(S") then u € LP(S') for every 1 < p < oo and there are
constants C), with

HUHLP(Sl) < Cp||u”H1/2(Sl)7 U€H1/2(51)~

The embeddings are, moreover, compact.

Proof. It clearly suffices to find constants C), satisfying the estimates for smooth
functions u € C>(S') only, since they are dense in H'/2(S'). Assuming for sim-
plicity also the functions to have mean value zero we represent them as

u(e®™) = Z c;j ¥ with ¢g = 0 and c_; = ¢ .
JEZL
By definition,

ullpsragsny = 203 Lillesl?.
JEZ
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Set z = re?™ ¢ C. Considering S = 9D as the boundary of the disc D = {z €
C : |z| <1} we can extend the function u to the harmonic function u(z) on D by
setting

9 = 3 el = (1) + 7))

70
where

flz) = Qi cj .
j=1

Since u(e2™?) is in H'/2(S1) the function f is holomorphic in D and u(z) attains
the desired boundary values. We claim

/|Vu|2 drdy = |lull3/20p) -

Indeed using f/(z) = g’; zg“ and integrating over the angle variables first, we
find
f |Vul?dx dy = f |f'(2)[Prdr d9

SWZ] |c|2f7°23 1dr—87r2\cj

2 Z ‘J||CJ|2 = Hu||H1/2(sl)

as claimed. A similar computation shows that ||u|[z2(py < ||Vul|p2(p) using the
assumption ¢y = 0. The desired estimate of Theorem 3 is now an immediate
consequence of

Proposition 3. For 2 < p < oo there are constants ), such that
lullropy < Co(llullzo) + IVullizm)) -

for u € CY(D)

In order to prove this statement, which is a special case of a general "trace”
theorem, we start with a lemma.

Lemma 5. For 2 < p < oo there are constants C), satisfying
lullzsopy < Cp(llullan-2(py + IVullzan))

for uw € CY(D).
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Proof. Consider at first the function u = w(r,9) on the annulus A = {z]1/2 <
|z| < 1}. By continuity of u we can find a radius § < p < 1 with

1 2« 27 27
1
il = [ [ trolraras =& [ utpoyias = 1 [ luto.0)do

10 0 0

2
Hence integrating

1
u(1,9) = ulp.)+ [ S0
p Or

over the angle variable, we get

1 Ju
allleony < Tl + |50,
Replacing u by v = [u[P~!u, with p > 2, using 2¢ = plu[P~! 9% and the Cauchy-
Schwarz inequality we find

p—1

ou,x
HUHL"(BD) < CP(HUHLP(A) + ||u||L§p,2(A) ||8_||22(A))7

r

with a constant C, depending on p only. Using Young’s inequality (ab < % + %
if zla + % = 1), we conclude

ou
lullrony < Co(lulliorscay + N llzeca) -

from which the lemma follows. H

In view of this lemma, Proposition 3 is a consequence of the next proposition
which is a special case of a more general Sobolev embedding theorem. It states
that H%?(D) is continuously embedded in LP(D), for every p < oc.

Proposition 4. There are constants C,,2 < p < oo such that
ullznoy < Co(llullzay + VUl )

for all uw € CY(D).

Proof. First extend the functions u € C*(D) to C''-functions of compact support
in a neighborhood of D. This may be achieved as follows. Choose x € C2°(R?)
such that x = 1 on D and x = 0 outside a disc of radius %. Then define the
extension of u = u(r, ) by

u(l+r9) = {4u(l — %7‘7 V) =3u(l —r,d)} - x(1+7,9).
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This defines a linear extension map E : C'(D) — CL(Q) which is bounded in the
W12 norm, where @ is a bigger domain. In order to prove the proposition it is,
therefore, sufficient to find constants C}, such that for all u € C}(Q)

(A.38) lulles@) < Co(lullze) + IVullize)) -

If u e CHQ), then

u(z,y)| = ‘/ tydt‘ 7‘%(15,3/)‘6&,

and hence, with a similar estimate for the y-derivative:

< / ‘%(t,y)‘dt-/ ’g—Z(ac,t)‘dt.

By integration,

2

L2 (Q H ‘

LY(Q) Hay‘ Q)

Replacing u by v = |u|'~u, with t > 2, we find by the Cauchy-Schwarz inequality

—2
gy < CollulP5 0 1251122 122120

< CtHUHitz?_zz(Q) ||VUH%2(Q) :

Hence by Young’s inequality,
(A39) ||UHL2‘(Q) S Ct<||u|\thfz(Q) + ||VUHL2(Q)) .

If t = 2, we have the W12 norm on the right hand side and hence by iterating the
inequality (A.39) the desired estimate (A.38) follows for every 2 < p < co. This
completes the proof of Proposition 4 and the first claim of Theorem 3.

Finally we shall show that the embeddings H'/? — L? are compact for p < co.
For the special case p = 2, this is proved in Chapter 3. Applying the Cauchy-
Schwarz inequality to |u| |u|97! = |u|?, we find the following interpolation in-
equality

1 1—1
lullza < lullzz lullpete, ¢>2.

Since H'/? — L2942 is continuous by the first part of Theorem 3 and H'/? — L? is
compact, we conclude from the above interpolation inequality that also H'/2 — L4
is compact. This proves the second statement of Theorem 3. B
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The case p = oo is excluded in Theorem 3 and we give an example of an
unbounded function in H/2(S'). If 0 < & < 2 then the function

u(e”) : = Rellog(1 — e)]5 ¢

belongs to H'/? (S1), where the branch of log is chosen 50 that log 1 = 0. In order
to verify this it suffices, to prove for f(z) := [log(1 — z)]2 ¢, that the integral

' (2)|* d dy

|z|<1

is finite. We would like to add t2hat a function v € H'/2 not only belongs to L? for
every 1 < p < oo but even e is in L' for every o € R, and there is a constant
C > 0 such that

27 )
[ el gy < ¢ for every u € H'/?(S') satisfying
0

||UHH1/2(51) S 1 and f ’19 =0.

This result, due to D.E. Marshall, sharpens an estimate of A. Beurling and we
refer to S.Y. Chang [40] and more recently W. Beckner [17].

Next we consider a smooth Hamiltonian H € C°°(R x R?",R) which is periodic
in time, H(t,x) = H(t + 1,z) for all (t,z) € R x R?". We assume that all the
derivatives of H have polynomial growth.

Theorem 4. The action a : H'/?(S') — R, defined by

1
= / H(t,z(t))dt
0
belongs to C>®(HY?(S),R).

Proof. Fixing an integer k we start with the Taylor formula for the function x +—
H(t,x):

k
1
H(t,y+mn) = Y S 4+ ox(n)
=0
where

hi(t,y Z J—, )

and y,n € R?". If z,& € HY/? we insert y = (t) and n = £(t) and integrating over
t we find the Taylor formula for a in the form

k
alx+§) Z

j=0

4 + Tk('rvg) )

.“Ir—
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with
1

a;(z)- & : = / h (t,x(t)) () dt .
0

Now a;(x) is a continuous j-linear form on H 1/2 which, in addition, depends con-
tinuously on = € H'/2. This follows immediately from Holder’s inequality applied
to the above integral, using Theorem 3 and the assumption that the derivatives of

H are polynomially bounded. Moreover |r(x, )| < Ck-|¢ |’1“/+21 Since this holds true

for every k we conclude by the converse to Taylor’s theorem (see e.g R. Abraham
and J. Robbin [2]) that a is smooth and, as formally expected, has the derivatives
D’a(z) = a;(z)

for 5 > 1. The proof of Theorem 4 is finished. l

A.4 The Cauchy-Riemann operator on the sphere

The Cauchy-Riemann operator is the linear operator defined by
0:C™(C,C") — C°(C,C") : u — uy + uy.

We drop for convenience the factor % in the usual definition of 0. Here s + it are

the coordinates on C. Our first goal is to solve the equation
ou=g

for given g € D, where D denotes the vector space of compactly supported C"-
valued smooth functions on C. If ¢ > 0 and u € D we define the function A.u :
C — C™ using the Green’s function of 0 by

(Acu)(z =5 / —u(z +&)dsdt ,
\£\>6

where £ = s+ it,s,t € R. Since v has compact support there exists a constant
M > 0 depending on u, such that for all z;, 2z, € C

u(z1) — u(z2)] < M|z — 2.

Using polar coordinates (r, ) we can estimate

(Acu)(22) — (Acu)(z1)] < 52

U(22+E)gu(21+5) ds dt

|§]>e
R 27

< %f{M\zl — z9|drdf
€

S MR|22_21|7
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where R > diameter ( suppu) + max{|z1|, |22|}. The estimate implies that A.u €
C°(C,Cn). Similarly one finds for e1,e2 > 0

(A, u)(2) = (A, u)(2)] < [lullo 2 — & -

Here ||.||o denotes the sup-norm. By the latter estimate the limit of A.u for e — 0
exists uniformly and defines a continuous function Au: C — C™.

If e € C is a vector of unit length, h € R\ {0} and v € D we denote by dpu
the difference quotient associated to h and e:

u(z + he) — u(z) .

(dnu)(2) = S

It follows immediately from the definition of A that
Ady, = dipA.
From the definition we deduce that for every compact K C R?” there is a constant
M = M such that |A.u(z)| < M||ul|o for all uw € D having supp(u) C K. There-
fore, also |Au(z)| < M]|Jul|o. Consequently, denoting by D, the directional deriva-
tive associated to the vector e, we find for fixed z, that |(dpAu)(z) — (AD.u)(2)| =
|A(dpu — Deu)(2)| < M||dpu — Deullo — 0 as h — 0, where M depends only on
supp(u). Hence AD, = D.A and repeating the arguments
D¥Au = AD%u .
We see that A defines a linear map from D into C'°°, satisfying, in addition,
Aocd = 0o A.
In fact, even more is true and we claim that

doA=1IdonD.

In order to prove this we define v(s,t) = u(z +§) for a fixed z € C and £ = s +it.
We compute for £ # 0

(88 +i9Y] ds A dt

= 1 [(%g)ds + (%)dt} A (dt —ids)

= F(dv) A (ds + idt)

%(5v)ds A dt

M=

_ d(v%(ds +z‘dt))(—i) :
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where we have used that d(1) = —E%(ds + ¢dt). Because u has compact support
we infer by Stokes’ theorem %or large R

Adu(z) = F*

o ¢ (Ou)(z + €)ds dt

i

J
e<IéI<R
J

5 dlu(z + &) (X(ds + idt
L (ulz+)(k( ))

= o5 | ulz+8&g(ds+idt)

2me
|€l=¢
27

= o [u(z+ee?)Le " (ic)e?df
= L [u(z+¢ee?)dd.
0

The last expression tends to u(z) as ¢ — 0. Thus we have proved A0 = Id and
hence 0 o A = Id as claimed. Next we study the asymptotic behaviour of Au(z)
as z — 00.

Proposition 5.
(Au)(z) - 0 as |z| oo forueD.

Proof. We choose R > 0 be so large that supp(u) C Br(0) and first observe that

(Au)(z) = —lim 5= [ u(z—&—f)%dsdt

For |z| > R consider the function v(r, ) := u(z +re'?)e=%. Pick (rg,0y) in such a
way that z = —rge’? . Then the support of v lies in a cone with vertex at 0 having

an angle o so that
R
— = sin (E) .
To 2

Moreover if (r,0) is in this sector then v(r,0) = 0 if
re0,rg— R]U[rg + R, +0) .

This is illustrated by the following Fig. A4.1.

As rg = |z| — oo we see that o — 0. More precisely for |z| large

4R

0 <o < —.
||
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’I"()—R

To

ro+ R

Fig. A4.1

This implies for |z| large enough

(A < & [ lo(0)drds
Supp(v)
|z|+R

< £ (g‘ full d9) dr

|z|-R

where I' is an open set with measure (I') < 0. Hence

[(Au)(2)] < 3= 2R|[ul|oc o
2

< Bl gy

< const(u)ljl‘

for |z| large enough. W

We shall use the proposition to extend the map A to the sphere and study next
the Cauchy-Riemann operator on the Riemann sphere S? = C U {oo}. We equip
52 with its structure of a complex manifold by defining two charts as follows:

CEHC:z—2z

U

(A.40) % T

(C\{O}) U {+oot 55 C: 2 —» S

v

[N

o0
Q.

Clearly o and 8 are homeomorphisms and ao 371 : B(UNV) — (U NV) is the

map z — % and hence holomorphic. We have a natural complex structure on S?
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denoted by i. Consider now the vector bundles
S2xCr — §2
X — 52

where the fibre X, over z € S? consists of all complex anti-linear maps ¢ : T,5% —
C". In order to define the Cauchy-Riemann operator 0 on the C'*-sections of these
bundles, we denote by C*°(S? x C") the space of smooth sections of 5% x C" — S2,
i.e., C®(8? x C") = C>(S?%,C"), and with C*°(X) the space of smooth sections
of X — S2. We define 0 : C*=(5% x C") — C*=(X) by

(A.41) (0f)(z) = Tu(z) +iTu(z)i,
where Tu(z) : T,5% — C", z € S? is the tangent map of u. Note that
(Ou)(z) 0i = —io(du)(z),

so that 0 is indeed well-defined.

We now assume that g € C°°(X). Using a partition of unity subordinate to
our distinguished atlas (A.40), we have the splitting

g =gu + gv,

where supp(gy) C U, supp(gy) C V. The map gy (z) : C — C"™ is complex anti-
linear for every z € U = C, and has compact support with respect to z. Hence

z—gu(z)(1)
belongs to D. We can solve
us+iuy = gu(-)(1) =: gy € C*(C,C")

for u e C*(C,C") by

We observe that

= gu(x)(1).

Because du(z) is anti-linear we have du = gu over U = C. By Proposition 5, we
have u(z) — 0 as |z] — oo and, moreover, du(z) = 0 outside the support of gy so
that u is holomorphic for |z| large. Consider the map on V\{oo},

C\{0} — C" z—>u(%) — woB\(2).
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This map is holomorphic in a punctured neighborhood of 0 and u(%) — 0 for
z — 0. Hence 0 is a removable singularity by the well-known classical result in the
theory of one complex variable. Therefore, u may be viewed as a smooth function
on S? which vanishes at co. From Proposition 5 we conclude in particular

Proposition 6. The map A defines a linear operator from D into the subspace
{f € C>=(S?%,C")|f(c0) = 0} of C>°(S?,C"), satisfying

oA =

Back to our previous discussion, we have found u € C*°(S? x C") solving
the equation Ju = gy and since S?\{0} is biholomorphic to C, we find by the
same reasoning a g, € C*°(S? x C") satisfying Ov = gy . Therefore, it follows that
O(u+v) = gu+gy = g proving that 0 is surjective. On the other hand, if du = 0 we
obtain a bounded holomorphic function u : C — C" which by Liouville’s theorem
is a constant map. Summing up we have proved

Theorem 5. The map 0 : C°°(S? x C") — C°°(X) is a surjective linear operator
whose kernel consists of all constant maps. As a real (respectively complex) linear
operator the kernel is of dimension 2n (respectively n).

Next we would like to study 0 as an operator in a Sobolev space setting based
on LP-spaces 1 < p < co. We start with the following estimate from Douglis and
Nirenberg, [63]. Denote by D; the subspace of D consisting of all functions in D
with support in the unit ball. We write | - |, for the norm defined by

lult, = D 1Dl s, 0 -

la|<k
Here k € Nand 1 < p < co. The fundamental estimate given in [63] is the following

Theorem 6. For given £ € N and 1 < p < oo there exists a positive constant
¢ = c(k, p) satisfying B

1Oulkp = clulksip
for all u € Ds.

In order to obtain some Sobolev type estimates for the section map 9 : C°°(S? x
C") — C>(X) we take a finite covering Uy, ..., U, of S? so that Uj; is biholomor-
phic to the open unit disc B around 0. Let 1, ..., 3, be a subordinate partition
of unity. Denoting by ¢; : U; — B suitable biholomorphic diffeomorphisms we
define a norm || ||, for k € N;1 < p < oo, by

lullf, zy jowr ) (wowr )|

k,p

It is easy to show that all the norms on C*°(S? x C") obtained by this procedure are
equivalent. For the bundle X — S? we take smooth complex linear trivialisations
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Y; + X|U; — B x C" covering ;. This means that the following diagramm is

commutative
XU, o Bxce

I
U B.
If f is a section of X we define the norm || f]|x,p, by

£y = 2

Jj=1

p

biler ) (Browi)(fo vy )]

k,p

Again all norms obtained this way are equivalent. Let us abbreviate 1/3j =1, ((,0]»_1)
and Bj =pfjo <p;1. Then

TR
&>
O
S &
O
~—
—
~—~
NN
= &
° 5
5
\./v
= =
\_/+
+
=0
H =
= =
O
S
B =
N
v\_/
A\ﬁ/
vv
N———
=
S
Ly
—
N—
| I

= B (Tas() + iTa(2))i) Tei(2)]

where 1 = u; o cp}l. This gives immediately the estimate
N (s s _ - (0 AW
'%‘ (ﬁj(au)(@j 1)) ’ (g + @§>“j

0,p
for a suitable constant d; independent of w. If d = inf{d,,...,d,,}, then
) ) v 1/p
[Oullop = d< ’5 (65 + ’Lat)ui )
0,p

» 1/p

- (818 + ) - (8 + 5)n)al),)
1; 1/p

)

- (216 )3

for a suitable constant @ > 0 independent on the choice of u. Here x; is the
characteristic function of the support of 3;. Hence employing Theorem 6

p

b
0,p

||M3

HM§

QJ|Qj

QJ|Q7

XjUj

HMS

+ Z@t)(ﬁju])

\%

. 1/p " 1/p
[[0ullop > d (Zl Pl Bty ’f,p> —a (Zl |Xjﬁj|3,p>
J= J=

> Nullp — allullop

for suitable constants a’, ¢’ > 0, independent of u. We have proved
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Theorem 7. There exist constants a, ¢ > 0 such that for all u € C*°(5% x C")
19
Define W1?(S2xC") and LP(X) as the completions of the spaces C*°(S? x C")
and C*°(X) with respect to the norms || |[1 , and || || ,. By the compact embedding
of WP < LP we find in view of Theorem 7 that 9 : W1?(S? x C") — LP(X) has
closed range. Since in view of Theorem 5 the range contains the dense set C°°(X)
we deduce O(WP(S2 x C")) = LP(X) and hence 9 is surjective.
On the other hand, by interior elliptic regularity theory or by the well-known

fact that a holomorphic distribution is a holomorphic function, we conclude from
Ou = 0 that u is holomorphic and bounded and consequently constant.

p = cllullipy — allullo, -

We have proved

Theorem 8. The operator 0 : WP(5? x C") — LP(X) is a surjective Fredholm
operator whose kernel consists of the constant functions. Hence the index of 9 as
a real operator is 2n.

With some more efforts and rudimentary functional analysis one can prove

Theorem 9. For every k € N and 1 < p < oo there are positive constants ¢ = ¢(k, p)
and a = a(k, p) such that

10ullkp > cllullerrp — allullog ,

for all uw € C>(S? x C™).

As an operator from W*+1P(52 xC") to W*P(X) the linear operator 0 is again
a surjective Fredholm operator whose kernel consists of the constant functions. For
a general treatment of first order elliptic systems, we refer the reader to Vekua’s
book, [215], or its English translation.

A.5 Elliptic estimates near the boundary and an application
Denote by BZX the half ball given by
= {z € C||z| <&, Re(z) > 0}

with boundary 0B} = (—¢,¢)i.

Let || - ||kpo for k € N, 1 < p < oo denote the usual Sobolev norms, i.e.,
lallf 0 = Y ID%ulf,
|| <k

The classical estimate, which for example can be found in Vekua [215], for 9 =
R

=~ +15; 1S

s ot
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Theorem 10. Given e > 0,k € N, 1 < p < oo, there exists a constant ¢ = ¢(k, p, &) >
0 such

||au||k‘,p,Be+ > C||“||k+1,p,BE+
for all smooth u : B} — C™ with compact support in B satisfying the boundary

condition
u(0BF) C R™.

Using this estimate and the usual differential quotient technique from standard
elliptic regularity theory we obtain the following regularity result.

Let J be a smooth almost complex structure defined on C" (or at least near
0) such that J(0) = i. Assume

u:Bj—NC”

is of class WP with p > 2 and satisfies

u(0) = 0
u((—z—:, 5)1) c R7
9u + J(u)%t = Oon BF

where B+ = B\ (—¢,¢)i. We have the following

Theorem 11. Under the above assumptions there exists 6 € (0,¢) such that u|Bgr
is smooth.

Our next aim is to give an application to a regularity question raised in Chapter

6. Let
w: [—¢,¢e] X [—e,] — C"

be of class WP, 2 < p < oco. Assume w(0) = 0, and J is an almost complex
structure defined on a sufficiently large neighborhood of zero such that J(0) = i.
Assume H : [—e,e] x U — C" is a smooth map, where U is a sufficiently large
neighborhood of 0 in C™. Moreover, let H'(0,0) = 0, where H' is the gradient with
respect to the second variable for some Riemannian metric on U.

We consider the partial differential equation

ow ow

(A.42) B J(w)a + X[0,00)($)H'(t,w) = 0

on (—¢,¢) x (—¢,¢). Here x[9,00) is the characteristic function of [0, c0). The amaz-
ing fact is that

w ([—5, 0] x [, 5])

and

wl ([0,5] x -6, 5])
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are smooth for some sufficiently small § € (0,¢). In particular,
w| ({o} x [0, 5]) .

is smooth. Note that w|([—d,d] x [—d,d]) is not smooth since the derivatives in
the s-direction do not match. The above proof of the smoothness assertion will be
reduced by a series of transformations to Theorem 11.

For simplicity of the argument we assume that all data H and J are defined on
the whole of C™. Define an almost complex structure J on [0, ] x [—¢, ] x C™* x C™
by

J(s,t,u,0)(a, b, h k) = (—b,a7 J(uh + bH'(t,u) + aJ(u)H’(t,u),—J(v)k) :

The definition of J is motivated by Gromov’s trick and something that one could
call the “inverse reflection principle”. It will turn out that a solution w of (A.42)
gives a holomorphic map « on [0,) x [—¢,¢) for the structure J.

We leave it to the reader to verify that J? = —Id. Let
j = J(0,0,0,0).
We observe that
j(a,byh k) = (—b,a,ih + bH'(0,0) + aiH’(0,0),—z’k) .
Define a linear real subspace of R x R x C" x C" by
T = {(0,b,h,h,)|bER, heC"}.
Clearly dimg(7") = 2n + 1 =: N. We note that
(A.43) TNjiT = {0}.
Indeed, if
(0,b1,h1,h1) = 4(0,ba, ho, ho)

( by, 0,ihs + by H'(0,0), —ihg),
we find b; = be = 0 implying

ihy = Mh
—thy = hy,

and, therefore, hy = hy = 0. Define a map a : [0,¢] X [—¢,e] = R xR x C" x C"
by

a(s,t) = (s,t,u(s,t),u(—s,t)).
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Then
a(0,1) = (O,t,u(O,t),u(OJ)) er

for t € [—¢,¢]. Moreover a is in WP([0,¢] x [—¢,¢], R x R x C* x C"), since u, by
assumption, belongs to this space. On (0,¢) x (—¢, &) we compute

as(s,t) + j(a(s,t)) (at(s,t)>
(1,0,u5(s,t), —us(—s,t))

(= 1,0, T(uls, (s, ) + H'(tu(s, ), = (u(—s, s (—5,1))
= (0,0,0,0).

In view of (A.43) the set T is a totally real subspace of (R x R x C" x C",j). It
is a simple exercise to find a complex linear map

®:(RxRxC"xC"j) — (CN,i)

mapping T onto RJY. Recall that N = 2n + 1. Define § = ® o @ and an almost
complex structure J on CN by

J(A) = @j(cIrl(A))qu .

We find that
J(0) = ®jo!

i®Pp~!

= 1.
Moreover, on (0,¢) x (—¢,¢),
Bs + J ()5
Do, + DJ(D 1 Pa)d Doy

= Bla, + J()oy
= 0.

Finally, we observe that
B(0,t) € RY

fort € (—¢,¢). Applying Theorem 11 we deduce, since 3 € WP([0,¢] x [—¢, ], CV)
and 3(i(—¢,¢e)) C RY, that 8 is smooth on [0, 6] x [—4, §] for some § € (0, ). Hence

[0,0] x [=d,0] — C™ : (s,t) — u(s,t)
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and
[0,6] x [=4,0] — C" : (s,t) — u(—s,t)

are smooth, as we wanted to prove.

We conclude with an observation used in Chapter 6. Recall the definition of
St in Chapter 6 and assume w : S — M solves

(Ad4) 0 = dw + Y1rxst (H’(t,w)dt—J(u)H’(t,w)ds) .

Taking suitable complex coordinates near a point (7y, ), respectively, (—Tp, to)
in Zp C Spr and suitable symplectic coordinates near w(Tp,to), respectively,
w(—Tp, to) in M, we see that (A.44) looks, in these coordinates, like (A.42). We
deduce, in particular, since Ty was arbitrary, that the loops ¢ — w(—T,t) and
t — w(T,t) are smooth.

A.6 The generalized similarity principle

Let D be the closed unit disk D = {z € CJ|z| < 1}. We denote by A €
L>(D, Lg(C™)) a mapping which associates with z € D a real linear map A(z) :
C™ — C™, so that the assignment z — A(z) is essentially bounded. Let z — J(z) be
a smooth map associating with z € D a complex structure on C", i.e J(2)? = —1,
and J(z) : C" — C" is a real linear map. We consider a solution w : D — C" of
the first order elliptic system

(A.45) 88_1: + J(z)aa—ttu + A(z)w = 0and w(0) = 0,

where z = s + it. We shall show that w is represented locally near 0 by a holo-
morphic map. Define Ds = {z € D||z| < 0}. Generalizing a result of T. Carleman
[37] to systems we shall prove

Theorem 12. There exist 0 < § < 1, a holomorphic map ¢ : Ds — C™ and a
continuous map ® : D5 — Glg(C™),
oc () W (DsGi(Ch),
2<p<oo

satisfying on Dy,
and

It follows, in particular, that if 0 is a cluster point of zeros of the solution w,
then it is also a cluster point of zeros of the holomorphic map o, implying o = 0
and therefore w = 0 on Dgs. This was used in the proof of the Arnold conjecture
(Lemma 2 in 6.4).
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Proof. Reducing the local statement to a global one, the theorem will be obtained
as a corollary of Theorem 8 in A.4. We shall view the disk D as a subset of
C Cc CU{oc} = 5% and begin by rewriting equation (A.45). We choose a smooth
map z — U(z) from D into Glr(C™) satisfying J(z)¥(z) = ¥(z)i. Then we define
v:D — C" by

and compute:

0 = 22 4+ J(2)2% + A(z)w
= (% %) + Ave + (3L 4+ I
= w[% i+ vave + (52 4 o)l
— \IJ{%Jri%JrB’U}.
We see that v solves on D the equation

ov .Ov
(A.46) %% + Urn + B(z)v = 0 and v(0) =0,

where B € L (D, Lr(C™)). Now we represent B(z) as follows:
B(2) = Bi(z) + Ba(2),

where Bj(z) is complex linear and B,(z) complex anti-linear. We denote by T" :

C"™ — C" the anti-linear complex conjugation map h +— h, and choose C €
L>(D, Lc(C™)) in such a way that

C(2)v(z) = v(z), z€D
where v is the given solutions of (A.46). Define E € L>*°(D, Lc(C™)) by
E(z) = Bi(z) + Bu(z)oT'oC(z).
Then E(z) is complex linear and
E(z)v(z) = B(z)v(z), z€D.
Therefore v satisfies on ﬁ,

(A.47) % + z% + E(z)v = 0 and v(0) =0,

where now E € L (D, Lc(C™)). Observe that £¢(C") = £(C") = C". With the
notations introduced in Appendix 4, we consider, for 1 < p < oo, the Cauchy-
Riemann operator between sections,

d W“’(S2 X E((C”)) — LP(X),
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where the fibre X,z € S? of the vector bundle X — S? is the vector space con-
sisting of all complex anti-linear maps 7,5? — £(C"). By Theorem 8 in Appendix
4, the mapping

G . whe (52 x c(cn)) — LP(X) x L(C")

is a linear isomorphism if 2 < p < oco. Note that in the case 2 < p < o0 we
can estimate the C°-norm in terms of the W1P-norms on 2-dimensional domains
(Sobolev embedding theorem). If G(Z) = (0,Id) we infer that Z(z) = Id for
z € 5%, Hence if a linear map A : WHP(S? x £L(C")) — LP(X) is small (in the
operator norm) then the perturbed map G, defined by

GA(Z) = (52 N Z(o)) ,

is still an isomorphism, and Z = G~'(0,1d) is a map S* — GI(C") satisfying
Z(0) = Id. If z € §% we define E(z) : L(C") — X, as follows. If z € D we set

E(2)(Z) = E(2)o Zds —i E(z) o Z dt
and if z € S?\D we set E(z) = 0. Then

E(z) e ﬁ(ﬁ(@”),Xz) ;

moreover, z — E(z) belongs to L*°. For 0 < ¢ < 1 we denote by x. the character-
istic function of the closed disk D., and define A, € L(WIP(S? x L(C™)), LP(X))
by

(BeZ)(2) - = xe(2)E(2) Z(2) .

By the Sobolev embedding theorem we can estimate, if 2 < p < oo,
1 A~
18:Zllop < (7e)7 || EllLe [|Z]]1~
< @2l

where ¢(e) — 0 if ¢ — 0. Consider now the special perturbation G, := G, and
define Z* : S2 — L(C") by

(A.48) Z* = G (0,1d) .

If ¢ > 0 is sufficiently small, then Z*(z) € GI(C") for all z € 52, hence is invertible;
moreover, Z*(0) = Id. Finally we define o : D. — C™ by

v(z) = Z°(2)o(2) ,
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and compute, for z € D,

0 = %—i—i%—i—E(z)v

= (aazs*—i_iaait*—i_EZ*)U"’Z*(g—z—&-i%—g)
= [((5 + E)Z*)(z)(l)]a(z) T Z*(% n l%—‘i)
= 77(% +i%).

Here 1 is the obvious tangent vector in 7,52 = T,C = C at z € D, C S2.
Since Z*(z) is invertible if z € D., we conclude that the map o : D, — C"
is holomorphic. Defining ®(z) := W(z)Z*(z), for z € D, we obtain, using the
definitions, the required representation:

w(z) = T(2)(z)
= U(2)Z*(2)o(2)
= B(2)0(2).
From w(0) = 0 we deduce o(0) = 0. In addition,
B(z)i = W()Z*(2)i

I
S

(2)iZ*(2)

(2)¥(2) 2" (2)
(2)®(2) ,
as desired.

So far, however, the § constructed does depend on the p chosen. In order to
find a ¢ independent of p we carry out the above procedure for a fixed pg to find a
corresponding dy > 0. Then we employ inner elliptic regularity theory in order to
conclude that Z* belongs to Wﬁ)‘f(Bgm Lg(C)) for every p. Now we can take any
0 < 6o and the proof of Theorem 12 is complete. B

Related results and applications to the transversality questions involved in the

construction of Floer homology are contained in A. Floer, H. Hofer and D. Salamon
[87].

A.7 The Brouwer degree

In the following we shall describe the so called Brouwer degree or mapping de-
gree used in Chapter 2. It serves as a qualitative criterion for the solvability of a
nonlinear equation

flz) =y
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for z. This degree is an integer which “algebraically counts” the number of solu-
tions. To be more precise we consider open bounded sets U C R™ and continuous
maps f : U — R". Given y € R", the triplet (f,U,y) is called admissible, if
y ¢ f(OU). The aim is to associate with every admissible triplet an integer, de-
noted by d(f,U,y) such that the assignment

(f,Usy) = d(f,U,y)

satisfies some natural properties formulated in the following axioms.
Axiom 1. (Solution property)
Assume (f, U, y) is admissible. If d(f,U,y) # 0 then there exists a solution x € U
of f(x) =y.

The equations f(z) =y and f(z) — y = 0 have the same solutions z, and we
therefore require

Axiom 2. (Naturality)
If (f,U,y) is admissible, then

d(vaay) = d(f_y7 U?O)

Assume (f,U,y) is admissible and V' C U is an open set containing all the
solutions, i.e, (f|[U)"1(y) C V. Then (f,V,y) is also admissible and has the same
solutions, hence we postulate:

Axiom 3. (Excision)
If (f,U,y) is admissible and if the open set V' C U satisfies f~!(y) C V, then
d(f,Uyy) = d(f,V,y).
We wish the degree to “count” the solutions and hence require an additivity
property:

Axiom 4. (Additivity)
Assume (f,U,y) and (f,V,y) are admissible and U NV = (). Then (clearly (f,U U
V,y) is admissible)

d(f,UUV,y) = d(f,U,y) + d(f,V,y) .

The next axiom is the most important one and crucial for the applications. We
want the solution criterion to be stable under perturbation and require that d is
invariant under continuous deformations:

Axiom 5. (Homotopy invariance) B
Let t — (f+,U,y),0 <t <1 be an admissible deformation, i.e, f :[0,1] x U — R"
is continuous and (f;, U, y) is admissible for every 0 < ¢ < 1. Then

d(fo,U,y) = d(f1,U,y) .

Finally, we normalize using a simple model equation.



A.7 THE BROUWER DEGREE 307

Axiom 6. (Normalization)
d(Id,Bl(O),O) =1,

where B;(0) is the open unit ball centered at the origin 0 in R™.

For the moment, let us assume that such a d, satisfying these axioms exists.
We prove that the axioms uniquely determine d. It is called the Brouwer degree
or mapping degree.

Assume first, that U is open and 0 ¢ U. Then (Id,U,0) is admissible. Since
there is no solution of I'd(x) = 0 in U we conclude that d(Id,U,0) = 0 in view of
Axiom 1. Next we consider the linear map f =T € GI(R™).

Lemma 6. Assume U is a bounded open neighborhood of 0 and 7' € GI(R™). Then
d(T,U,0) = sign det(T) .
Proof. Recall that GI(R") = G UG~ where GT = {T € GI(R")| & det(T") > 0};
G* and G~ are pathwise connected. Define ¥4, € GI(R™) by
011 = diag (£1,1,...,1).

Then ¥4 € Gt and 9_ € G~. Put € = sig det (T') and choose a continuous path
t — Ty in G° connecting Ty = V. with Ty = T'. Then ¢ — (T}, U, 0) is an admissible
deformation and we obtain by Axiom 5

d(9.,U,0) = d(T,U,0) .

Since 0 is the unique solution we find by applying the excision Axiom twice that
d(T,U,0) = d(9.,U,0) = d(9., B1(0),0). If ¢ = 1 we employ Axiom 6 to find

d(T,U,0) d([d, Bl(O),O> ~ 1
= signdet(7) .

In order to deal with the case e = —1, we define ¢, : [-1,1] — R by ¢, (t) =

t| — 1 + 7, for all 0 < 7 < 1 and introduce f, : [-1,1] x By ~'(0) — R" by

fr(z1, ... xy) = (cpT(:cl),xg, . ,xn) .
Then (f,,(—1,1) x B}"*(0),0) is an admissible homotopy. If 7 = 1 the equation
filz) =0
has no solutions in the associated open set. Hence by Axiom 5

d(fT, (—1,1) x B”*l,o) ~0,
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for every 7 € [0, 1]. If 7 = 0, then the equations |z1| — % =0,z; =0for2 <j <n,
have precisely the two solutions

1 1
= (=2,0,0,---,0 — (2,0,...,0
X ( 27 s Uy 9 )’ Ty (27 ) ) )
where z_ € V_:= (=3, —1)xB" ' and z; € V; := (1, 2) x B"~!. Consequently,

by excision and additivity we obtain
0 = d(fo,v_,O) + d(fo,V+,0) .

For z € V_ we have fo(z) = (—z1 — %,22,...,2,) and for z € Vi we have
fo(z) = (z1 — &, 22,..., 2), hence the previous equation is written

0 =dW- —24,V_,0) + d(¥4+ —z4,V4,0),
and by excision,

0 =dW- —xy,B",0) + d(Vy —z4,B",0).
Using the homotopy invariance we can get rid of the term x_ to obtain

0 = dW-,B"0) + d(¥4+,B™0)
= d(¥-,B",0) + 1.
We deduce, that also for e = —1,
a(T,U,0) = d(@W_-,B"0) = -1
= sign det(T),

and the proof of Lemma 6 is complete. B

Assume now that (f, B-(z0),0) is admissible for some £ > 0. Assume, in addi-
tion that f is differentiable and satisfies

f710) = {wo} and f'(z0) € GUR") .

Lemma 7.
d(f, B-(x0),0) = sign det (f(z0)) .
Proof. Define f;(z) :=tf(z)+ (1 —1t)f'(xo)(x — o). Since f'(z0) € GI(R™) we find

a small 0 < § < e such that fi(z) # 0 if |z| = J, for all 0 < ¢ < 1. Using excision
and homotopy invariance we conclude that

d(f. Bo(20),0) = d(f, Bi(x0),0)
a(f (o) (@ = w0), Bs(0).0)
d(f'(z0)(@ — 20), Br(0),0) .
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where R > 0 is so large, that Bs(xo) C Br(0). Choosing R large enough we now
get 1id of the term — f’(z)xo through an admissible homotopy and obtain

d(f.Bo(20),0) = d(f'(x0), Ba(0),0) .

But by excision the right hand side does not depend on the size of R; in view of
Lemma 6, the proof of Lemma 7 is therefore complete. B

Now we appeal to two classical results in differential topology.

Lemma 8. Let 2 C R" be a bounded open domain and f : Q) — R” a continuous
map. Given € > 0 there exists a smooth map g : 2 — R” satisfying

|f(z) —g(z)| < e for xreN.

Proof. In view of the classical Stone-Weierstrass theorem we can take for g a
polynomial approximation of f. H

The second result we need is a version of the Morse-Sard theorem. Recall that
y € R™ is a regular value for f if f/(z) € GI(R") for all x € f~1(y).
Lemma 9. Let U C R™ be open and f : U — R™ a smooth map. Then the set of
regular values for f is residual in R™ and therefore dense.

A proof can be found in the book on differential topology by M. Hirsch [113].

If (f,U,y) is an admissible pair we define

oi= inf |f(z) -y,

then ¢ > 0, and by Lemma 8 we can pick g smooth with |f(z) — g(x)|] < €
on U, where ¢ < ¢/2. Then f; = (1 —t)f + tg defines an admissible homotopy
t— (f,U,y). Hence by Axiom 5 and Axiom 2

d(f7 U7 y) = d(ng?y) = d(g - Y U’O) .
For every z € B.(y) the homotopy ¢ — ¢, := g — y + 1tz is admissible for (U, 0) and
hence
d(faUay) = d(g - Zan()) )
for every z € B.(y). In view of Lemma 4 we can pick zg € B(y) which is a regular
value of g. Hence

d(fa va) = d(ngsz) .

Since U is compact and zy regular, the set ¢! = {x1,29,...,21} is finite. By

excision and additivity we, therefore, find for 7 > 0 sufficiently small, that

d(f.Uy) = Z d(g. Br(x;), %)

( — 29, B (xj),0>

<
Il
—

I I
I\Mw 'Mw \

sign det( (x )) ,
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where we have used Lemma 7. Summarizing, under the assumption that a degree
d satisfying the Axioms 1-6 exists we conclude

Proposition 7.

(i) Assume (f,U,y) is admissible, f is smooth and y a regular value. Then

d(f,Uyy) = Z sign det (f'(x)) .

zef~1(y)

(i) If (f,U,y) is admissible, then there exists an admissible (g, U, y) homotopic
to (f,U,y), where g is smooth and y is a regular value for g. In particular,

d(f,U,y) = Z sign det (g'(x)) .

z€g~1(y)

Proposition 7 shows that the degree d is uniquely determined by the Axioms
1-6, and we shall establish its existence. The usual approach is to start with the
formula (i) as the definition of d(f,U,y) if f is smooth with regular value y. The
degree d(f,U,y) of a general admissible triplet is then defined as d(g,U,y) for a
smooth g close to f having the regular value y. Then one verifies the axioms. The
crucial step is to verify at first that this definition is independent of the choice
of the approximation g. The argument is as follows. If gy and g are two smooth
approximations of f one defines the admissible deformation G : [0,1] x U — R"
by G(t,z) = (1 —t)go(x) + tg1(z). One can assume y to be a regular value for all
three maps g1, g2 and G. Since G is admissible, G~1(y) C [0,1] x U, and since y
is a regular value of G, the solution set G(t,z) = y is either empty or consists of
finitely many disjoint, compact, connected 1-dimensional manifolds. According to
the classification of 1-dimensional manifolds, see J. Milnor [157], each component
is either a circle (if it has no boundary) or a closed interval in which case its two
boundaries belong to the faces {0} x U, {1} x U as illustrated in the following
figure:

{0} xU
n e 3
i) [ gz
Tm [ ]
&k

Fig. A7.1
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If the boundaries of a component belong to the same face, the corresponding
solutions do not contribute to the degree in view of the orientation; also, a cir-
cle does not meet the boundary and hence does not contribute. Closed intervals
connecting one face with the other one do contribute and, indeed, by the same
amount again in view of the orientation, hence

Z sign det gy(z) = Z sign det ¢ (€) .

z€gy " (y) geg M (y)

We do not carry out the details of this argument, and refer to H. Amann [5] or
J. Milnor [157]. We shall establish the existence of the degree by an algebraic
approach using homology theory.

In order to define the degree of an admissible triplet (f,U,y) we recall that
U C R" is open and bounded, f : U — R" continuous and y ¢ f(OU). Viewing
the sphere S™ as the 1-point compactification of R™, i.e.;, S™ = R™ U {o0}, we
now consider f as a continuous map of the sphere, defined on U C S™. Denote by
U°¢ = S™\U the complement of U in S™. Observing that S™\{y} is homeomorphic
to R™ (e.g., by means of the stereographic projection) we consider the diagram

flou
Ue S U S™\ {y}
5o (fOU) i
R’ﬂ

By the Tietze extension theorem we can extend the map s o (f|0U) to a con-
tinuous map f : U° — R”. Since R" is convex, all such extensions are homotopic.
Define now the continuous extension F of f|U by F:=s 1o f: U — S"\{y}.
Then any two such extensions of f|0U are homotopic with boundary values fixed.
Finally, we define the continuous map F' : S — S™ extending f : U C S — S"

by
flx) i zeU
F(z):= -
F(x) if zeUc.
The homotopy class of F' is independent of the choices involved in the construction.

Considering the homology of S™ with Z coefficients we know that H,,(S™) = Z.
Pick any generator of H,(S™), say ogn. Then there exists an integer d(F') € Z
defined by

F*OSn = d(F)OSn .

This integer is the homological degree of F': S™ — S™, and we now define

d(f,Uyy) := d(F) €Z.
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Since the homotopy class of F' only depends on (f,U,y) and not on the choices
involved, this integer is well-defined and we shall verify that d(f,U,y) meets the
Axioms 1-6, by using homology theory.

Axiom 1: Assume d(f,U,y) # 0. Then F is surjective, because otherwise its image
would be in a subset homeomorphic to R™; hence F' would be homotopic to a
constant map so that d(F) = 0. By construction y ¢ F(U°) and therefore y €
F(U) = f(U) implying Axiom 1.

Axiom 2: The maps F associated with (f,U,y) and G associated with (f —y, U,0)
are homotopic implying Axiom 2 by the homotopy axiom of homology.

Axiom 3: If F belongs to (f,U,y) then F|V = f|V and y € F(V°) implying
Axiom 3.

Axiom 6: For the triplet (Id, B*"(1),0) we can take F' = Id : S™ — S™ and hence
conclude d(Idgn) =1 as desired.

Axiom 5: Let (f:,U,y),0 <t < 1 be an admissible homotopy. Then we can con-
struct an associated family F}; depending continuously on ¢. Hence ¢ +— d(F}) is
constant by the homotopy invariance of the homology implying the assertion.

We conclude, in particular, that d(f, U, y) only depends on f|OU. Indeed if
f:U—R"and g: U — R"™ agree on the boundary: f|0U = ¢|0U then ¢ f(z)+(1—
t)g(x), 0 <t <1 defines an admissible homotopy implying d(f,U,y) = d(g, U, y).
Axiom 4: Consider first any admissible triplet (f, U, y) with associated map F on

S™. Then we have the following commutative diagram (assuming n > 0), with
S=5"

H(5) —=— H (8,5 w) ~L= m(vo\w)
F, F,

I«

ks

Hy(S) H, (5, 5\{y})

The maps j. and k. are isomorphisms: the first one by the excision property of
homology and the second one as a consequence of the long exact sequence for the
pair (S, S\{y}). Hence we have

(A.49) d(F)os = k; ' f.j tis(os)

In order now to prove Axiom 4 we assume that U = Uy U Uy with U; N Uz = () so

that f; = f|U;, j = 1,2 give admissible triplets (f;,U;,y). We have to prove that
d(f,U,y) = d(f1,U1,y) + d(f2,Us,y). We shall show that

(A.50) feditic(os) = frdniine(os) + fauntiz(0s) -
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This implies in view of (A.49) that d(F)os = d(F1)os + d(F2)os as desired. In
order to prove (A.50) we consider the commutative diagram

Hi(S) = H(sS\fw) - m(Uoi)
2] | g

2 2
H,(8)® Hy(S) — @ H(SS\'W) — @ H(UnUN ()

=1 =1

and

Hy(UU\F()) L Ha(S,S\{y)

g (1) + (fo)-
2
@ Ha (U, U\ (9)
i=1
Here the maps j. and ji. @ jo. are isomorphisms by the excision in homology.
The map A : 5 — (f3,) is the diagonal map. Moreover, a(c) = (a1.(0), az.(c))
and b(c1,02) = bi.(01) + bax(02) where a; : (S, S\F~(y)) — (S, S\fj_l(y)) and

by« (U, U;\f; ' (y)) — (U, U\f"(y)). Note that fob; = f; for j = 1,2. If
B € H,(S) we can therefore compute

fedtie(B) = fb(n @ Gzt ) (ine ® ig) A(B)
Fo (bredi i1 (8) + baejztine (9))
fl*j;klil*(ﬁ) + f2*j27*1i2* (/6)

as claimed in (A.50). We have verified that Axiom 4 holds. To sum up: we have
demonstrated that d meets all the axioms, hence the existence proof of the mapping
degree is complete.

Remarks: The Brouwer degree can be extended to arbitrary normed vector spaces
E however, for a restricted class of continuous maps only. We call a triplet (f,Q,y)
admissible, if  C E is a bounded open subset, f : ) — E is a continuous map of
the form f = id — k with a compact map k (i.e., the closure of k() is compact in
E), and y € E is a point satisfying y ¢ f(92). There is a unique map associating
to every admissible triplet an integer d(f,2,y) € Z satisfying the Axioms 1-6. It
is called the Leray-Schauder degree; we made use of this degree in Chapter 3 in

order to establish the existence of the symplectic capacity cg.

The crucial observation in constructing this extension is the fact, that a com-
pact map can be approximated (in the uniform topology) by compact mappings
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having their image in finite dimensional subspaces of E. Take such a map k satis-
fying k(Q?) C E,, C E, where dim FE,, = n. If z € F is a solution of

(id— k)(@) = 0,
then x € F,, and hence one defines
d(id — k,9,0) = d(id—k,QNE,,0),

where, on the right hand side, we have the Brouwer degree. This is well-defined.
Indeed choosing a larger finite dimensional space F,, D E, then d(id — k, QN
E,,0) = d(id — k,Q2 N E,;,,0). This follows by approximating (id — k)|Q2 N E,,
by a smooth map having 0 as a regular value and simply computing the index
using the representation (i) of Proposition 1. Since the finite dimensional maps
are dense in the set of compact maps (in the uniform topology) the continuous
map (id — k,9Q,0) — d(id — k,9Q,0) € Z defined above has a unique extension,
called the Leray-Schauder degree. For the details we refer the reader to H. Amann
[5], K. Deimling [60] and E. Zeidler [232], Chapter 12.

A.8 Continuity property of the Alexander-Spanier cohomology

The mathematical tools needed for Chapter 6 are becoming more sophisticated.
In particular, homology and cohomology theory is being used. Besides the basic
properties of a (co-) homology theory the reader needs to know cup products and
Poincaré duality. All this can be found in standard texts on algebraic topology.
We suggest, for example, the book by J. Vick [216], which describes the standard
material with great care and also offers an introduction to fixed point theory intro-
ducing the fixed point index closely related to degree theory. More comprehensive
treatments on algebraic topology are the books by A. Dold [62], W.S. Massey
[148, 149, 150], E. Spanier [203] and R. Switzer [209]. In particular the appendix
in [62] concerned with the Kan- and Cech-extension of homotopy invariant func-
tors is interesting for the following discussion of continuity properties of homotopy
invariant functors.

Nonlinear analysis is — somewhat exaggerated — the study of nonlinear equa-
tions of the form
Flz) =y.

If the map F': X — Y and the topological spaces X and Y have some nice prop-
erties, for example, there is some compactness and the solution set is generically
discrete, degree theory is a very powerful tool. Sometimes, however, the solution
sets are generically expected to be manifolds and one would like, of course, to know
what they are. This is in general a difficult task. But, one can try to compute some
of their invariants, using, for example, homology theories. A situation which then
occurs quite frequently is the following. If we consider the equation F(x) = y we
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do not know whether F' is generic so that the solution set might be quite badly
behaved, for example, it might not be a manifold. On the other hand, it might be
possible to approximate the solution set F'~1(y) by solution sets F'~!(y) which are
generic, for example, manifolds. In this situation it is sometimes only possible to
study F~!(yx) by algebraic means (using homology theory) and the question then
is: under which circumstances are we able to conclude something about F~1(y)?

The important tool will be a continuity property for the homology theory,
which we discuss in the following. We begin with an abstract discussion which is
applicable in many circumstances and focus on the particular theory we need in
Chapter 6, namely the Alexander-Spanier cohomology theory, see E. Spanier [203].

Let X be a topological space and C the category of all subspaces, the morphisms
¢ : A — B being the continuous maps. Let A be an algebraic category. We consider
one of the following cases: A is the category of Abelian groups, or the category
of commutative rings, or the category of modules over a fixed ring. Assume a
contravariant functor h : C — A is given, i.e., to every A € C we associate an
algebraic object h(A) € A and to a continuous map ¢ : A — B a homomorphism
©* = h(p) : h(B) — h(A). If A C B we have a natural inclusion map and we
denote by iap : h(B) — h(A) the induced map. Since h is a contravariant functor

we have
iaBiBc = 1tac forAcCBcCC

iaa = Idyay -
Given A C X we denote by O4 the collection of all open neighborhoods of A.

We denote for U € O4 the homomorphism induced by the inclusion A C U by
iy : h(U) — h(A).

Definition 1. Let & be as described above and A C X fixed. We call h continuous
at A if the following conditions hold

(i) Given « € h(A) there exist U € O4 and ay € h(U) such that iy(ay) = «

(ii) Given ap € h(U), with U € O4 satistying iy (ay) = 0, there exists V € O4
satisfying A C V C U and iyy(ay) = 0.

In other words any element « € h(A) lives already on a neighborhood of A and any
class a € h(U), U € O4 which “dies” on A, “dies” already on some neighborhood.
As we shall see in the following we can reconstruct h(A) from the h(U),U € O4
provided h is continuous at A.

Observe that O 4 is a directed set in the following sense. We can define an order
structure < by
UL<V<«=UDV

(“smaller sets are larger”). Moreover given U,V € Oy4 there exists W € Oy
satisfying
W>U,W>V.
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Indeed, just take W = U N V. Hence we have the following structure. For U < V
we have a homomorphism

ive : h(U) — h(V)
and for every U € O4 a homomorphism
iy : h(U) — h(A) .
Moreover, the following holds: If U <V < W then
iwviyvy = itwy and igpy = Id .
Moreover, if U <V, then
lyivy = iU -

We first carry out a construction called the direct limit and then show that it is
isomorphic to h(A) provided h is continuous at A.

Define M4 € A as the direct sum

My = P no).

UcO(A)

If A consists of abelian groups, M4 will be an abelian group, etc. Denote by ¢
the homomorphism

wu h(U) — Ma
which is the inclusion into the U-th factor.

Consider the subgroup, subring or submodule K 4 generated by elements of the
form

vulav) — evivu(ay)
where U,V € O4 satisfy U <V and where ay € h(U). Define L4 by

La = Ma/Ky.

Depending on A this quotient is either an Abelian group, or a commutative ring
or a module.

Elements of L4 are equivalence classes [(ay)] where (ay) € My with ay =0
up to finitely many. If oy, ..., apy, are the non zero elements, then

k
(av) = Z eu, (au,) -

Let Us, = 1_, Ui. Pick any V € O4,V > Us,. Then fori =1,...,k

Bi := v, (av;) — wvivy,(av,)
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belongs to K 4. Consequently,
k ko
(av) = X Bi + SDV<Z va(%))
i=1 i=1
= B+ ev(7)

where 8 € K4 and v € h(V). Hence for every class a € L4 there exists U, € O4
such that for every V' > U,, a is represented by ¢y (ay ) for a suitable element

ay € h(V). For an element (ay) € My we consider the element ®((ay)) =
> veo, ivlau) € h(A). We note that the sum is finite. For the element

B = gular) —evivu(ay) ,
with V' > U we compute

1)

iv(ar) —ivivu(au)

= iy(ay) — iv(avy)

= 0.

Clearly & : M, — h(A) defines a homomorphism. By the preceding discussion its
kernel contains K 4. Hence we obtain a homomorphism

(PLA—>h(A)

In a precise sense ® gives us what the h(U),U € Oy4, know about the h(A). The
above construction is the well-known direct limit denoted by

h(A) == Ly = dir Ulér(rglA hU) .

It is an algebraic measure of what the neighborhoods of A know about A with
respect to the contravariant functor h.

Theorem 13. Assume h is continuous at A. Then
D iz(A) — h(A)

is an isomorphism.

Proof. Assume ®(a) = 0. We can represent a € h(A) by an element oy (ay) for
V > U, where ay € h(V) by the preceding discussion. Hence

0= <I>(a) = iv(av) .
By property (ii) of the continuity definition we find W >V such that

oy = iwv(av) =0.
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Note that
ev(av)
ov(av) ewiwv (av)
ov(av) ow (aw)

APPENDIX

belongs to K 4. Hence a = 0. Next let 8 € h(A). By property (i) there exists
U € Oy and ay € h(U) with iy(ay) = §. Let a = [py(aw)]. Then ®(a) = 5. R
Assume next that h is a contravariant functor on the category of topological
spaces. Let X and A be as before and assume Y is another topological space. If
f X — Y is a continuous map we would like to study f|A : A — Y and say
something about its properties once we are able to study them for f|U : U — Y,

U € O4. We have the commutative diagram

.

flu

Y

fl1A

V
U
A
giving

w(flU) = (fla)
wwv(fV)r = (flU)".

We define a homomorphism

by
fla) = [exf*(a)] .
We observe that
[exf*(a)] = [eu(fIU)"(a)]
= |pvivxf*(a)],
so that for all U € O 4
fla) = [pu(fIU) (a)] .
We compute for a € h(U)

®ofla) = iw(flU) (a)
= (fl4)(a),
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so that we obtain the commutative diagram
(f14)*

Note also that we have the commutative diagram

(CAN

where ju (av) = [pu(ov)]-
Proposition 8. For every a € h(A) there exists U € O4 and ay € h(U) with
jular) = a. Given ay € h(U) with jy(ay) = 0 there exists V' > U with
iVU(aU) =0.
Proof. By the previous discussion an element a € h(A) can be written in the form
[ov ()] for some v € h(V) and some suitable V € O4. Hence

jv(y) = a.

Assume jy(ay) = 0. Then we find Uy, ..., U, Vi,..., Vi, with V; > U, and ay, €
h(U;) with

2
(A.51) pulan) = Y eulau,) — v (iVUi (@Ui)) :

Pick any W € O4 with
(A.52) W > UU,....Us Vi,...,Vi.
Then applying ECSW twe to (A.51) we obtain

k

iwv(av) = Y iww, (av,) —iwvivu, (au,)
=1

= > iwy, (o) —iwy, (au,) =0.

This is true for every W satisfying (A.52) proving our result. B
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Theorem 14. Let f : X — Y be continuous and A C X. Assume for every U € Oy
that (f|U)* is injective. Then f is injective.

Proof. Assume f(a) = 0. This implies for every U € O4 by the definition of f,

0= [pu(F1U) (@] = ju ((F1U)" (@) -
By Proposition 8 there exists V' > U such that
0=ive ((fIU)"(@)) .
But ivy (f|U)*(a) = (f|V)*(a) implying that a = 0 since (f|V)* is injective. B
Corollary 1. Assume f: X — Y is continuous and A C X. If h is continuous at A
and if for every U € O, the map (f|U)* is injective, then (f|A)* is injective.

Proof. We have the commutative diagram

h(Y) A7 h(A)

h(A)
By Theorem 14, the map f is injective and, by Theorem 13, the map ® is an
isomorphism. Hence (f|A)* is injective. W
Next we apply the previous discussion to the Alexander-Spanier cohomology

theory. We refer the reader to the original articles by E. Spanier [202], the book
by E. Spanier [203] and the excellent book by W.S. Massey [149].

Definition 2. (see also [202]) Let X be a topological space and A a subspace. We
say A is taut in X if for every coefficient ring R the Alexander-Spanier cohomology
functors H'(-, R), for every i, are continuous at A.

The following very useful theorem is due to E. Spanier and we refer the reader
to [204]
Theorem 15. In each of the following cases A is taut in X

(i) A is compact and X is Hausdorff.

(ii) A is closed and X is paracompact and Hausdorff.

(ili) A is arbitrary and every open set in X is paracompact and Hausdorff.
(iv) A is a neighborhood retract.

So we note that in a metrizable space every subset A is taut, and hence, by
Theorem 13,

H*(A) = dir Ulér(glA H*(U) .
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