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Abstract In this article we extend results of Grove and Tanaka (Bull Am Math Soc 82:497—
498, 1976, Acta Math 140:33-48, 1978) and Tanaka (J Differ Geom 17:171-184, 1982) on
the existence of isometry-invariant geodesics to the setting of Reeb flows and strict con-
tactomorphisms. Specifically, we prove that if M is a closed connected manifold with the
property that the Betti numbers of the free loop space A (M) are asymptotically unbounded
then for every fibrewise star-shaped hypersurface ¥ C T*M and every strict contactomor-
phism¢: ¥ — X which is contact-isotopic to the identity, there are infinitely many invariant
Reeb orbits.
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1 Introduction

The problem of the existence of closed geodesics is one of the oldest and richest fields of
study in Riemannian geometry. In 1951 Lyusternik and Fet [25] proved that every closed
Riemannian manifold (Q, g) has at least one closed geodesic. In 1969 Gromoll and Meyer
[18] proved the following remarkable extension: if Q is a closed simply connected manifold
with the property that the Betti numbers of the free loop space A(Q) are asymptotically
unbounded, then every Riemannian metric g on Q has infinitely many embedded closed
geodesics.

Suppose now that one is given an isometry f of a Riemannian manifold (Q, g). A related
problem is the existence of f-invariant geodesics, that is, geodesics y : R — Q such that
f(y(s)) = y(s+1) for some non-zero 7 € R and all s € R. With this terminology, a closed
geodesic is precisely an Id-invariant geodesic. The problem of the existence of invariant
geodesics was first studied by Grove [19,20]. The analogue of the Gromoll-Meyer theorem
was proved by Grove and Tanaka [22,23,38]: if Q is a closed simply connected manifold
with the property that the Betti numbers of the free loop space A(Q) are asymptotically
unbounded, then for every Riemannian metric g on Q and every isometry f of (Q, g) which
is homotopic to the identity, there are infinitely many invariant geodesics.

The Gromoll-Meyer theorem alluded to above can be seen as a special case of a more
general result on the existence of closed Reeb orbits on fibrewise star-shaped hypersurfaces.
Denote by A € QI(T*Q) the canonical Liouville form. If & c T*Q is a fibrewise star-
shaped hypersurface, then the restriction of A to X is a contact form. In this setting the
corresponding problem concerns the existence of closed Reeb orbits. Using Floer-theoretical
methods, McLean [31], and independently Hryniewicz and Macarini [24], proved: if Q is a
closed manifold with the property that the Betti numbers of the free loop space A(Q) are
asymptotically unbounded, then every fibrewise star-shaped hypersurface has infinitely many
embedded closed Reeb orbits.

The natural generalisation to the contact setting for invariant geodesics was first proposed
by Mazzucchelli [28,29]. Suppose ¥ C T*( is a fibrewise star-shaped hypersurface. Denote
by o := A|yx the induced contact form. A contactomorphism ¢: ¥ — X is called strict if
¢*a = «. This is equivalent to saying that ¢ commutes with the Reeb flow of . A Reeb orbit
x: R — X is g-invariant if ¢(x(s)) = x(s + ) for some non-zerot € R and all s € R
(this notion only makes sense for strict contactomorphisms). As with the geodesic case, with
this terminology a closed Reeb orbit is precisely an Id-invariant Reeb orbit. One can then
ask whether there are infinitely many invariant Reeb orbits. In this paper we will prove the
following generalisation of the Grove-Tanaka theorem.

Theorem 1.1 Suppose Q is a closed connected manifold with the property that the Betti
numbers of the free loop space A(Q) are asymptotically unbounded. Then for every fibrewise
star-shaped hypersurface ¥ C T*Q and every strict contactomorphism ¢ : ¥ — ¥ which

is contact-isotopic to the identity, there are infinitely many invariant Reeb orbits.

Remark 1.2 We emphasise that in Theorem 1.1 (and in Theorem 1.6 below), we do not
require ¢ to be isotopic to the identity through strict contactomorphisms.

Remark 1.3 If f : Q — Q is an isometry with respect to g, then f lifts to define a strict
contactomorphism ¢ of the unit cotangent bundle S; Q via the formula

0r(q.p) = (f(@.poDf(@)™".
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On the existence of infinitely many invariant Reeb orbits 199

Thus Theorem 1.1 can be seen as a generalisation of the original Grove-Tanaka result.
Unfortunately it is not strictly speaking a true generalisation, because the Grove—Tanaka
theorem requires only that the isometry f is homotopic to the identity, whereas in contrast
our result requires the lifted contactomorphism ¢  to be contact isotopic to the identity (which
is the case if f is isotopic to the identity). Aside from this point however, note that Theorem
1.1 includes the case of (possibly asymmetric) Finsler metrics:

Corollary 1.4 If Q is a closed manifold with the property that the Betti numbers of the
free loop space A(Q) are asymptotically unbounded, then for every (possibly asymmetric)
Finsler metric F on Q and every isometry f of (Q, F) which is isotopic to the identity, there
are infinitely many f -invariant Finsler geodesics.

Remark 1.5 Corollary 1.4 has been proved independently by Lu in [26] using different meth-
ods.

In fact, similarly to how McLean [31] and Hryniewicz and Macarini [24] proved their
extension of the Gromoll-Meyer theorem, we will deduce Theorem 1.1 from the following
more general result. A contact manifold (X, «) is Liouville-fillable if X is the boundary of a
Liouville domain (M1, A1), and @ = A |x. Given a Liouville domain (M1, A1), Cieliebak and
Frauenfelder [11] have associated an invariant RFH, (M1, A1) called the Rabinowitz Floer
homology. In [40], Weigel introduced the notion of the positive growth rate I' . (M1, 1) €
{—o0o} U [0, +00] of a Liouville domain (M1, 1), which roughly speaking measures the
growth of the filtered positive Rabinowitz Floer homology. A finite growth rate indicates
polynomial growth, while an infinite growth rate implies super-polynomial (for instance,
exponential) growth.

Theorem 1.6 Suppose that (X, ) is a Liouville-fillable contact manifold which admits a
filling (M1, A1) with T'. (M1, L1) > 1. Then every strict contactomorphism ¢: ¥ — X
which is contact-isotopic to the identity has infinitely many invariant Reeb orbits.

Here is another setting where our results are applicable. Suppose Q is a closed manifold
and 2 is a closed 2-form on Q. One should think of €2 as representing a magnetic field.
We use Q to build a twisted symplectic form w = dA + 7*Q, on T*Q, where as before
A is the canonical Liouville 1-form. Suppose H : T*Q — R is a Tonelli Hamiltonian:
this means that H is a smooth function on 7*Q which is C2-strictly convex and superlinear
on the fibres of 7*(Q. We are interested in studying the flow of ¢;I :T*Q — T*Q of
the symplectic gradient X i of H, taken with respect to the twisted symplectic form w. For
instance, if H(q, p) = %| p|? + U(q) is a mechanical Hamiltonian of the form kinetic plus
potential energy, then ¢}, can be thought of as modelling the motion of a charged particle in
a magnetic field. We refer the reader to [16] for an in-depth treatment of magnetic flows in
symplectic geometry.

Givene > 0,let £, := H!(e) C T*Q. Since H is autonomous, the flow ¢§1 :T*0 —
T*Q of the symplectic gradient Xy preserves the energy level X,. A magnetic geodesic
y : R — Q of energy e is the projection to Q of an orbit of ¢;1|26.

Let us denote by G(H, 2) the group of symmetries of the system:

G(H,Q) :={f eDiff(Q) | f*Q =, and H(f(q). p)
=H(q.poDf(9). V(q.p)€T"Q}.

Let Go(H, 2) denote the connected component of G(H, 2) containing Id. For instance, if
H(g, p) = % | pl2 + U (q) is a mechanical Hamiltonian, then elements of G(H, 2) are simply
the isometries of (Q, g) that preserve the 2-form €2 and the potential U.

@ Springer



200 W.J. Merry, K. Naef

Assume now that Q2 is exact. We define the strict Maiié critical value co = co(H, 2) by

co :=inf sup H(g, —6,), (1)
¥ qe0
where the infimum! is over the set of all primitives 0 of Q. If e > ¢o then X, C T*Q is
a hypersurface of restricted contact type in the symplectic manifold (7*Q, w) (see Lemma
7.1 below). As with the case of isometries earlier, a diffeomorphism f € G(H, Q) lifts to
define a symplectomorphism

b :T*Q—T*Q, ¢r(q,p) = (f(q),poDfig)™h,

which preserves the hypersurface X, and whose restriction ¢ |, lies in Cont(Z,, ker w|x,).

Theorem 1.7 Suppose Q is a closed connected manifold with the property that the Betti
numbers of the free loop space A(Q) are asymptotically unbounded. Suppose e > co(H, S2).
Then given any symmetry [ € Go(H, 2), there exist infinitely many invariant magnetic
geodesics with energy e.

The proof is given in Sect. 7 below.

Remark 1.8 Instead of assuming that 2 is exact, one can instead make the weaker assumption
that Q2 is weakly exact. This means that the lift Q of Q to the universal cover é of Qis
exact. In this case one can define the universal Maiié critical value ¢, = ¢, (H, €2) by first
lifting H to a Hamiltonian H : T7*Q — R and then defining ¢, in exactly the same way as
in (96), but for H and primitives of Q instead. If € is exact then one has ¢y < co, and in
general the inequality can be strict [14,34]. The main result of [9,32] asserts that for e > ¢,
one can still define the Rabinowitz Floer homology RFH, (2., T* Q), and that in fact it holds
that RFH, (2., T*Q) = RFH*(S;,k Q, T* Q). These results imply that it is possible to extend
Theorem 1.7 to cover this case.

The existence of invariant Reeb orbits can be seen as a special case of the leaf-wise
intersection problem. Suppose as above that (X, ) is a Liouville-fillable contact manifold
with filling (M1, A1). Denote by M the non-compact symplectic manifold obtained by gluing
¥ X [1,400) onto My, and let ¢: M — M denote a compactly supported Hamiltonian
diffeomorphism. A point x € ¥ is a leaf-wise intersection point for ¢ if ¢ (x) belongs to
the same Reeb orbit as x does. The leaf-wise intersection problem was introduced by Moser
[33], and in a series of papers Albers and Frauenfelder [1-3] showed how Rabinowitz Floer
homology can detect leaf-wise intersection points. If ¢ is a contactomorphism of X then one
can lift ¢ to a compactly supported Hamiltonian diffeomorphism ¢ of M. In this setting leaf-
wise intersection points of ¢ are also called translated points of ¢ by Sandon [35]. When ¢
is a strict contactomorphism, a Reeb orbit is invariant if and only if some (and therefore all)
of the points on the Reeb orbit are translated points of ¢.

In [4], Albers and Frauenfelder asked whether the analogue of the Gromoll-Meyer theorem
holds for leaf-wise intersections. The natural conjecture is:

Conjecture 1.9 Suppose that (X, ) is a Liouville-fillable contact manifold which admits a
Liowville filling (M1, A1) with T (M1, X1) > 1. Then every compactly supported Hamil-
tonian diffeomorphism of (M, d\) has leaf-wise intersection points on infinitely many
different Reeb orbits.

! The fact that one takes —6 in the definition of co is due to our sign conventions.
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On the existence of infinitely many invariant Reeb orbits 201

Theorem 1.6 is thus the special case of Conjecture 1.9 when the Hamiltonian diffeo-
morphism is the lift of a strict contactomorphism. Unfortunately we were unable to prove
Conjecture 1.9; see Remark 5.7 below for an explanation of where our proof breaks down in
the general case.

2 Preliminaries

Let (2, @) denote a Liouville-fillable contact manifold. By definition this means there exists
a Liouville domain (M, 1) such that (M, dA;) is a compact symplectic manifold, ¥ =
dM;, and o = Aq|x. The vector field Y1 on My defined by 1y, (dA1) = A1 is transverse to 2
and points outwards. Since M| is compact, the flow ¢§,1 : My — M is defined for all s <0,
and thus induces an embedding

IS x O 1] My, 1(.r) = ¢y (x). )
Note that [*A; = ra, and I, (rd,) = Y1. We denote by M the completion of M, defined by
M := M Uy (£ X [1, +00)).

We extend A and Y to a one-form A and a vector field Y respectively on all of M by setting
)‘-|M1 = }\1, Y|M1 = Yl and

AlEx[l,400) :==F,  Y|sx[l,400) :=T0p.

Then (M, dX) is an exact symplectic manifold containing ¥ as separating hypersurface.
Moreover the embedding / from (2) extends to define an embedding

I:(SZ,d(ra)) — (M, d>r), 3)

where S¥ := ¥ x (0, +00) is the symplectisation of X. We will always identify ¥ with
Ex{l}jcSxcM. _
The extended phase space is the symplectic manifold (M, @) where

M:=M x T*R,

and w is the symplectic form
w:=dr+dt ANdo, “4)

where (0,7) € R x R* = T*R.
We denote by R the Reeb vector field of o, and ¢, : & — X the Reeb flow. The following
definition was introduced by Sandon [35].

Definition 2.1 Suppose ¢: ¥ — X is a contactomorphism. Thus there exists a smooth
positive function p: X — (0, +00) such that ¢*o = pa. A point x € X is a translated
point of ¢ if there exists T € R such that

@(x) = gp(x), and p(x) = 1. ()
We denote by

Spec(p) := {—1 | there exists x € ¥ such that (5) holds for (x, 7)} (6)
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202 W.J. Merry, K. Naef

The minus sign in (6) may look slightly artifical; the motivation for this is given by Lemma
3.4 below.

In fact the notion of a translated point is a special case of a leaf-wise intersection point;
see Remark 2.5 below.

Example 2.2 Suppose ¢ is a strict contactomorphism, i.e. p*« = «. In this case a translated
point is simply a point x € X such that ¢(¢g(x)) = x for some T € R. But since strict
contactomorphisms commute with the Reeb flow (as ¢.(R) = R), we see that if x is a
translated point of ¢ then every point on the Reeb orbit {¢} (x) | s € R} is also a translated
point:
¢ (#r(0)) = P (9(0)) = P () = 9 (P ) -

Thus the Reeb orbit {¢}%(x) | s € R} is g-invariant. Theorem 1.6, the main result of this
paper, gives conditions under which every strict contactomorphism admits infinitely many
distinct invariant Reeb orbits.

We will now show how to associate to each contactomorphism ¢: ¥ — X which is
contact-isotopic to the identity a Hamiltonian diffeomorphism ® of M with the property that
its fixed points can be identified with the translated points of ¢. We first will need to introduce
a number of auxiliary functions.

In general given a contactomorphism ¢ which is contact-isotopic to the identity, we use
the notation ¢ to indicate a smoothly parametrized path {¢;};c[0,17 such that g9 = Id and

Y1 =¢.
Definition 2.3 A path ¢ = {¢;}0<,<] is called admissible if it is stationary on time [0, 1/2]:
¢ =1d, forallr € [0, 1/2]. (7)

Remark 2.4 This requirement (7) may seem somewhat artifical; its motivation will become
clear in the proof of Lemma 2.6 below. Note that for every contactomorphism ¢ : ¥ — X
which is contact-isotopic to the identity there exists an admissible path ¢ terminating at ¢: if
{¢1}o<t<1 1s any path connecting ¢ = ¢; to Id = ¢, then if x : [0, 1] — [0, 1] is a smooth
monotone increasing map with X(%) = 0, the path ¢ := {¢,()}o<s<1 is an admissible path.

Now let ¢ = {¢;}o</<1 denote any (not necessarily admissible) smooth path of contac-
tomorphisms from Id = ¢y to ¢ := ¢;1. Thus by definition there exists a smooth family of
positive functions p; : ¥ — (0, +00) such that

ol = pa.

The contact Hamiltonian of ¢ is the function/ : £ x [0, 1] — IR defined by

l Or=al—¢
o = .
t t 't t

Here, as in many other places in this article, we write /;(-) for the function /(-, ). Now
consider the smooth function

L:SYx[0,1] =R, L;(x,r):=rl(x). ®)

The Hamiltonian diffeomorphism ¢; : S¥ — SX associated to L is given by

r
K i = : —). 9
¢y (x, 1) (w () py(x)) )
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On the existence of infinitely many invariant Reeb orbits 203

Remark 2.5 A point x € X is a translated point of ¢ if and only if (x, 1) € M is a leaf-wise
intersection point for ¢! .

Let us now take this one step further. We will extend L : S x [0, 1] — IR to a function
L:S% x T*R x [0,1] - R.

This requires several preliminary definitions. Define a smooth monotone increasing function
H: (0, +00) — [—1, 1] such that

r—1, forallre(%,%), 9H
H(r) = { &, forall r € (1, +00), b L (10)
—%, forallr € (O, i),

By aslight abuse of notation we denote also by H the function on S defined by H (x, r) =
H (r). Note that

oH
Xp(x,r)= T(x,r)R(X). (11)
r
Define H: ST x T*R — R by
H:SS xT*R— R, H(x,r,0,1):= TH(x,r)—i—%az. (12)

Now let « : S! — R denote a smooth function with
1
k(t) =0 forallr e [%, 1], and / k(t)dt = 1. (13)
0

We use k to modify the function (12):
H ST xT*RxS' >R, Hf(x,ro1)i=tkc@®Hx,r)+1is% (14
and then finally define
L:SSxTRx[0,1]> R, L/(x,r,0,17):=Hx,r0,1)+Lx,r). (15
The following lemma is straightforward, compare [5, Lemma 2.2].

Lemma 2.6 Let ¢ = {@1}o<i<1 denote an admissible path, and let l; denote its contact
Hamiltonian, and define L as in (15). Then there is a bijection between the translated points
of g1 and the fixed points of @}:.

Proof We first need to compute the Hamiltonian flow of the function H defined in (12). The
Hamiltonian vector field X 7 is given by

Xg&x,r,o,1) =1t Xy, r)+ H(x,r)ds — 00;.
Using (11), we see that a path s — (x(s), 7(s), o (s), T(s)) is an orbit of X 57 if and only if

x'(s) = t()H (r(s))R(x(s))

r'(s) =0,
o'(s) = H(r(s)).
7/(s) = —o(s).
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204 W.J. Merry, K. Naef

Thus the flow <I>;7 of X is given by

N 1
CI>‘;7(x, ro, 1) = (ga;H DSy, r o +sHF), T — 50 — EH(r)sz) . (16)

Since the cutoff functions k and x have disjoint time support, up to reparametrisation the
flow @% of L first follows the flow of X 7 and then follows the flow of the function L (thought
of as a function on ST x T*R x [0, 1]).

However, when we regard L as a function on S x T*R, since L does not depend on the
o and t variables, the Hamiltonian flow of L on S¥ x T*R will preserve those coordinates.
Thus we see that the Hamiltonian flow of L is given by:

H'0) [} (@) d
s (w} Dot “(x))

") [ Kk (a) da -1
_ ’ (,O_y ((p;H (’)j() (a)d (x))) (17)
o+ H(r) [y k(a)da
T—o0 [y k(a)da — %H(r) (fy (@) da)2

The o-component of (17) tells us that if (x, r, o, 7) is a fixed point then H(x,r) = 0,
and so we must have r = 1. The r-component tells us that o = 0. Then comparing the
x-component and the r-component of (17) with (5), we see that (x, 1, 0, 7) is a fixed point
of IZ if and only if x is a translated point of ¢;. This completes the proof. O

2 QN =

We would like to extend the function L from (8) to a Hamiltonian defined on all of M,
and similarly the function L from (15) to a Hamiltonian defined on all of M. This is easy
to accomplish, but we wish to do so in such a way that all 1-periodic orbits of X are left
completely unchanged. This will require a little bit of care; the treatment here follows that of
[5]. Given a constant ¢ > 0, let B, € C*°([0, 00), [0, 1]) denote a smooth function such that

I, rele el

Be(r) = e (18)
0, rel0,e “1U[e + 1, +00).

We now consider the function L€ : M x [0, 1] — R defined by

Be(r)Li(x,r), z=(x,r)eSECM,

Liw= [0, ze M\SS.

The Hamiltonian flow ¢j. : M — M of L¢ agrees with that of ¢} : S¥ — S on the
neighbourhood ¥ x (e7¢, €°) of ¥ C M. Next, since the Hamiltonian H defined in (10) is
constant on (0, 1/4), we can extend H to all of M by defining

~ 9
H(z) = TR forall z € M\SX.
By aslight abuse of notation we continue to denote this extended function also by H. Having

done this we extend the modified function H* : M x S! — R from (14) similarly and then
define as before

L¢:M x[0,1]1 > R, L(z,0,17):=H(x,r,0,7)+ L(2). (19)
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On the existence of infinitely many invariant Reeb orbits 205

We shall show that provided the constant ¢ > 0 is sufficiently large, the 1-periodic orbits
of X7, are unchanged. The following argument is taken from [5, Proposition 2.5]. Suppose
z(t) = (x(t),r(t), 0 (t), T(r)) is a 1-periodic orbit of Xj.. As before we see that o(t) = 0
and that 7(#) = t is constant. Moreover we know that r(#) = 1 for all r € [0, 1/2]. Thus if
we set

S:={reS'|ra)e < )

then S is a non-empty open interval containing the interval [0, %]. Let Sy € S denote the
connected component containing 0. We show that Sy is closed, whence Sop = S = [0, 1]. If
x(t) e X x (e e andt € [%, 1] then r(z) satisfies the equation

. Pr(x(1))
t) = ————- r(t).
=y
Define a constant C(¢) > 0 by
. .
C@ = max /0 max ; 5((;‘))2 ds. (20)

We see that for € So N [4, 1] it holds that

e_c@ <r() < ec@.

In particular, provided we choose the constant ¢ to satisfy ¢ > C(¢) then we see that Sy is
closed. We have proved:

Lemma 2.7 If ¢ > C(9), then every I-periodic orbit of Xj. has image contained in 3 x
(e7¢ ) x Ty R. In particular, every I-periodic orbit is contained in the subset (L = L} C
M.

3 Floer homology on the extended phase space

We denote by A(M) the space of all smooth loops Z : §' — M. We typically write Z(t) =
(z(t), o (1), T(r)), so that z: S — M is aloop in M and (o (¢), T(¢)) is a loop in T*RR.

Definition 3.1 We denote by J}jc A (M ) — IR the classical Hamiltonian action functional
associated to the Hamiltonian L€ from (19), defined by

A7) ::/ [y +/ (r,o')dt —/ Zf(z') dt,
s! s! sl
where we wrote 7 = (z, o, T) as above.

The critical points of Ay, are precisely the contractible 1-periodic orbits of X7.. The
aim of this section is to explain how to construct the Floer homology groups HF, (A7)
associated to Aj.. The construction is very standard, apart from in two respects. Namely,
the Hamiltonian L€ is not coercive. As a result obtaining the L°°-bounds required to define
the boundary operator is rather involved. This difficulty was solved by Abbondandolo and
the first author in [6]. The setting in this paper is slightly different though, and thus we will
go through the compactness statements in detail below, see Sect. 6. Secondly, there is the
question of transversality. The compactness statements proved in Sect. 6 require us to work
with almost complex structures of a specific form, introduced in Definition 3.2 below. Thus
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206 W.J. Merry, K. Naef

one needs to know that transversality can be achieved within this class of almost complex
structures. This is by no means obvious, but the proof in [6, Section 4.2] carries through
verbatim here, and hence we will not dwell on this issue.

Here is the aformentioned class of almost complex structures that we will work with.

Definition 3.2 We denote by 7 the set of smooth families

J ={J(, f)}(t,r)eslxn{*
of almost complex structures on M, which are compatible with —d\, meaning that for each
(t.z,7) € S' x M x R,
(‘5 .>Jt(Z,T) = d)“l’,(‘]l (Z7 T)'v ')s

defines a Riemannian metric on T; M, whose associated norm is denoted by | - |, (z.7)
(warning: choosing J to be compatible with —dX is a slightly unusual choice, but it is
consistent with the choices made in [6]). In addition we require that

sup 1J:(, D)k < 400, VkeNN, 21
(t,7)eS xR*
where || - ||« is the norm taken with respect to some background metric on M. Finally we

require that J is of contact type at infinity, which means that there exists ro > 2 such
that the pulled back almost complex structure 1*(J; (-, 7)) of J;(-, 7) on ¥ X (rp, +00) is
independent of both ¢t € § land 7 € R*, and satisfies

droI*(J;(-,T)) =ra on X x (rg, +00). (22)

Given J € J we then consider the loop J; of almost complex structures on M which is
defined for7 = (z,0,7) € M by

~ 0-1

J Q) =Ji(z,7) @ (1 0 ) ;M & T(O—,f)T*R - T,M& T(U,I)T*]R. (23)

Thus J;, ¢t € S',isa loop of almost complex structures compatible with —w. The corre-
sponding metric

5@ = o: (@)
is the product metric of (-, -) ;,(;,r) with the Euclidean metric of 7*R = R2.

Fix J € J. We denote by (-, -)) s the induced L2-inner product on A(/\7I ) arising from
()7, The L?-gradient of A7 has the form

Tz 1) (2 — e X p (2) — X 1(2))
VA7 (2) = —1t'+o , (24)
o' —k(t)H(2)
for7 =(z,0,7) € A(Ilz ). Thus the Floer negative gradient equation for Az., that is,
du ~ — —~
I +VA; () =0, foru:R— A(M),
s
is the following system of PDEs

ot + o (ut, ) (Bt — e (0 X g ) — X e () = 0,
3s§' _atn+§ =0,
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91 + 8¢ — k() H (u) = 0. (25)
for
ﬁ:(u,;,n):RxSl S MxT*R=M.

We are interested in finite-energy solutions of the above system, that is in solutions u# =
(u, ¢, n) for which the quantity

+00
E@ = [ (a7.am)ds 6)
—00
is finite. Note that as u is a negative gradient flow line, one has
~ o d ~ . ~ . ~
E@) = —/_OO %/A@. (u(s,-)ds = im Age(u(s,-) — sll'foo Age(u(s, )

=sup Az (u(s,-)) — inf Az (u(s,-)).
seR seR

Definition 3.3 We define the action spectrum of Aj. to be its set of critical values:
Spec(Ajz.) := Az (Crit Az.).
Lemma 3.4 Let ¢ denote an admissible path terminating at ¢. Then if ¢ > C (@) one has
Spec(Ajz.) = Spec(¢1).

Proof Suppose 7 is a critical point of A7, for some ¢ > C(¢). Then by Lemma 2.6 and
Lemma 2.7, we can write Z(¢) = (x(¢), r(¢), 0, 7), such that if p := x(0) then ¢, ((p}e (p)) =
p. It thus suffices to show that

Ajc@) =T. (27)

For this we compute:

LAZL.(Z):/ z*k+/ (o, 1) dt—/ Zf(z’)dt
s! Sl —— sl
=0

1/2 1
:/ Z*A—r/ k(1) H(r(t)) dt—/ L{(z)dt
N 0 — 1/2

12 1
= 7:/ k()a(R(x(1)))dt +/ AMXL(2) — Li(z) dt
0 1)) ———

=1

[m}

The key compactness statement, which is very similar to [6, Proposition 1.1], is the
following result.

Theorem 3.5 Fix J € J. Then for any A € R there is a number C = C(A), such that for
every solution u = (u, £, n) of the Floer equation (25) with

[Ajc(u(s))| <A foralls € R,
one has

12l emusty < Co nllemxsty < C. u(® x SN € (M) Ug (2 x (1, ro)).
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The proof is deferred to Sect. 6 below.

Definition 3.6 We say that an admissible path ¢ = {¢;}o<;<1 is non-degenerate if the action
functional A7, is a Morse function for some (and hence any) ¢ > C(9). It follows from [5,
Theorem 1.4] that a generic admissible path is non-degenerate.

As mentioned earlier, the following theorem can be proved in exactly the same way as

[6].

Theorem 3.7 ([6]) The set J introduced in Definition 3.2 is rich enough for transversality
to hold: there exists a comeagre subset Jreg(L¢) C J such that for J € Jreg(LC) the
linearisation of the problem (25) is onto.

Theorems 3.5 and 3.7 imply that for a non-degenerate admissible path we can speak of
the filtered Floer homology HF"” (Az.) for a, b € (—o0, +00]\Spec(Az.), a < b. This
is the homology of a chain complex whose generators are the 1-periodic orbits Z of X7,
with action Aj.(Z) € (a, b). The boundary operator is defined by counting “rigid” negative
gradient flow lines & of Ay (i.e. Fredholm index one) connecting different 1-periodic orbits
of X7.. This Floer homology depends only on the admissible path ¢ and the filling (M}, dA1)
of our contact manifold (X, o). We will use the shorthand notation

HF“Y (@) := HF"Y (A7)

to denote this Floer theory. We abbreviate HF¢(¢) := Hka_oo’“) () and HF,(p) =
HF*° (), and we always tacitly assume that the endpoints of the action windows do not
belong to Spec(Az.), even if this is not explicitly said.

The filtered Floer homology is stable under sufficiently small perturbations. This allows
us to extend the definition of HFf,fl’b) () to the case where the admissible ¢ is not necessarily
non-degenerate. Namely, after making a C °°-small perturbation, one obtains a new admissible
path ¢’ that is non-degenerate. The aforementioned stability property implies that one can

unambiguously define
HF“?) (@) := HF*Y (@), (28)

Givena < b and @’ < b’ such that a < a’ and b < b/, there is a well defined map
HF*? (§) — HF ?)(%). We now use these maps to define the positive growth rate.
Definition 3.8 Let ap denote any finite real number not belonging to Spec(Az.), and let

{ak}k=0.1,2,... be any sequence of real numbers agp < a; < ax < --- such that gy — oo and
such that ax ¢ Spec(Aj.). We define the positive growth rate of ¢ to be

log (dim (im [HFiaO‘ak)(@ — HF0" (@]))
4 () := lim sup -
k> 400 log k

The number I'; (p) takes values in {—oo} U [0, +00] and does not depend on the choice of
ap and the ag, see point (5) below. The word “positive” is a slight misnomer (as ag does not
need to be positive); nevertheless the motivation for the choice of name will shortly become
clear.

Theorem 1.6 is stated in terms of the Rabinowitz Floer homology of the Liouville domain
(M1, A1). Rabinowitz Floer homology was discovered by Cieliebak and Frauenfelder [11],
and has since generated many applications. We refer the reader to the survey paper [4] and
the references therein for more information. We will not define Rabinowitz Floer homology
here, but instead list the properties that we need:
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(1) The Rabinowitz Floer homology is an invariant of a Liouville domain (M1, A1). The
underlying chain complex is a free Z,-module generated by closed orbits in X := d M
of the Reeb vector field R arising from the contact form « := 11|y, together with their
inverse parametrisations, and the points of X, interpreted as constant loops.

(2) The Rabinowitz Floer homology RFH.. (M1, A1) is equipped with an R-filtration, where
the subcomplex RFka“’b) (M1, )1) is generated by those orbits with period in (a, b).

(3) The positive Rabinowitz Floer homology is defined as

RFH (M1, A1) := RFH{ ST (M, 11),

where ¢ is any sufficiently small positive number.
(4) [13, Proposition 1.4] There is a long exact sequence relating RFHI(Ml , A1) with the
symplectic homology of (M1, 11):
oo > H*Y(My, 2; Zo) — SH.(My, A1) — RFH] (M1, 1)
- H* (M, ) > -
(5) The positive growth rate ' (M, A1) is defined in a similar way to Definition 3.8,

and was first introduced by Weigel [40]. Namely, one chooses an increasing sequence
{ar}ren of positive real numbers such that ax — oo and defines

log (dim (irn [RFHS:E*““(MI, 1) — REHF (M), Al)]))

'y (M, Ap) := limsup
k—+00 log k

This number takes values in {—oo} U [0, 400]. It follows from a result of McLean

[30] and the long exact sequence above that the positive growth rate is invariant under

Liouville isomorphism.

(6) Let (Q, g) denote a closed Riemannian manifold, and let DZfQ denote the unit disk
bundle. Let A denote the canonical Liouville 1-form and A := A| D:Q- Then (D; Q, X 1)
is a Liouville domain. It follows from [7,36,39] and [21] that if the function £ +—
rank Hy (A (Q); Z3) is asymptotically unbounded then one has F+(D’gf 0,r) > 1.

(7) Combining the last two points, we see that if Q is a closed manifold such that the
function k + rank Hy (A(Q); Z») is asymptotically unbounded then for any fibrewise
star-shaped hypersurface ¥ C 7*Q, if D(X) denotes the compact region bounded by
Y then I'1 (D(2), MD(E)) > 1.

The reason we are interested in Rabinowitz Floer homology is the following result, which is
the main theorem in [6].

Theorem 3.9 Given any non-degenerate admissible path @, there is a canonical isomor-
phism between HF,.(¢) and the Rabinowitz Floer homology of the pair (M1, A1):

HF.(¢) = RFH. (M1, A1).

Moreover one has
(@) = T (My, A). (29)

The following result is the main one of this paper. Theorem 1.6 is an immediate consequence
of it, Theorem 3.9 and point (7) above.

Theorem 3.10 Let (X, o) denote a Liouville fillable contact manifold. Suppose ¢ is a strict
contactomorphism which is contact-isotopic to the identity with the property that there are
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only finitely many invariant Reeb orbits. Then if (M1, A1) is any Liouville filling of (£, o)
one has

Fy(My, A < 1.

We will prove Theorem 3.10 in Sect. 4 below.

4 Local Floer homology

Our main tool for proving Theorem 3.10 uses the idea of local Floer homology. The idea
behind local Floer homology dates back to Floer, and was first systematically exploited in
[12]. Much later Ginzburg used local Floer homology with spectacular success to prove the
Conley Conjecture for symplectically aspherical manifolds [17] (it has since been proved
in numerous other situations by Ginzburg, Glirel and Hein). In this paper we use a minor
extension of a result of Ginzburg and Giirel [15] on the so-called “persistence of local Floer
homology™.

Remark 4.1 The idea of using Ginzburg and Giirel’s result to prove Gromoll-Meyer type
results is not new; Ginzburg and Giirel themselves indicate such results should be possible
[15, p. 326]. Moreover as mentioned in the Introduction, both McLean [31] and Hryniewicz—
Macarini [24] use this same persistence property to prove related results.

4.1 The definition of local Floer homology

The local Floer homology groups are valid in far more general situations than the restricted
setting outlined in the previous setting. In fact, the local Floer homology groups can essen-
tially always be defined, whereas in general to speak of the standard (Hamiltonian) Floer
homology one needs to make additional assumptions on either the symplectic manifold or
the Hamiltonian. For instance, we are always concerned with non-compact symplectic man-
ifolds, and in this case one needs to impose conditions on the behaviour of the Hamiltonians
at infinity.

Nevertheless, for the sake of a uniform presentation thoughout this section we assume
that (W?", w) is a symplectically atoroidal manifold. This means that for any smooth map
u: T2 — W, one has sz u*w = 0. In addition for simplicity we will assume that ¢ (T W)
is torsion. Suppose L € C®(W x S!, R). We denote by

Ap: A(W) =R, Ar(z):= / T¥w —/ L;(z)dt,
J10,1]xS! sl

where 7 : [0, 1] x S! — Wis a family of loops such that z(0, t) = z(#) and z(1, 1) = zZyef(?)
is some fixed reference loop belonging to the same free homotopy class as z. We denote by
P1(L) = Crit A the set of 1-periodic orbits of X .

Definition 4.2 A subset I' C P;(L) is said to be action-constant if
w,zel = Ap(w)=Ar(2).

Note that if the subset I is connected (as a subset of A(W)) then it is automatically action-
constant.

We denote by
gr(l) = {(Z(t),t) | zel,te Sl} cwWxS!
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the graph of the elements of I'. Similarly we denote by
P(T):={z(0) |zeTl}. (30)

Thus P(I") C Fix(qbi). Going the other way, given a Hamiltonian diffeomorphism ¢ and a
subset P C Fix(¢), a choice of Hamiltonian L generating ¢ gives rise to a subset I'7, (P) C
P1(L) given by

rL(P)={t— ¢;(x)| x € P}.

Definition 4.3 We say that I is an isolated subset of P; (L) if there exists an open precompact
subset N € W x S! containing gr(I") such that if w € P; (L) is any contractible 1-periodic
orbit of X then

g(w)NN#0 = wel.

One calls such a set N an isolating neighbourhood. In the case where L is an autonomous
Hamiltonian one can equivalently take N C W and replace the condition above with the
assertion that if w(S') ¢ N # (@thenw € T.

Remark 4.4 Suppose ¢ is a Hamiltonian diffeomorphism of (W, w) and P C Fix(¢). Then
if L1 and L, are two different Hamiltonians that generate ¢ and I' and I"; the corresponding
subsets of P1(L1) and P (L) such that

P =P = PI),

then I'; is an isolated subset of P (L) if and only if I'; is an isolated subset of P (L>). Thus
it makes sense to say that a subset P C Fix(¢) is isolated if the corresponding subset Iz, (P)
is isolated in Py (L) for any Hamiltonian L generating ¢.

Following McLean [31], we define the local Floer homology HFLOC (L, T") associated to
an action-constant isolated subset of P (L). We need the following three facts about such a
subset I':

(1) Letpr: W x S — W denote the projection onto the first factor, and let U := pr(N).
Given é > 0, let (U, §) denote the set of all smooth functions

FU,8) :={F e C®W x §") [ supp(F) CU x §' C N, [[Fllcigwxsy <3}

Then there exists 69 > 0 with the property that if 0 < § < §p and F € F(U, §), then if
w is any 1-periodic orbit of X 4 r, one has:

gr(w) NN #0 = gr(w) CN.

(2) Forall § > 0 there exists F' € F(U, §) such that if w is any 1-periodic orbit w of X1 F,
one has

gr(w) NN #0 = w is non-degenerate,

that is, 1 is not an eigenvalue of the linear map D¢I{+F(w(0)): TwoyW — Ty W.
(3) Suppose J = {J;},cs 1s a family of almost complex structures on W that are —w-
compatible. Given an isolating neighbourhood N, and F € F (U, §), where U = pr(N),
we write M(L, F, J, N) for the set of all finite energy maps u : R x S! — U which
satisfy the Floer equation dsu + J;(#)(0;u — Xp4+r(t,u)) = 0. Then the following
holds: suppose Ni C Nj are two isolating neighbourhoods of I', with corresponding
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sets U; := pr(N;). Then there exists §; > O such thatif 0 < § < §; and F € F(U, 9)
then

M(L, F,J, Ni) = M(L, F,J, N2).

For instance, to prove (1), we argue by contradiction: If the conclusion is false then we can
find sequences 6y — 0, elements Fy € F (U, 6;), and 1-periodic orbits z; of X p whose
graphs intersect dN. Since supycy, [z [l .2(s1) < +00, by combining the Sobolev embedding
wh2st w)y — ¢S, w)and applying the Arzela-Ascoli Theorem, we deduce that (after

possibly passing to a subsequence) there exists w € C°(S', W) such that z; Sg w. Then w
is necessarily a 1-periodic orbit of X, and since N was an isolating neighbourhood for I', in
factw € I'. But then as w is the limit of the zx’s, we also see that gr(I") intersects the boundary
of N. This is a contradiction. The proof of (3) is similar: if as before one finds a sequence
8 — 0, a sequence J; of almost complex structures, a sequence Fy € F (U, k), and a
sequence uy € M(L, Fy, Jx, No))\M(L, Fx, Ji, N1) then in the limit Gromov compactness
tells us we find an element u € M(L, 0, J, N») with im(u«) not contained in the closure
of Np . But such a flow line is necessarily constant and hence contained in T itself. This
is a contradiction. Actually strictly speaking this argument is not entirely rigorous; a more
sophisticated compactness result than the standard Gromov compactness is required in order
to deal with the case where the Hamiltonian L is degenerate. See [31, p1909] for more details.
Finally, (2) can either be proved via a standard Sard—Smale transversality argument, or by a
local construction as in [37, Theorem 9.1].

The upshot of points (1), (2) and (3) is the following (see for instance [12, p32] for a
more detailed explanation). Fix § > 0 sufficiently small that (1) and (3) hold, and choose
F € F(U, §) such that (2) holds. Define

CF(L, F,N) == P Z (w),
w
where the sum is over all 1-periodic orbits w of X r whose graph intersect N. Fix a generic

loop J = {J;},cs1 of —w-compatible almost complex structures, and define a boundary
operator d on CFLOC(L, F, N) as the linear operator

(w) > Zn(w, w’) (w'),

where the matrix coefficient n(w, w’) is the number of “rigid” (i.e. Fredholm index 1) ele-
ments of M(L, F, J, N) connecting w to w’. The resulting homology is denoted by

HE' (L, T)

and called the local Floer homology of L at I". As the notation suggests, these groups are
independent of the various auxilliary choices made; this is proved using a suitable s-dependent
version of statement (3) above.

Remark 4.5 Transversality in the local setting can be attained within a certain class of almost
complex structures if that class is also rich enough for transversality to hold in the construction
of the full Floer homology groups. This is important, since it shows that in our setting when
constructing local Floer homology groups we are free to use almost complex structures J € J
(cf. Definition 3.2 and Theorem 3.7).

The following result follows essentially from the definition.
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Lemma 4.6 Let L be a Hamiltonian with the property that the full Floer homology groups
HF (L) are well defined. Suppose also that P1 (L) can be written as a disjoint union of isolated
action-constant sets {Ti }reN. Set ¢ ‘= A (Tx). Then for any interval (a, b) C R, one has

rank HF@?) (1) < Z rank HF'°(L, Ty).
k: cxe(a,b)

In fact, up to a grading shift, the groups HFLOC (L, T") depend only on ¢ = ¢ i and the set
P=PT)C Fix(¢11‘) from (30). Thus we will often use the notation HF'°°(¢, P) instead.
Here the lack of “x” is meant to serve as a reminder that the grading is now only defined up
to a shift.

Example 4.7 Suppose that I' C P (L) is a Morse-Bott component. This means that P =
P (T") is a compact submanifold of W with the property that

TP = ker (D) (x) —I), forallx € P. 31

Such a component is necessarily isolated, and each connected component is action-constant.
Then a result of Biran—Polterovich—Salamon [10, Theorem 5.2.2] tells us that

HF'°°(L, T) = H"¢(P; Zy). (32)

Remark 4.8 In Eq. (32), we have adopted the following convenient convention: if an equality
between two different homology groups is written without the %’s, this should be understood
to mean that the equality is true up to a grading shift.

In the next section we will use the following additional results about local Floer homology.
Both of them are very standard, although for the convenience of the reader we provide sketches
of the proofs.

Lemma 4.9 Suppose {w; = w + dis}sefo.1] is an exact deformation of symplectic forms.
Supppose {Lg}sci0,1] is a family of Hamiltonians, and denote by ¢2;;wg W — W the
flow of the symplectic gradient Xy .., with respect to the symplectic form w;. Suppose
Pc s€[0.1] Fix(qﬁ]L: : w:) is a common set of fixed points, which is uniformly isolated in the
sense that there exists a subset N C W x S! such that for each s € [0, 1], N is an isolating
neighbourhood of the set I'y ., (P) C Pi1(Ls; wy). Assume in addition that T'r ., (P) is
action-constant subset (with the same constant for each s). Then

it 1 ~ 1 1
IJIF&())OC (¢Lo;w0’ P) = HFa())f (¢L1;w1’ P) >
where HFL‘;; denotes the local Floer homology defined using the symplectic form wq etc.

Proof (Sketch) By using an adiabatic argument, it suffices to prove the following statement:
assume P is an isolated set of fixed points for ¢1L; > and assume 'y, (P) is an action-constant
subset of Py (L, w). Fix afamily J = {J;},c 51 of —w-compatible almost complex structures,
and fix two isolating neighbourhoods Ny C N C W x § L of I'; (P). Then there exists a
constant § > 0 with the property that if we are given:

o A family {¢;}ser C Q1(W) of 1-forms,
e A family (L };er € C®(W x S') of smooth functions,
o A family {J ;}ser of families of —(w + d¢)-compatible almost complex structures
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such that all families are independent of s for s ¢ [0, 1] and such that
ILs — Lllc2 + 11y = Jller + 105 Lsllc2 + 195 Jsll et + 10585l < 6, (33)

then any finite energy solution u# : R x S' — W of the s-dependent problem d;u +
st () (Ou — X1 .0, () = 0 with u(R x sHcm actually satisfies u(IR x sh c Ny
The argument is again by contradiction, and the key point is that by making the left-hand
side of (33) arbitarily small, one can also make the energy of such a finite energy solution
arbitrarily small. The only difference between this statement and the argument sketched on
page 17 is the fact that the symplectic form now additionally depends on s, and this gives
rise to an extra potentially problematic term in the energy computation. Luckily, this extra
term turns out not to be problematic at all, since we have the following estimate, where the
constant C changes from line to line:

+oo 9
[ () asorac) as
[0,1]x S!
2

< ca(/ (/ |3yus, z)|dt) + 1) ds
0 st
+00

<Cs (/ 19ll3,, ds dr + 1)

—+00
<Cs ( / 15,0 )dstt + X100, )15, , ds dit + 1)

—00

< C(Em) +1).

The upshot is that (33) implies that for any finite energy solution u : R x § — W of the
s-dependent problem d5u + J; ; (u)(3;u — X .00, (1)) = 0 with u(R x Sy ¢ N, one gets
an estimate of the form

E(u) < Ary(u(—00)) — Ar, (u(400)) + Cé(1 + E(u)). (34)

Now the argument proceeds as in the one sketched on page 17 (since we can carry the energy
term on the right-hand side of (34) to the left, provided C§ < 1). O

Lemma 4.10 Suppose (W, w) = (W1 x Wa, w1 ® w») is a product symplectic manifold and
¢ = (P1, ¢2) is a product Hamiltonian diffeomorphism. Assume Py is an isolated subset
of fixed points for ¢1 and P is an isolated subset of fixed points for ¢,. Then the Kiinneth
formula holds:

HF($, P) = HE(¢1, P)) ® HF (¢, P2).

This lemma is stated in [31, Lemma 2.10] (see also [15, Property (LF4), Section 3.2].
The point is that we can choose a split perturbation F = (Fy, F;) to define the local Floer
complex, and also work with a split product J = (J1, J2) of almost complex structures. Then
the statment is essentially obvious.

4.2 Local Floer homology of invariant Reeb orbits
Let us now consider again the situation we are primarily interested in. We adopt the notation

introduced in Sects. 2 and 3. Let ¢ = {g;}o<;<1 denote an admissible path of contactomor-
phisms, and assume that the time-1 map ¢ = ¢ is a strict contactomorphism. Thus if we
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write ¢ o = p;a for a positive family p; : ¥ — (0, +00) of smooth functions, then p; = 1.
We emphasise that we do not assume that the entire path ¢ is strict, only that the terminal
map is. Thus p; is not necessarily identically equal to 1 for 0 < ¢ < 1. Fix some c strictly
greater than the constant C (¢) defined in (20), and denote by L¢: W x S! > R the function
defined in (19).

As explained in Example 2.2, the assumption that the terminal map ¢ is a strict contac-
tomorphism implies that critical points of the corresponding action function Ay, are never
isolated. Indeed, suppose y : R — X is a p-invariant Reeb orbit, and set p = y(0), so that
y(s) = ¢%(p), and there exists n € R such that ¢(y(s)) = y(s — n) forall s € R.

Let us assume that y is isolated in the set of all invariant Reeb orbits for ¢. Then there
are two possible pictures, depending as to whether the orbit y is closed or not. Let us first
cover the case where y is not a closed orbit. Then (cf. Lemma 3.4) we have a component
=R C P(L) = Crit A.:

' ={(z:,0,n) C A(W)|s eR}, (35)
where z,(t) = (x3(t), rs(t)) € SZ, and

t
() = [y (s + nfo Kk(a) da), 0<tr=<1/2, 36)
ey (s +m), 1/2<t<1.
and
rg(t) = b 0=r=1/2, (37)
piy(s+m), 1/2=<t=<1L

Note that with this convention one has z5(0) = (y (s), 1).

Things get particularly interesting when the invariant Reeb orbit y : R — X is closed, say
of minimal period 7' > 0. In this case the component I" described above is diffeomorphic to
the circle rather than the real line. Moreover by iterating the Reeb orbit we geta family {I' }rcz
of components of P;(L¢). More precisely, for each integer k € Z there is a component
r, = st cp (Zc), which corresponds to travelling round the loop y k times (where
negative k should be interpreted as going k times backwards along y), and then following
the loop described above. Explicitly,

Tr = {@sk, 0,0 +kT) C A(W) | s € R/TZ}, (38)
where as before z; 1 (1) = (x5.1(f), rs k(1)) € SX, and
kT) [} da), 0<t<1/2,
xs,k(f):{y(s+(n+ ) Jo k(@ a) =t=1/
o (y (s + 1)), 1/2<t<1.
and r = rs is the loop
, 0<r=<1/2,
Fo(t) = /
pe(y(s+m), 1/2=<t=<1

Note that the loop x;  is not simply the kth iterate of the loop xy 1.

Let D C X denote an embedded hypersurface which is transverse to y at p := y(0).
Then the Poincaré map P: U — D is well defined, where U C D is a small neighbourhood
of p. Explicitly,

P) = ¢ (), s(x):=inf{s >0k € D}. (39)
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Since ¢ commutes with the Reeb flow, the hypersurface ¢! (D) is again transverse to y at
the point y (n). Thus there is a well defined map A: U — D

Aw =g (o @), (40)
where s, : D — R is defined by
Sp(x) := inf {s >0 gp(x) € (p_l(D)}.

Both P and A fix the point p. It is well known that P can be seen as a Hamiltonian diffeo-
morphism of the embedded hypersurface D. In fact, the same is true of A; we will prove this
in Lemma 4.16 below. For now let us just note the following observation.

Lemma 4.11 The germs of P and A commute. That is, on a suitably small neighbourhood
U of p, both PA and AP are defined and equal.

Proof Since ¢ commutes with the Reeb flow, both PA and AP are maps U — D of the
form x — (p((pj’;" (x)(x)) for appropriate functions g and g». Explicitly,

81(x) = s(A(x)) +54(x), g2(x) = 55(P(x)) + 5(x).

Fix x € D and consider for i = 1, 2 the path §; : [0, 1] — X given by §;(r) = (p;g" (x)(x).
Up to shrinking U, this path has the property that §; (0) € D, ¢(6;(1)) € D, and there exists
a unique ¢; € (0, 1) such that §;(¢;) € D. In fact, after further shrinking U, there is at most
one such path, and hence in particular §; (1) = §2(1). Thus g; = g2 as claimed. O

The assumption that y is isolated in the set of all invariant Reeb orbits for ¢ implies that
p € Disanisolated fixed point of A P¥ foreachk € 7. In particular, the local Floer homology
groups HF'° (A P¥, p) are well defined (here we should really write HF'°°(A PX, {p}) to
be consistent with our previous notation). The next result should be compared with [31,
Lemma 3.4] and [24, Proposition 6.1].

Proposition 4.12 One has
HF'°(L¢, Ty) = HF' (AP, p) @ H(S'; Z»). (41)

Remark 4.13 Recall from Remark 4.8 that the lack of *’s in (41) should be understood to
mean that the isomorphism is not grading preserving. Indeed, the local Floer homology
groups HF'°(A P p) are themselves only defined up to a shift in grading.

In order to prove Proposition 4.12, we will localise the problem inside a tubular neigh-
bourhood of y. This is done by the following lemma, whose proof can be found for instance
in [24, Lemma 5.2].

Lemma4.14 Let y : R — X denote a closed Reeb orbit of minimal period T > 0. There
exists a tubular neighbourhood N = B x S' of y (R), where B C R*? is a small ball
centred about the origin, such that, if we use coordinates (q,t) € B x S', one has

(1) a|y = 6—Kdt, where 8 is the standard Liowville formon B C R*2and K : Bx S' —
R is a smooth Hamiltonian such that K (0,t) = —T and dK;(0) = 0, and finally such
that

0,(XE(q.0) —K(q,1) #0, forall (q.1) € Bx S, (42)

where X Ilg denotes the symplectic gradient of K; with respect to d6.
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2) y(s)=1(0,s/T) forall s € R, where s/ T should be read modulo 1.
We will also need the following trivial result.

Lemma 4.15 Let Y € Vect(B) denote a smooth vector field on a manifold B, and let
b € C*°(B) denote a smooth function. Let X := bY. Then the flows ¢}, and % of Y and X
are related by

(0 = ¢PV (), where B(s. x) = /0 b(¢ly () dr.

In the following, we use the notation introduced in Lemma 4.14. One easily checks that the
Reeb vector field is given by
1

R(g,1) = o + XB(qg,t 43
(q.1) eq(xﬁ(q,r»—K(q,r)(’ Fa.n) 43)

To avoid confusion we shall denote the flow of X 113 by fx (instead of say, ¢} ). Thus from
Lemma 4.15, the Reeb flow ¢} : B x S! — B x S!is given by

k@0 = (L @), 1+ Bls, g, 1), (44)
where B is the function defined in Lemma 4.15 associated to
1
b(g,1) = (45)

0,(XE(q.0)—K(g.0)
Using the notation of Lemma 4.14, let us take
D:=Bx{0}=B

as an embedded hypersurface transverse to y at y (0). Then we claim that the Poincaré map
P : B — B from (39) is given by
P(q) = fk(q), (46)

where fx = f11<. Indeed, by definition, the map P satisfies

(P(g),0) = ¢} (q,0),

where s, is the smallest positive number such that (s, ¢, 0) = 1, and hence (46) follows
directly from (44).

The map ¢ may not necessarily preserve B x S', but we can choose a smaller ball B’ C B
that still contains the origin such that (B’ x S') C B x S!. Let us write

@(g.1) = (§(g.1),alg, 1) (47)

in these coordinates (since we are only concerned with the germ of ¢ near {0} x S', from
now on we will abuse notation and think of B" = B). We now examine the map A from (40)
in these coordinates. Recall to define A we start with a point (¢, 0) € B x {0}. Then we
flow along the Reeb flow to the first s > 0 such that the point ¢} (0, x) has the property that
¢(p(0,x)) € B x {0}. In other words, we require that a(¢% (g, 0)) = 0. For this choice of
s we define A(q) := £(p% (g, 0)). Explicitly, this means

A@ =5 (@, v@)., (48)
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where w(q) is defined to be the smallest positive number such that

a (f@.w@) =0. (49)

Note that one can equivalently write w(g) = B(s(gq), g, 0) for some function s(g). For later
use let us note that as ¢ commutes with ¢}, we have

(A(9),0) = ¢(px(g,0))
= ¢x(p(g,0)

= (fECY D (g, 00), alg, 0) + BGs, (g, 0)),
and hence we can alternatively define A by
A@) = (£{7) " &g, 0. (50)

Let us now define another function F : B x [0, 1] — R via the formula

t
Fag.n = [ (0@ - Kg.n) o fi@ar s

One easily checks that
(fk) 0 —0=dF,. (52)

The next result is elementary, and can be proved in a variety of ways (its statement should
be intepreted as a sanity check!). The proof we give is a direct computation.

Lemma 4.16 The Poincaré map A is a Hamiltonian diffeomorphism of the ball B. In fact,
A0 — 0 =dG,
where G is the autonomous Hamiltonian G(q) := F(q, w(q)) and w was defined in (49).

To prove the Lemma we use the fact that ¢ preserves «. Since ¢*o = o and @ = 6 — K dt,
we obtain the following two formulae relating the maps £ : BxS! — Banda : BxS' — S
Given (q,t) € B x S! and @,1) e Ty,n(B x Sy, write 7 = ¢d; for some ¢ € R. Then
using

(@ ) (g, (@, 0) = agg,n(g,0),

we obtain
04(q) = Og(q.n(D15(q. )[@]) — K (¢(q. 1)) D1a(q, 4], (53)

and similarly from

(@ ) (g,0)(0, 1) = 0(q.1)(0, 1),

we obtain
— K(q.1)c = 0x(g,x)(D2E(q, D[i]) — K(@(q. 1)) Dralq, t)c. (54)

Proof of Lemma 4.16 Fix (§,f = cd;) € Tig.n(B x S1). Write

W(g) = (f¢"(9), wg)),
so that A(g) = £(W(q)). Note that

DY @3] = (DFE @I3) +dw@IG1XE (¥ (@), dw(@)d)) (55)
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We compute

(A%0)q(§) = Oa(q)(DA()IG])
= 0a(g)(DE(V(q)) o DY (9)[G])

= b4 | D16V @) (DA @1G) + dw@Id1XE (W () |
=)
+ Oa) (D26 (W (@)dw(@)14])
= (II)

Now using (53), we see that
M = 0w, (DA @131+ dw@I31XF (¥ (9)))

+ K@ @) D1a¥ (@) (D @Ia] + dw@IdIXE (W (@) . (56)
and similarly using (54) we see that
(ID = K (p(¥(9)) D2a(¥(@)dw(@)[d] — K (¥(@)dw(@)[q]. (57)
To proceed further we differentiate the equation
a(W(@) = a(f' (@), wg) =0
with respect to g, which gives us
D1a(W (@) | DY @IG] + dw@Id1XE (¥ (@) | + Daa(¥(@)dw(@Id] = 0. (58)
Thus using (58), we see we can rewrite (56) as
M =60, (DD @11 +dw@IG1XF (¥ ()
—K(@(¥(@) D2a(¥(@)dw(@)[§] (59)
Now we are happy, since combining (57) and (59), we see that terms cancel, and
(A%60)y @) = () + ()
=000, (DFFD @131+ dw@IGIXE (¥ (@) — K (¥ (@)dw (@[]
= dw(@I310 pwio ) (XR (V@) = K@) +0,@) +d Fu @14)

where the last line used (52). But now we are done, since from (51), we see that

d
dG(g)lq] = %F(q, w(@)Ig] = dFug) (@131 + dw(@[§10, (XE (¥(@) — K (¥(9))),

and hence A*0 — 0 = dG as claimed. O

There is another natural way the map A shows up. Let us consider the mapping cylinder
of the Poincaré map P:

E:=BxR/~, (q,1)~ (P(g),t—1).
The mapping cylinder E is a trivial fibre bundle over S', with trivialisation

T:BxS - E T(g0:=(f) "1
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Let us denote by ¢4, : E — E the induced map, defined by ¢} o T = T o ¢}. Explicitly,

Prlg.0) = (q.1+ B(s, fr(@). 1),

where B is as Lemma 4.15.

Lemma 4.17 If ¢ : E — E denotes the map induced by @, then the first component of ¢ is
given by A:

$(q,1) = (A@), a(fg (), 1))

Moreover one can write

a(fL (@), 1) = Bh(g, 0, fECP(A@)), alg, 0)),

where h(q, t) is the smallest positive number such that f(h(q,t),q,0) =t.

Proof By definition, writing ¢ = (£, a) as before, the map ¢ is given by

o0 = ((f,?(f KON (@) a @), r))) (60)
Since ¢ commutes with ¢}, so do ¢ and ¢, and we see that
9. B9, 0)) = §(@l(g, )
o )
=0} ((7£9) €t 0.atq.00)

= (A(g), a(q, 0) + B(h, f{ " (A(g)), alg, 0))),
where the last line used (50). Thus we can alternatively write (60) as
¢, 1) = (A@),a(g,0) + B(h(g, D, f " (A@)), a(g, 0)), (©61)
where h(q, t) is the smallest positive number such that 8(h(q, t), q,0) = t. ]
We will now get started on the proof of Proposition 4.12.
Proof of Proposition 4.12 We have by definition (see the discussion after Lemma 4.6) that
HF°S(L¢, T'y) = HF(®L,, P(T)).

Since HF'*¢(® }ff’ P(T'x)) depends only on the germ of @%E on a neighbourhood of P (I'y),
we can simplify things slightly and drop the various cutoff functions. Thus for the rest of
this section only let us redefine

H:SExT'R—> R, H(x,r,o.t):=1t(0r—1)+ %02,
and write simply @ for the Hamiltonian diffeomorphism of S¥ x T*RR given by
P(x,r,0,7) = (px),1,0,7).
Then

HF' (0L, P(N)) = HE* (@0 0L P(Tp)).
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Set Sy = P(T'x) C ST x T*RR. An isolating neighbourhood for I'; can be taken for instance
as

Ne=E x (3,3) x (=3, 3) x +kT —&,n+kT +¢),
where as before E = B x S! is the mapping cylinder of P. The Hamiltonian diffeomorphism

Q= @% is given in a neighbourhood of Sy C Nj by

, 1
<I>Jl_~1(q,t,r,a,r)= (q,f‘i‘,B(TSa f]t((q)![)7r90 +S(r—1),r—sa—§s2(r—1)),

and thus the composition ® o @}_7 is given by

1+B(t. fl (q).1)
Do @b(q, t,r,0,7T) = (A(q),a (fK B, fk(q ().t + B, fr (@), t)) o

1
-lLLt—o—-—z@r—-1).
+r o 2 (r ))
Note by the definition of E we can alternatively write this as

Dodlig.rro 1) = (APk(q), a (f,;*ﬁ("f}(‘”")(q), t+ BT, fL(q). t))

1
—k,r,o+r—1,71—0 — E(r— 1)).
To complete the proof of Proposition 4.12, we must show that
HF'°(® o ®L, §;) = HF'°(AP¥, 0) @ H¥"8(S; Zy) (62)
We will construct a family {W; }x¢0,1] of (germs of) diffeomorphisms of ﬁk such that
Wo=PodL
and such that
s 1 1
Vi(g,t,r,0,7) = | AP (q),t+;(r—kT—n),r,a+r— l,t—0— E(r—l) ;

and such that Sy is a uniformly isolated set of fixed points for W, for all A € [0, 1]. Moreover
at the same time we will construct a family of symplectic forms

), =w+dg,
where ¢ € Q! (ﬁk) are one-forms vanishing on Sy satisfying
=0, ¢1=0-r)0+(T+ K)rdt, (63)

so that in particular one has

w; =df 4+ Tdr ANdt +dt ANdo.
In addition we will require that

W; € Ham(Ny, w;)

forall A € [0, 1].
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Let us assume for the moment we have constructed such families (W}, £;). It follows from
Lemma 4.9 that

HF[% (Wo, Sx) = HF9C (W), ),

w]
Next, we claim that
HFQS (W1, Si) = HFys (APY,0) @ H(S': 7).
Indeed, if we write
Wi(q,t,r,0,7) = (AP*(q), ¥{(1,r, 0, 7)),

and S; = {0} x S} and w| = d6 + |, then by the Kiinneth formula in local Floer homology
(Lemma 4.10), we have

HFS (W1, Si) = HF5 (AP*, 0) ® HFL‘;,f(\p;, Sp).
Finally, it is easy to check that S; is a Morse-Bott set of fixed points for W{, and thus
HF!% (W, §;) = H*"&(S; Zy) cf. Example 4.7.

Itlremains therefore to construct the families W, and ¢, . There are several ways this can
be done, and the argument is essentially contained in Section 3 of [31], compare also Section
6 of [24]. The idea is to homotope the function b(g, t) from (45) via a family {b; }ic[0,1]
of functions so that by = b, b,(0,¢t) = 1/T for all A, and such that b;(g,t) = 1/T. An
explicit, but unenlightening computation shows that for an appropriate choice of by, we can

choose a family {3 }x¢[0,1) of one-forms satisfying (63) and a family { Hy },.¢[0,1] of functions
satisfying

Hy=H, H =H+K,
such that the symplectic gradient X 7 ., of H), with respect to w), := w +d ¢, is of the form

X, @ 1.7.0,0) = b, 1) (3 + XE@.0) + ¢ = Ddy — 0d.

This means that the flow CIZ'SHA o ﬁk — ﬁk is still of the form

) 1
dDAﬁMwA(q, t,r,o0,7T) = (q, t+ B (ts, f1’<(q), t),r,o+s(r—1),t—s0 — Esz(r - 1)) R

where §, is the function obtained from b, via Lemma 4.15. In particular for A = 1 one has

I _ i3 I P
CDﬁl;wl(q,t,r,a,r)_(q,t+T,r,a+r l,t—o 2(r 1)).

Moreover, using Lemma 4.17, one can find a family a) : B x S I ST of smooth functions
such that ap = a, a,(0,¢t) =t —n/T (mod 1) for all A, and such that ai(q,t) =t —n/T
(mod 1), with the property that if @, is defined by

(g, t,r,0,7) = (AlQ), arn(fk(q). 1), 1,0, 7),

then @, is a family of w,-symplectomorphisms which commute with CIDS[; o Thus the

composition ®; o ® bxwx is given by

ft+ﬁx(r,f,’< (@).1)

B o®p  (q.1,1,0,7) = (A(Q)Jl/\( X @)1+ B fr @) )10
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1
~lLt—o—-(-1),
+r T—o0 7 (r ))
and in particular for A = 1 is simply

1 1
1 _ - _ _ _ - _
[OFIG) (Dﬁllwl (g, t,r,o,1) = (A(q),t+ T(t n),rno+r—1,t—0 2(r 1))

1 1
= (APk(q), ?(r—kT—n),r,a-l—r— l,t—0— E(r— 1)).

It follows directly from the construction that Sy remains uniformly isolated during this defor-
mation, and this completes the proof. O

In the next section we will prove an extension of a result of Ginzburg and Giirel [15] on
the persistence of local Floer homology. The next corollary is an immediate consequence
of Proposition 4.12 and this result (stated as Theorem 5.4 below). We continue to adopt the
notation from Proposition 4.12.

Corollary 4.18 Suppose y : R — X is a closed invariant Reeb orbit for a strict contac-
tomorphism ¢. Assume that Uy is an isolated subset of P (L€) for each k € IN. Then there
exists a constant C > 0 such that

rank HF°(L¢; Ty) < C, Vk e N.
The proof of Theorem 3.10 is by now a standard argument using Corollary 4.18.

Proof of Theorem 3.10 Assume that ¢ has only finitely many invariant Reeb orbits. We will
show that the positive growth rate I'; (M1, A1) is at most 1. Since there are only finitely
many invariant orbits, they are necessarily isolated (as invariant orbits). Let us enumerate
these orbits as 81, ..., 8p, ¥1, - .., ¥y, Wwhere the orbits §; are not closed, and the orbits y; are
closed of minimal period 7. As explained above, each §; gives rise to a unique component
Aj C Py (Zc), and each y; gives rise to a family {I";  }xen of components of P, (ZC). By
Corollary 4.18, there is a constant C > 0 such that for all j, k,

rank HF'*(L¢, A;) < C, rank HF'(L°, T ;) < C.

It then follows directly from Lemma 4.6 that the growth rate of I'1 (¢) is at most 1. Theorem
3.9 then completes the proof. O

5 An extension of the Ginzburg—Giirel theorem
5.1 Statement of the theorem

In this section we will prove a minor extension of a result of Ginzburg and Giirel on the
persistence of the local Floer homology groups under iteration of an isolated fixed point of
a Hamiltonian diffeomorphism.

Definition 5.1 Suppose that ¢ is a diffeomorphism of a smooth manifold M and x € M is
a fixed point of ¢. Let A1, ..., A;, denote the eigenvalues of Dg(x) (with multiplicities). We
say that an integer k € N is (¢, x)-admissible or simply admissible if

)\le = M=1, Vi=1,...m.
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If x is an isolated fixed point of ¢ and k is admissible then x is necessarily also an isolated
fixed point of ¢¥ ([15, Proposition 1.1]). The following result is proved in [15, Theorem 1.1].

Theorem 5.2 Let (M, w) denote a symplectically aspherical manifold, and suppose r is a
Hamiltonian diffeomorphism of (M, w). Suppose x € M is an isolated fixed point of . Then
for each admissible k one has

HF(y, x) = HF (¢, x), (64)
i.e. the local Floer homology groups persist under iteration (up to a degree shift).

Definition 5.3 Suppose that ¢ and  are two diffeomorphisms of a smooth manifold M™, and
x is an isolated fixed point of both ¢ and 1. Assume the linear maps D¢ (0) and D (0) com-
mute. Let Ay, ..., A, denote the eigenvalues of Dy (x) (with multiplicities), and w1, . .., in
denote the eigenvalues of D (x) (with multiplicites), ordered so that for every k € N the
eigenvalues of D(py¥)(x) are precisely A ,u’f, voos Ak . We say an integer k € N is
(¢, ¥, x)-admissible or simply admissible if

rMpb=1 = n=1 and w=1, Vi=1,...m.
Here we will prove the following generalisation of Theorem 5.2.

Theorem 5.4 Let (M, w) denote a symplectically aspherical manifold, and let ¢ and
denote two Hamiltonian diffeomorphisms of (M, w). Suppose x € M is an isolated fixed
point of both ¢ and , and that the linear maps D¢ (0) and Dyr(0) commute. Then there
exists k* > O with the property that for every k > k* which is (¢, ¥, x)-admissible, one has

HF¢(oy*, x) = HF* (¢, x).

Remark 5.5 In fact, in [15], the authors prove rather more than is stated in Theorem 5.2.
For instance, denoting the degree shift in Theorem 5.2 by my, they show that the limit
limy— oo my/k converges to the mean index of x. See [15] for more information. We will
not need these properties in this paper.

We will prove Theorem 5.4 in Sect. 5.3 below. An easy corollary of Theorem 5.4 is the
following result.

Corollary 5.6 Let (M, w) denote a symplectically aspherical manifold, and let ¢ and
denote two Hamiltonian diffeomorphisms of (M, ). Suppose x € M is a fixed point of both
@ and ¥, and the the linear maps D¢ (0) and D (0) commute, and that x is an isolated fixed
point of ¥ forallk =0, 1,2, .. .. Then there exists a constant C > 0 such that

rank HF' (oy%, x) < C, forallk =0,1,2,....

Proof There are two ways an integer can fail to be admissible. Firstly, if there exists p € N
such that both Dgp(0) and Dy (0) have a pth root of unity as an eigenvalue, say A and p
respectively. Then if m is the minimal positive integer such that Au™ = 1 then every integer
of the form m + Ip will fail to be admissible. Secondly, it could happen that D¢ (0) has an
eigenvalue A which is not a root of unity, and Dy (0) has an eigenvalue & = A!'/¥. Then k will
also not be admissible. However for each eigenvalue A of D¢(0) that is not a root of unity,
the second possibility can only happen for at most one iterate y*. Thus there exists ko € N
such that for k > ko, the only way k could fail to be admissible is via the first possibility.
Now let us deal with the first possibility. Suppose for simplicity that D¢ (0) and D (0)
both have a pth root of unity (p > 1) as an eigenvalue, say A and u, but no other common
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roots of unity for eigenvalues. Let 1 < m < p be the minimal positive integer such that
Au™ = 1. Then as we already noted, every number of the form m + Ip will fail to be
admissible. But in this case we simply set ¢ := ¥ and ¥ := . Then by assumption,
every integer k > (ko — m)/p is (¢, ¥, x)-admissible, and we can apply Theorem 5.4 to ¢
and 1/~/ Finally, the general case is similar: if D¢ (0) and D (0) have multiple common roots
of unity as an eigenvalue, then it is easy to see that we can find finitely many pairs (¢;, v i)
all of the form ¢; = @™/ and v j = YPi for some integers (m j, p;) such that every integer
k € N is either (¢, ¥, x)-admissible, or (¢;, 1ij, x)-admissible for some j. See for instance
[24, Lemma 6.5] for a proof of a similar statement. ]

Remark 5.7 We conjecture that the assumption in Corollary 5.6 that D¢ (0) and D (0) com-
mute is superfluous (but not in Theorem 5.4) As explained in the Introduction, this would
allow us to extend the results of this paper to prove the existence of infinitely many geomet-
rically distinct leaf-wise intersections for all Hamiltonian diffeomorphisms, rather than just
those arising from lifts of strict contactomorphisms; this is the statement of Conjecture 1.9.

5.2 Generating functions and local Morse homology

Before proving Theorem 5.4 we will need to recall some preliminaries on generating functions
and local Morse homology. Let us begin by fixing once and for all some sign conventions.
We will always use coordinates (xi, ..., Xp, Y1, ..., Yp) ON R?", and we equip R2" with the
canonical symplectic form

n
wy = Zdyj /\de.
j=1

We denote by R?" the same space but endowed with the symplectic form —awy. The symplectic
gradient X r of a smooth function F : R?* — R is given as usual by wo(XF, -) = —d F(-),
which implies that

XFp(x,y) = (02F(x,y), =01 F(x, y)). (65)

We will also work with the cotangent bundle T*R?". We will often use the notation (g, p)
to indicate elements of T*IR>", so thatg € R*" and p € Tq*IRQ". We endow T*IR?" with the

symplectic form wey, = 23';1 dpj Ndg;.
Definition 5.8 Consider the symplectomorphism F : R?* x R*" — T*R?" defined by
Fx,y,%,¥) =&, y,y—y, X —Xx). (66)

Note that F carries the diagonal A C R?*" x R*" onto the zero section Ogan C T*R?*, and
if

N :=R" x {0} x {0} x R",
then F(N) = T{R?".
Given a diffeomorphism of R?", we denote by

gr() = {(x, y, p(x, y) | (x,y) € R*"}
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the graph of ¢ in R¥" x R?". Note that gr(¢) is a Lagrangian submanifold of R*" x R?" if
and only if ¢ is a symplectomorphism. Similarly if F : R*" — R is a smooth function, we
denote by

er(dF) = {(q.dF(9)) | ¢ € R*"}

the graph of the one form d F inside T*IR>*. Writing ¢ = (x, y), so that x, y € R", we can
alternatively write

gr(@dF) = {(x,y, 01 F(x, y), 2F (x, ) | (x, y) € R*"}.
The submanifold gr(d F) is always a Lagrangian submanifold of 7*R?".
Definition 5.9 Suppose ¢ is a Hamiltonian diffeomorphism defined on an open neighbour-
hood U of the origin 0 € RR?". Assume that ¢(0) = 0 and that
1
[De(z) —1d|lco < 5 VzeU. 67)

This condition ensures that the submanifold gr(¢) is sufficiently C°-close to the diagonal A
so that there is a well defined function F' such that

F(gr(p)) = gr(dF). (68)

We call F the generating function for ¢. The function F is unique up to a constant, and
hence we normalise F' by requiring that F(0) = 0. Note that 0 is a critical point of F. One
can show that 0 is an isolated fixed point of ¢ if and only if O is an isolated critical point of
F, and that there exists a constant C (independent of ¢) such that

IFllc2y = Cllo —Wdllc1 - (69)

To make things more explicit, let us temporarily use the notation ¢(x, y) = (X, Y) for
X =X(x,y),Y =7Y(x,y). Then from (66) and (68), we see that

X,y,y-Y, X—x)=WX,y,h F(X,y), 2 F(X,y)).

Using (65), this is equivalent to

px,y) —(x,y) = Xp(X, y). (70)
It is convenient to introduce the auxilliary map f defined by
fxy) =X, y). (71)

Since ¢ is C'-close to the identity the map f is a diffeomorphism on a suitably small
neighbourhood of the origin. Then we can rewrite (70) as

p(x,y) = (x,y) = Xp(f(x, ). (72)

In fact, in this section we will only ever be concerned with the case when our Hamiltonian
diffeomorphism ¢ is maximally degenerate, meaning that all the eigenvalues of D¢ (0) are
equal to 1. In this case by making an appropriate symplectic change of basis we can always
ensure that (67) holds. To prove this fact we use the following lemma, which is just symplectic
linear algebra. The statement and proof are almost identical to [17, Lemma 5.5] (which deals
with the case of a single symplectic matrix), but for the convenience of the reader we repeat
the proof here. In the statement, for a m x m matrix A, the notation || A|| denotes the norm of
A, thought of as a vector in IR™. Moreover we use the letter  to denote the identity matrix
of any given size.
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Lemma 5.10 Suppose ¢, { are two Hamiltonian diffeomorphisms of (M, w). Assume that
x € M is an isolated fixed point of both ¢ and . Let ® := D¢(x) and ¥ := D (x), and
assume that:

o & and V commute.
o All of the eigenvalues of ® are equal to 1, and all of the eigenvalues of V are equal to 1.

Set V := T M. Then there exists a splitting
V=LolL

into two Lagrangian subspaces, such that both ® and V preserve L. Moreover for any
e > 0, we can choose a linear coordinate system

(x(8), ¥(€)) = (x1(8), ... Xa (), y1 (&), ..., yu(e)) € B(r(e)) C R*
on V such that the x;(g) span L and the y; (&) span Lo, and such that
& —1lle <& V-1l <e,

where || - ||¢ denotes the norm induced by the coordinate system (x(¢g), y(¢)). Moreover,
provided ¥ # I, there exists a constant ¢ > O such that for all ¢ > 0 sufficiently small,
W =1l =& =1 = . (73)

Proof We prove the result by induction on dim M = dim V. If dim M = 2 then the result is
trivial. For the inductive step, set K := ker(® — I') Nker(¥ — I). Since ® and ¥ commute,
the nilpotent matrices & — [ and ¥ — [ also commute, and elementary linear algebra tells
us that K # {0}. There are three cases to consider:

(1) K contains a symplectic subspace W.
(2) K is an isotropic subspace but not Lagrangian subspace of V.
(3) K is a Lagrangian subspace of V.

Case (1) is easy, since in this case we can split V. = W @ W, where W is the symplectic
orthogonal of W. Both @ and W preserve this splitting, and ®|y = W|w = I. Now apply
the inductive hypothesis to ® |y« and ¥|w«. Case (2) is more complicated. Since K is not
Lagrangian, this time K“ contains a symplectic subspace W which is complementary to K.
Fix an isotropic subspace U of V which is complementary to K. Both ® and W preserve
K and K®. Moreover since U = V/K® = K*, we see that

Dl =VIxg =1, Ply=V¥y=1

Both @ and V¥ induce maps ®o, Vo € Sp(W, ww), where wow := w|wgw, such that &g
and ¢ have all their eigenvalues equal to 1. By the inductive hypothesis, there exists a
decomposition W = L} & L/ such that both ® and Wq preserve L. Set

Li=K®L), L=U®L.
With respect to the splitting
V=KoWaoU,

we can write

I X Y I X Y
d=|0 Py Z]|, v=|0 ¥ Z
0o 0 I 0o 0 I
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for some matrix operators X, X' : W — K, Y, Y : U —- Kand Z,Z' : U — W.
Moreover the inductive hypothesis tells us that there exists a linear symplectic transformation
Co € Sp(W, ww) preserving the decomposition W = L’1 (&) L’2 such that C()<I>0C07l and
Co¥oCy ! are arbitrarily close to the identity. Now fix a matrix D € GL(K) and consider
the symplectic matrix

D 0 0
C=10 C(y 0 ,
0 0 (9!

where as above we identified U with K*. Note that C preserves the splitting V = L & L.
We have
I Dxc,' DYD* I DX'Cc,' DYD*
CoC'=[0 CydoCy! CozD*|. C¥C'=[0 CowC,! Coz'D*
0 0 1 0 0 1

Since D is close to zero if and only if D* is, it is clear from this expression that we can
now choose D so that both C®C~! and CWC~! are themseleves arbitrarily close to the
identity. Finally Case (3) is like Case (2), only easier. In this case we choose a complementary
Lagrangian subspace L of V and consider & and W with respect to the decomposition

V=K&L:
I A I B

for A, B : L — K. We identify L with K*, and as before choose a map D € GL(K). Then
for
D 0
€= (o (D*)—l)

1 _ (1 DAD* _1_ (1 DBD*
coc _(0 ;) cvet=(, 7T )

we again have

As before, it is clear for an appropriate choice of D we can make C®C~! and CWC~!
arbitrarily close to the identity.

It remains to prove (73). We have shown that there exists a splitting V = L; @ L into
two Lagrangian subspaces, and that we can choose a linear coordinate system

X, ¥) = (X1, oo, X, V1o o v o5 Vi)

on V such that the x; span L; and the y; span L3, such that with respect to this coordinate

system, we can write
I A I B
=5 1) v=( 1)

where A and B are two commuting symmetric n X n matrices. Given ¢ > 0, we denote by
(x(e), y(e)) the coordinate system obtained by conjugating with the symplectic matrix

el 0
0 &)

@ Springer



On the existence of infinitely many invariant Reeb orbits 229

Thus
I — Il =e*|All, ¥ — 1. =e*||B].
In particular, (73) follows with

e
IB]

Let us quickly recall the definition of local Morse homology.

Definition 5.11 Let F : M — R denote a smooth function on a manifold M, and suppose
X € M is an isolated critical point of F. Fix neighbourhoods U C V C M of x such that
Crit F NV = {x}. Choose a C!-small perturbation G of F such that F = G outside U
and such that G|y is a Morse function on V. Fix a Riemannian metric g on M such that
g is Morse-Smale for G|y. By construction every (broken) gradient flow line of —V,G
of G whose asymptotes lie in V never leave U. Thus the subspace of the Morse complex
CM(G) of G generated by the critical points of G in V' is a subcomplex, and hence it makes
sense to speak of its homology. We denote it by HM'°(F, x) and call it the local Morse
homology of F at x. The notation makes sense since the usual continuation arguments show
that the homology of the subcomplex of CM(G) generated by the critical points of G in V
is independent of the perturbation G.

A key property of local Morse homology is that if { F},¢[0,1] is @ smooth family of smooth
functions and x € M is a uniformly isolated critical point (i.e. there exists a neighbourhood
U C M of x such that (UtE[O,l] Crit Ft) N U = {x}) then the local Morse homology groups
of F; at x are independent of . We refer the reader to [17, Section 3.1] for more information
about local Morse homology.

The following theorem, which is due to Ginzburg [17], connects the local Floer homology
of a maximally degenerate isolated fixed point of a Hamiltonian diffeomorphism ¢ with the
local Morse homology of its generating function. We state only the special case that we need.

Theorem 5.12 Suppose ¢ is a Hamiltonian diffeomorphism of a symplectically aspherical
manifold (M*", w). Suppose that ¢ has an isolated fixed point at x, and that all the eigenvalues
of Dy(x) are equal to 1. Then for any € > 0, there exists a local symplectic coordinate system
¢ :U — B(r) C R*, where U is a small neighborhood of x, such that

Igos™" = Mdllc1(pey) < & (74)

Moreover if ¢ is sufficiently small then if F : B(r) — R denotes the generating function of
coc ™), one has
HF'°° (¢, x) = HM'°(F, 0). (75)

Here (74) follows directly from Lemma 5.10, whereas (75) is much deeper. The next
result, which is the main one of this section, is a minor extension of [15, Claim 4.1, p339],
which deals with the case where ¢ = 1d.

Theorem 5.13 Suppose ¢, are two Hamiltonian diffeomorphisms of a symplectically
aspherical manifold (M, ®). Suppose that 0 is an isolated fixed point of all three of ¢,
Y and ¢, and assume that the linear maps D¢ (0) and Dy (0) commute, and that all the
eigenvalues of Dp(0) and D (0) are equal to 1. Then for all k sufficiently large, one has

HF¢ (¥, 0) = HF'°(y, 0).
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Proof Let us begin by giving a heuristic idea of the proof. We warn the reader that this
argument contains a technical gap, which will be fixed below. Since Dg(0) and Dy (0)
commute and have all their eigenvalues equal to 1, by choosing an appropriate symplectic
basis we may assume that both ¢, ¥ and each iterate py* have well defined generating
functions F, G and Ky respectively. By assumption O is an isolated fixed point of all of F, G
and K. Fix an iterate k, and consider the function

Hi(z,t) = tKp(2) + (1 — kG ().

The main step in the proof will be to show that there exists an integer ko such that if k > ko
then O is a uniformly isolated fixed point of Hj. Therefore by invariance of local Morse
homology one has

HM!° (K}, 0) = HM'*°(k G, 0).

From this the result follows, since by Theorem 5.12 one has HF" (g%, 0) = HM'(Ky, 0)
and HF°(yr, 0) = HM!°°(G, 0) (and clearly HM'°°(G, 0) is invariant under replacing G
by a scalar multiple of G). This argument is essentially the same as the argument in [15,
Claim 4.1, 339]. Unfortunately there is a small gap in the reasoning above (which does not
occur in the setting studied in [15, Claim 4.1, 339]). Namely, in reality in order to define
the generating functions F, G and Ky, we first fix an integer k1 € N, and then choose a
symplectic basis such that all of ¢, ¥ and gm//l for 1 <1 < k; are sufficiently C!-close to the
identity so as to admit generating functions. And herein lies the problem: a priori, the integer
ko depends on the original integer k; we choose, and of course the argument is meaningless
unless we can make sure that kg < k1! Luckily it turns out that this can be done (this is the
point of (73) in Lemma 5.10).
Let us begin by choosing a family

g = (x(e), y(e)) : U(e) > B(r(e)) C R
of local coordinates as specified by Lemma 5.10, so that

Icewts " = 1dletaeey) <26 12:¥e" —1dle o)) < 26

with a constant ¢ > 0 such that

D&y ge ™) = Il — 1D Cepte™)(0) — 1] > &*

for all ¢ > 0. Choose an integer kg > ¢, and select k; > 2ko. Now choose ¢ > 0 sufficiently
small so that , for each 1 < [ < ki, the maps §8<p§8_1, ;Swgg‘l and {ggmpl{;] all admit
generating functions F, G and K; respectively, with

HF°(py!, x) = HM'°(K;, 0), and HF'(y, x) = HM'°(G, 0).

Up to shrinking r (&), we may additionally assume that:

g2

i DN = 1| — Dot D) — 1) > —. 76
Czegl(lr?a» I1DCevse™ )(z) — 1] Zerg(%))ll (Cewte )(2) — 1 > (76)

From now on we will write simply ¢ instead of gggoge’l and similarly for v, and abbreviate
r = r(e). We will prove the result in three stages. As before, let us define auxilliary functions
f, g, k; so that for z € B(r),

9(2) —z2=Xr(f2), ¥ —z=Xc(g@), 9¥' (@) —z= Xk (k(2)).
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Step 1: We prove that foreach 1 <[ <k,
1 Xk, (ki(2)) = [XG(g(2)) — Xp(f (@) = O Xc(g@)]l. )

We argue by induction on /. Since for / > 1 one has

ov'@ —z= (o9 = 1) W) + ¥ (@) — 2,
we see that

Xk, (ki(2)) = Xk,_ (ki1 (¥ (2))) + X6 (g(2)).
Thus for [ = 1 we can estimate
Xk, (k1(2)) — XF(f(2)) — XD = IXr(f (¥ (2))) — Xr(f )
< I XFllctl fller ¥ (2) =zl

< IXrlletflictXe (@)
= 0| Xg (gDl
Now for the inductive step we argue as follows:
Xk, (ki(z)) = X (g(2)) = Xr(f ()]
=Xk (ki1 (¥ (2)) = (I = DX (g(2) = Xr(f ()]
= Xk (k-1 (¥(2) — Xk (k-1 )l
+ 11Xk (ki-1(2)) — (0 = DXG(g(2)) = Xp(f (I
< Xk et lki-tller 1Y (2) = zll + O (&) 1 X6 (g ()l
= 0(e)Xc (g

The claim follows. As a consequence we also obtain the following inequality for 1 <[ < k;:

Xk, (ki @)l = 1 Xk, (ki(2)) = 1XG(8(2)) = XF(f @I+ UHXc QDI+ I XF(f @I
= U+ 0ENNXc(ENI+IXFCf DI (78)

Step 2: Now consider the vector field
Yi(z, 1) =1 Xk (ki (z) + (1 = )X (g(2)),
and observe that by Step 1,

1Yi(z, Ol = X6 (NN = I XF(f @) — 1 Xk, (ki (2)) — 1X6(g(2)) — Xr(f ()
= (= 0ENIXcEENI = IXF(f DI (79)

We now introduce for ¢ € [0, 1] the homotopy
Hi(z,1) == 1K;(2) + (1 = )IG(2).
We have
1Yi(z, 1) = Xpy (2, Ol = 1 Xk, (ki (2)) — Xk, (DN + 11 X6(8(2)) — X ().
Since

Xk, (ki () — Xk, ()| < IIXK, o1 ki (2) — z
< IXg e lley' () -zl
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= Xk llct 1 Xk, (ki ()l
= 0(&)|| Xk, (ki)
= 0(e) (IXc DI+ IXF(f NI,

where the last line used (78), and similarly

1X6(g(z) — X () = 0@ X (gl

we see that
1 Xm (Ol = 1Yz, Ol — 1Yi(z, 1) — Xp,(z, D]
> (= 0ENIXc@E@@NI — A+ OENIXF(f @)
> (= DIXc@EENI = 21X (f NI (30)
Step 3: We now prove that for each 2kg + 1 <[ < ky,
(= DIXG@E@)I = 21Xr(f@)Il = U —2ko — DI X6 (@) + Izl (381)

Indeed, for any diffeomorphism 6 of B(r) with 6(0) = 0 one has for z € B(r) that

1
0(z) = (/ DO(tz) dt) - Z,
0

( min ||09(w)||) lzll = 18I = ( max IID9(w)|I) llzll.
weB(r) weB(r)

and thus in particular

Thus applying this with & = ¢ — Id and & = ¢ — Id, and using (76), we see:

(I =DIlIXcg@)I = (€ =2ko — DI X (@) + 2kol| X (g ()l
> (= 2ko — DIIXc (@) + 2¢l¥(2) — zll
> (= 2ko — DIIXg (@) + 2¢ wrélzia?r) DY (w) — Izl

> (I — 2ko — DIIXc(g@)] +2 max [|Dp(w) — Iz]| + &*|lz|
weB(r)
> (I — 2ko — DIIXc (@) + 2lle@) — zll + €|z

= (I — 2k — DIIXG (@) + 21X (f @) + 2],

which establishes (81). Now we combine (80) and (81) to see that for 2kg + 1 < [ < ky, one
has

X5 (2. Ol = (= DIXc (@@l = 21X F(f @)
> (I =2k — DI XG (g + &7 ]z]l-

Since g is a diffeomorphism which fixes 0, one has g(z) = 0 if and only if z = 0. Since by
assumption 0 is a uniformly isolated zero of X, it follows for z sufficiently close to 0, one
has

Xg(z,) =0 <= z=0.
Thus by invariance of local Morse homology, one has
HM(H (-, 0), 0) = HM"*(H(-, 1), 0).

which is what we wanted to prove. O
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5.3 The proof of Theorem 5.4

With these preliminaries out of the way, let us get started on the proof of Theorem 5.4. Since
the statement is a purely local statement, we may assume without loss of generality that
M, w) = (IR2”, wp) and that x = 0. Let us abbreviate

® := Dp(0), W := Dy (0),

so that by assumption &, ¥ € Sp(2n) commute. Following [15], to prove Theorem 5.4 we
will first prove the result in two special cases.

Case 1: The non-degenerate case

Fix an admissible k, and suppose that ®W* has no eigenvalues equal to 1. Then 0 is a non-
degenerate fixed point of ¢/*, and in particular is a Morse(-Bott) component of Fix (/).
Thus

HF'(py*, 0) = H({pt}; Zo),

by Example 4.7.

Case 2: The maximally degenerate case

Fix an admissible k, and suppose that all the eigenvalues of ®W* are equal to 1. Thus since
k is admissible, all the eigenvalues of @ and all the eigenvalues of W are also all equal to 1.
Thus in this case every k is trivially admissible, and we must show that for all £ sufficiently
large the local Floer homology groups HF'°°(py¥, 0) are isomorphic (up to a degree shift).
This follows directly from Theorem 5.13.

Case 3: The general case

Fix an admissible k. Write R*" = V @& W, where V and W are linear ®W*-invariant
subspaces such that ®W¥|y has all its eigenvalues equal to 1 and ®W*|y has no eigenvalues
equal to 1. By the argument of [15, Section 4.5], we can homotope ¢v/* to a Hamiltonian
diffeomorphism 6 in such a way so that 0 remains a uniformly isolated fixed point, and such
that 0 is split, i.e: 0(z) = (By(2), 0w (z)) € V & W. Then by the Kiinneth formula (Lemma
4.10), one has

HF' (%, 0) = HF'°(9y, 0) ® HF' By, 0).

Since 0 is a non-degenerate critical point of Oy, the argument above tells us that we have
HFloc (6w, 0) = H({pt}; Z3). We would like to apply Case 2 to 6y, but in order to do this
we must exhibit 6y as a product Oy = 9195 , where the §; : V — V are Hamiltonian
diffeomorphisms such that the linear maps D68 (0) and D6, (0) commute and have all their
eigenvalues equal to 1. To accomplish this, consider two more splittings:

R = Ve ® Wo, R¥ =Vy @ Wy,

where Vg and Wo are linear ®-invariant subspaces such that ®|y, has all its eigenvalues
equal to 1 and @[y, has no eigenvalues equal to 1, and similarly for W. As above, by [15,
Section 4.5] we can homotope ¢ and v to maps 6, and 6y, in such a way that O remains a
uniformly isolated fixed point, and such that 6, = (6,1, 0y,2) and 0y = (0y, 1, Oy 2) are split
with respect to these decompositions. Since k is admissible, it readily follows that

V =Ve N Vy,
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and since ¢ and ¥ commute, the maps 6, | and 6y, | commute and preserve V. Thus 6y =
Oy, 10{; 1» and we can apply Case 2 to deduce that (for k sufficiently large):

HF' (py*) = HF'*(6y, 0) = HF'** (9,16}, |, 0) = HF' (9.1, 0) = HF' (4, 0).

6 L°°-estimates

In this section we will prove Theorem 3.5. In a slightly different setting the proof is carried out
in [6, Section 3]. There are some minor modifications required here, and hence we give a fairly
complete proof below, omitting only those stages which are identical to their counterparts in
[6, Section 3].

Lemma 6.1 We show that for any 7 = (z,0,7) € A(AZ) and any ¢ > 0, one has the
implication:
~ e
IVAZ @l <5 = max [HEO) <e. (82)
Proof We first prove the weaker statement that

i [HEO)] < VAR @l s (83)

This is clear if H(z(¢)) = 0 for some ¢t € [0, 1/2]. Thus without loss of generality assume
that H(z(t)) > Oforall t € [0, 1/2]. Then we have

min |H(z(t))|= min H(z(t
te[0,1/2]| (z(@®)] o (z(2))

min H(Z(I))/ K (t)dt
s1

1e[0,1/2]

/ k(1)H (z(1)) dt
sl

IA

<llo" = kH@) 1251

< IVAz @l 1251
where we used (13) in the second line and (24) in the last line. We now use (83) to prove
(82). Indeed, the hypotheses of (82) together with (83) tell us that

&
in |H(z(t -,
te{{)l,lln/ZJI (z(M)] < >

If it is not the case that |H(z(¢))| < e for all + € [0, 1/2] then there exists an interval
[f0, t1] C [0, 1/2] such that

S =IHG@) e forallr € [n.n].
with

|H(z(t0)) — H(z(t)] = %

Then we estimate

% = |Hz(1)) — H(z(tp))]

dt

1 d
/ — H(z(1)) dt
0]
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t t
S/I IdH(z)[z’]Idt=/lId?»(XH(z),Z')Idt
1

0 fo

n
Q/ jdr (X (2,2 = X (2) = X 15 (2)) | dt
1

0

n
= / X1 (@10l = tXen (@) = X (@) dt
1

0
n

< ||XH||L°°(M)/ 12— t X (2) = X e @)y, @y dt

0]

< I XullLemnIVAz @l 251

where () used the fact that dA(X gy, Xg) = 0 and that Xpe = 0 for ¢ € [0, 1/2]. Now (82)
follows, since from the definition (10), one has || X g [|zoc i) < 1. ]

Lemma 6.2 Fix ¢ > C(@) and choose ro > max{2, ¢} and assume that I*J is of contact
type on T x (rg, +00). Suppose that 7 = (z, o, T) satisfies z(S') € My Us (= x (1, rg])
and A, B > 0 are such that

|AZ¢'@| <A, ||U||L2(Sl) <B.
We prove that there exists a constant C > 0 such that the implication
1
VA7 @Dl 251y < 3 = Tl poo(sry < C, (84)
holds.
Proof First note that

Il 2s1) < 17" = ol 251y + B
”VAZC@”LZ(SI) + B

1
-+ B.

8
/z*k—/ L°R)dt
St N

IA

IA

Next, we have

<A@+

/S (o' 7) dr
/S (o7 di

<A+ lolenylt e

=[Az.@)|+

B 2
<A+ +B%
8
Set
N = r0||k||Loc(M1) < 400

(note that in the line above we have written M| not M!). Denote by

K = /Sl max [A(X ¢ (2)) = L{ (2] dr.
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Remark 6.3 It follows from (8) that (ra)(Xy,) = L;. Thus the constant K is only non-zero
due to the fact that we have introduced the cutoff function .

I

/1 M7 =X (z) — Xpe(2))de
s

We now estimate

=

/1 Atk XpH(2) — Ttk H(2)dt
N

mﬂﬁjuﬁgm—qmyu

_|_

B 2
<A+ +BHK
—l—N/1 2 — Tk X (z) — X1 (2)], dt
s :
B 2
§A+§+B+K+NWAmmmm)

B, N
SA+gHBHK+

We claim that

in rol<o(a+ ik (85)
min T — — —_— .
tel0,1/2) -3 8 8

Indeed, there is nothing to prove if t(¢) changes sign, so without loss of generality we may
assume that 7(#) > 0. Lemma 6.1 tells us that the assumption that |[VAzc @)l 2(s1) < %

implies —} < H(z(t)) < } forall 7 € [0, 1/2], and hence

=

FNgp-
IR

AMXp(z) —H@) =1 -
Then we have

B, N
At g +B+K+2 >

/ Mtk Xpg(z) — Ttk H(z))dt
SI

3 12
= Z/ T(t)k(t)dt
0

3
> — min 71(1),
4 1€[0,1/2]

which proves (85). The proof is finally completed with

Tll7o0(¢1y < min || + |7/
Izl (Sl)—t€[071/2]| O+ 1L

ce=2(a+Bipix Y1l
-3 8 8§) "8
[}

Lemma 6.4 Ifu = (u, ¢, n) is any flow line satisfying the assumptions of Theorem 3.5, then
for every s € R one has

1ECs, 25ty < 3VA+1. (86)

Proof First consider the function

Zo(s) :=/ S(s,t)dr.
sl
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We claim ¢, = 0. Indeed, by (25), ¢, satisfies the ODE
¢4 =0. (87)

“+o00 d 2
2
Il = | (ﬁ/s C(s,t)dt) ds

+00 2

=/ (/ Bsg(s,t)dl) ds
—00 S1
+o00

5/ / 105¢ (s, )| dt ds
—00 Sl

+00
< / 85|13 ds = (@) < 2A.
—00

Moreover one has

The only solution to ¢, to (87) with ||| 12(r) < 100 is the zero solution. Now consider the
subset S C IR defined by

S:= {s ER|IVAzc @) 251y < ﬂ] .

By Chebychev’s inequality, one has

1 - 1
RAS| < 5 [ IVAG@onIFds = 1B <2

and hence given s € R, we can find sg € S such that |s — so| < 1. Using again (25), we find
that

10:& (50, Iz2esty < 10:8Cs0, ) — k(D H W (so, Dllp2esty + e () H @lso, Nlli2st)
< IVAze@(so)|l 251y + 1
<VA+1
Since ¢ (sg, -) has zero mean, the Poincaré inequality implies that
12Gs0. Il z2¢s1y < 19:¢ (50, )l 251y < VA + 1.
Moreover, since
19sC 12 mxsty < ||3sﬁ||L2(R,xsl) =E®@) < v2A,

we see that
S

d
1262 Mzt = 1260 Mzt +/ sty do
d
7;(0'3 )

50
/50 do
s 12
[ ([ wewnpa)”ao
S0 St

// 10,¢ 2 di do
so /81

< VA+ 1T+ 1881 2mxs)

<VA+1+

do
LZ(SI)

=JvA+1+

172
< VA+1+]s—s0]'?
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< VA+ 1+ 1105l 2 rxst)

< VA+1+VE®@
<3JA+1,
which finishes the proof of (86). O

Using Lemma 6.4, one can prove the following statement:

Lemma 6.5 There exists aconstant B > O suchthatifu = (u, £, n) is any flow line satisfying
the assumptions of Theorem 3.5, then for every s € R one has

InCs, 251y < B. (38)
The proof is omitted, as it is word-for-word identical to the proof of [6, Lemma 3.5].

Proposition 6.6 There exists a constant C > 0 such that if u = (u, ¢, n) is any flow line
satisfying the assumptions of Theorem 3.5, then one has

1Sl Lomssty < C, Il pomxsty < C- (89)
Proof Consider the smooth function
f:IRxSl—><D, f=¢+in.

We will show that || f{| zcorx sty is uniformly bounded. Lemma 6.4 and Lemma 6.5 imply
that there exists a constant D > 0 such that

£ (s, 2ty < D, foralls € R. (90)
From (25), we see that B
af =ikH®u) — ¢, o1
where
=05 +i0

is the Cauchy-Riemann operator. Suppose I C I are open intervals such that /; is bounded
and its closure is contained in /. The Calderon-Zygumund theorem implies that for any
1 < p < 400, there exists a constant m = m(p, I, I) > 0 such that

||f||wl,p(11><sl =m (||5f||Lp(12xsl) + ||f||L2(12xs1)) : 92)

Fix now some 2 < p < 400 and k € Z. Then by the Sobolev embedding theorem there
exists a constant b = b(p) > 0 such that

||f||L°°((k,k+1)xSl) = b||f||W1-p((k7k+1)xsl)
< bm (119 fllLr(k—1,k+2)xs) T 1F 2= 1,442 x51))
<bm|d fllrx—1.x+2)xs1) + bmD. 93)

Using (91) and the Sobolev embedding theorem again, we see there exists a constant ¢ =
e(p) > 0 such that:

19 £l Lr(h—1.ks2)xsty = Nik H@) = &l Lo(—1.542)x 51
<3Py 1S Lrcr xs)
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<3P +ell fllwrt as2xsh- o

Now we are in business, since by applying (92) again, this time with p = 2 and corresponding
constant i’ that

If w2t ks2)xsty < m (10 1 2—2.443)xs1) T IF Il L2(@—1.k4+2)x51))
<m (\[5-1- 1SN 22 k=2, k4+3)x51) + ||f||L2<(k—2,k+3)xs1))
<5m' (1 + B + D). (95)

Combining (93), (94) and (95), we see that f is uniformly bounded in L*°((k, k + 1) x sh.
Since k was arbitary and all the constants involved depend only on the length of the intervals
involved, we obtain the desired L°°-bound. O

To complete the proof of Theorem 3.5 one needs only show why the #-component cannot
escape M| Uy (X X (1, ro]). This is a standard maximum principle argument; see for instance
[6, Section 3.3].

7 Exact magnetic flows

In this section we prove Theorem 1.7 from the Introduction. Let us recall the setup. Suppose
Q is a closed manifold and €2 is a closed 2-form on Q. One should think of 2 as representing
a magnetic field. We use € to build a twisted symplectic form v = dA + 7*Q, on T*Q,
where as before A is the canonical Liouville 1-form. Suppose H : T*Q — R is a Tonelli
Hamiltonian: this means that H is a smooth function on 7* Q which is C2-strictly convex and
superlinear on the fibres of 7* Q. We are interested in studying the flow of qb;l :T*Q - T*Q
of the symplectic gradient X iy of H, taken with respect to the twisted symplectic form w. For
instance, if H(q, p) = %| pr+U (¢) is a mechanical Hamiltonian of the form kinetic plus
potential energy, then ¢}, can be thought of as modelling the motion of a charged particle in
a magnetic field. We refer the reader to [16] for an in-depth treatment of magnetic flows in
symplectic geometry.

Givene > 0,let =, := H(e) C T*Q. Since H is autonomous, the flow ¢§1 :T*0 —
T*Q of the symplectic gradient Xz preserves the energy level X,. A magnetic geodesic
y : R — Q of energy e is the projection to Q of an orbit of ¢;{ |5,

Let us denote by G(H, 2) the group of symmetries of the system:

G(H, Q) = {f € Diff(0) | £*Q =, and H(f(q), p)
=H(q.poDf(q), V(q,p) € T*Q}.

For instance, if H(q, p) = %| p1? + U(g) is a mechanical Hamiltonian, then elements of
G(H, ) are simply the isometries of (Q, g) that preserve the 2-form €2 and the potential U.
Let Go(H, €2) denote the connected component of G(H, 2) containing Id.

Assume now that Q2 is exact. We define the strict Mafié critical value ¢y = c¢o(H, ) by

co :=inf sup H(q, —b6,), ©6)
0 qeQ

2

where the infimum~ is over the set of all primitives 6 of .

2 The fact that one takes —6 in the definition of co is due to our sign conventions.
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Lemma 7.1 Ife > ¢ then ¥, C T*Q is a hypersurface of restricted contact type in the
symplectic manifold (T*Q, w).

Proof Suppose 6 is a primitive of €2 satisfying sup, o H(q, —0,) < e — & for some & > 0.
Then we claim that

G+ 70 (Xp)lx, > 0.

For this, fix (¢, p) € X, and let h(s) := H(g,sp — (1 — s)0,;). Then one computes that
(A +7m*0)y (X1 (q, p)) = h'(1). Since H is Tonelli the function A is convex. Since /(0) <
e — ¢ and h(1) = e, we must have h'(1) > ¢ as required. O

The main step in the proof of Theorem 1.7 is the following result.

Proposition 7.2 Suppose e > co. Then there exists a primitive 6 of Q2 such that
[rf0=0, VfegyH Q),
and such that

sup H(gq, —0;) <e.
qeQ

Proof The group Go(H, 2) is a connceted compact Lie group, according to [27, Proposi-
tion 5], and thus carries a left-invariant Haar measure m. Thus given any primitive 6 of €2,
we can average it to form a new primitive 6’

o' :=/ £ 0 dm(f).
Go(H.2)

By construction one has sup, .o H(g, —6;) = sup,co H(q, —9(;), and the result follows. O
We can now prove Theorem 1.7, which we restate here for the convenience of the reader.

Theorem 7.3 Suppose Q is a closed connected manifold with the property that the Betti
numbers of the free loop space A(Q) are asymptotically unbounded. Suppose e > co(H, <2).
Then given any symmetry f € Go(H, 2), there exist infinitely many invariant magnetic
geodesics with energy e.

Proof By Lemma 7.1 and Proposition 7.2, we can choose an f-invariant primitive 6 of 2 for
which X, is a hypersurface of restricted contact type with respect to the primitive A + 7*6
of . The lifted symplectomorphism ¢ : T*Q — T*Q defined by

¢;:T*Q—T*Q, ¢7(q.p) = (f(@).poDf(@"),

restricts to define a strict contactomorphism of (., (A4 *0)|x,) which is contact-isotopic to
the identity. The result now follows from Theorem 1.6 and the computation of the Rabinowitz
Floer homology of the pair (X,, T*Q) as (roughly speaking) two copies of the loop space
homology, as proved in [8,9,32]. O
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