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INFINITELY MANY PERIODIC ORBITS OF EXACT MAGNETIC FLOWS
ON SURFACES FOR ALMOST EVERY SUBCRITICAL ENERGY LEVEL

A. ABBONDANDOLO, L. MACARINI, M. MAZZUCCHELLI, AND G. P. PATERNAIN

ABSTRACT. We consider an exact magnetic flow on the tangent bundle of a closed surface.
We prove that for almost every energy level k below the Mané critical value of the universal
cover there are infinitely many periodic orbits with energy x.
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INTRODUCTION

In this paper we study the existence of periodic orbits of prescribed energy of an exact
magnetic flow on the tangent bundle of a closed surface.

Let M be a closed surface. An exact magnetic flow on T'M is induced by the choice
of a Riemannian metric g and of a smooth 1-form # on M. Let Y : TM — TM be the
endomorphism uniquely defined by df = g(Y'(-),-). A curve v : R — M is said to be a
magnetic geodesic if it solves the ODE
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where V; denotes the Levi-Civita covariant derivative. The flow on T'M of this second
order ODE is called an exact magnetic flow. The exactness refers to the fact that the
2-form df is exact. When d# is replaced by a non-exact 2-form one talks about a non-exact
magnetic flow. These flows are models for the motion of a particle in a magnetic field with
Lorentz force Y and were put into the context of modern dynamical systems by Arnold
in [Arn61].

Unlike the general non-exact case, exact magnetic flows admit a Lagrangian formulation:
The equation (1) is the Euler-Lagrange equation of the Lagrangian

1
(2) L:TM — R, L(z,v) = §|v|§ —0,(v), Y(z,v)eTM,

where |-|, denotes the norm on T,, M which is induced by g,. The energy which is associated
to this autonomous Lagrangian is the function

1
E:TM =R, B(xv) = V(zv)eTM

Therefore, the energy levels of this system are the same ones of the geodesic flow of g.
However, the dynamics on these levels is quite different and changes with the value of the
energy, because of the non-homogeneity of the Lagrangian. Roughly speaking, the magnetic
flow on E~!(k) behaves as a geodesic flow for high values of x, where the dominant term
in the Lagrangian is given by the metric g, and quite differently for low values of x, for
which the magnetic form dfl becomes dominant.

A critical value of the energy which marks a change in the dynamics and is relevant in
this paper is the number

1 [T
¢y = —inf {T / L(v,%)dt ‘ ~v: R — M, T-periodic contractible smooth curve} ,
0

which is called Mané critical value of the universal cover. The specification “of the uni-
versal cover” refers to the fact that the infimum is taken over all contractible curves: By
considering curves whose lift to other covering spaces of M is closed, one finds other Mané
critical values, which play different roles in the dynamical and geometric properties of the
energy levels (see [Man97, CIPP98]). The value ¢, is the smallest of all Mané critical values
and, if df # 0, is strictly positive.

For an energy level E~'(k) with k > ¢, one can prove the same lower bounds for the
number of periodic orbits which hold for closed Finsler geodesics. Indeed, if « is larger than
Co, i.e. the Mané critical value associated to the abelian cover of M, the flow on E~!(k)
is conjugated — up to a time reparametrization — to a Finsler geodesic flow. If k € (cy, ¢
this is not anymore true, but periodic orbits on E~!(x) can be found as critical points
of a functional which behaves essentially as the Finsler geodesic energy functional (see
[Con06] and [Abb13]). In particular, when M = S? one has at least two periodic orbits on
E~Y(k) for every k > c,, as proven for Finsler geodesic flows by Bangert and Long [BL10].
Examples due to Katok [Kat73] show that in this case the number of periodic orbits on
E~!(k) can be exactly two.
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In this paper we deal with the more mysterious range of energies (0, c,). When & is in
this interval, E~!(x) has always at least one periodic orbit. This result essentially goes
back to the work of Taimanov [Tai92a, Tai92b, Tai92c|, but was put into the context of
Mané critical values and reproved using ideas from geometric measure theory by Contreras,
Macarini and Paternain [CMPO04]. This result is the best one known so far concerning
existence for all energy levels in the range (0, ¢,). For almost every k in (0, ¢,) the existence
of at least three periodic orbits is known: The second periodic orbit was found by Contreras
[Con06] (on manifolds of arbitrary dimension and for any Tonelli Lagrangian) and the third
one by three of the authors of this paper in [AMP15]. In the latter paper the existence
of infinitely many periodic orbits on E~!(k) is also proved, under the assumption that s
belongs to a suitable full-measure subset of (0, ¢,) and that all the periodic orbits on E~1(k)
are transversally non-degenerate. The aim of this paper is to remove all non-degeneracy
assumptions and to prove the following:

Theorem. Let (M, g) be a closed Riemannian surface and let 6 be a smooth 1-form. For
almost every k in (0,c,), the exact magnetic flow induced by g and 0 has infinitely many
periodic orbits on the energy hypersurface E=1 (k).

The proof of this theorem is variational and is based on the study of the free-period
Lagrangian action functional

Sk(v) = /0 (L(v,%) + &) dt

on the space of periodic curves v : R — M of arbitrary period T. In order to give a
differentiable structure to the space of periodic curves with arbitrary period one identifies
the T-periodic curve 7 with the pair (x,T'), where z(s) := ~(sT) is 1-periodic. In this way
one obtains the functional

S.: HY(T, M) x (0, +00) — R, Sk(z,T) = T/T(L(:z:,:t/T) + k) ds,

on the Hilbert manifold M := H'(T, M) x (0, +c0), where T := R/Z and H'(T, M) denotes
the space of 1-periodic curves on M of Sobolev class H!. This functional is smooth and its
critical points are exactly the periodic orbits of energy x. The main difficulties in working
with this functional are that for K < ¢, it is unbounded from below on every connected
component of M and fails to satisfy the Palais-Smale condition.

Up to lifting our Lagrangian system to the orientation double cover of M, we can assume
that M is orientable. As it is shown in [AMP15], the periodic orbit «, which was found
by Taimanov is a local minimizer of S, with Si(a,) < 0. The iterates o of «, are also
local minimizers and their S,-action goes to —oo for n — oo. Using the fact that S, is
unbounded from below on every connected component of M, one would like to find other
periodic orbits as mountain pass critical points associated to paths in M starting at some
given iterate ol and ending at some curve with lower S,-action. The main difficulty is the
already mentioned lack of the Palais-Smale condition. However, thanks to the monotonicity
of the function x — S, one can overcome this difficulty by an argument due to Struwe
[Str90], which allows to find converging Palais-Smale sequences for almost every value of
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k. This strategy was successfully implemented in [AMP15] and for a sufficiently high value
of n produces a mountain pass periodic orbit which is different from the one found by
Contreras in [Con06]. When it is transversally non-degenerate, the n-th mountain pass
periodic orbit can be shown to have positive mean Morse index. By this fact, in the non-
degenerate case one can exclude that the infinitely many mountain pass critical points
are the iterates of finitely many periodic orbits and gets the above mentioned result from
[AMP15].

If we drop the non-degeneracy assumption, mountain pass critical points might have
mean Morse index zero and the above argument fails. In this paper we show that never-
theless the infinitely many mountain pass critical points cannot be the iterates of finitely
many periodic orbits. The reason is the following result, which we prove for manifolds M
of arbitrary dimension and for more general Lagrangians, since it might be of independent
interest: A sufficiently high iterate of a periodic orbit cannot be a mountain pass critical
point of the free-period action functional. See Theorem 2.6 below for the precise statement.
Its proof uses the fact that periodic orbits with mean Morse index zero have Morse index
zero: This is known to be true for the fixed period action functional, and in Section 1 below
we prove it for the free-period action functional. The proof of Theorem 2.6 is contained in
Section 2: It is based on a careful analysis of the local behavior of S, near its critical set
and on a homotopy argument due to Bangert [Ban80].

There is a last technical difficulty which is dealt with in Section 3: In order to overcome
the lack of the Palais-Smale condition one needs to introduce a family of minimax functions
which depend monotonically on the energy x on some interval I C (0,c¢,). Moreover, the
interval I should remain the same also when considering the n-th minimax function. Since
Taimanov’s local minimizers «,, might not depend continuously on x, the obvious minimax
class consisting of all paths joining o] to some curve with negative action might not produce
a minimax value which is monotone with x. This difficulty is overcome by considering
classes of paths starting at an arbitrary point in the closure of all local minimizers of S,
within a certain open subset of M, and proving that in this case the required monotonicity
holds on some interval which is independent of n.

We conclude this introduction by drawing a parallel between the main result of this paper
and the waist theorem due to Bangert, which states that if a Riemannian metric on S? has
a “waist”, that is, a closed geodesic which is a local minimizer of the length functional,
then it has infinitely many closed geodesics [Ban80, Theorem 4]. This statement has been
incorporated by the later proved fact that every Riemannian metric on S? has infinitely
many closed geodesics (see [Fra92, Ban93, Hin93]), but its proof remains interesting and
is clearly related to our main result. In our theorem the existence of the “waist” does not
have to be postulated, since it follows from the fact that the energy is below the Mané
critical value and that we are dealing with a surface. Moreover, the topology of the surface
does not play any role: In general we do not have any information on the homotopy class
of Taimanov’s local minimizer a4, but the free-period action functional is unbounded from
below on every free homotopy class, so mountain pass critical values can always be defined.
Our Theorem 2.6, which states that high iterates of periodic orbits cannot be mountain
passes, is related to Theorem 2 in [Ban80], which states essentially the same thing for closed
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geodesics on surfaces, although the two proofs are quite different. Actually, Theorem 2.6
(or its variant for fixed period problems), could be used to show that the waist theorem
holds also for Finsler metrics on S? (see Remark 2.8 below for more details). Finally,
unlike the geodesic case, here we have to deal with the lack of the Palais-Smale condition,
an issue which is ultimately responsible for the fact that the we can establish the existence
of infinitely many periodic orbits only for almost every energy level.

Acknowledgments. We are grateful to Marie-Claude Arnaud and Ludovic Rifford for a discussion about
Franks’ Lemma, and to Marie-Claude Arnaud and Jairo Bochi for suggesting the argument in the proof of
Proposition A.1. A. A. is partially supported by the DFG-Grant AB 360/2-1. L. M. is partially supported
by CNPq, Brazil. M. M. is partially supported by the ANR projects WKBHJ (ANR-12-BLAN-WKBHJ)
and COSPIN (ANR-13-JS01-0008-01).

1. THE FREE-PERIOD ACTION FUNCTIONAL

1.1. Definitions and basic properties. The results of sections 1 and 2 hold for a closed
manifold M of arbitrary dimension d and for a general Lagrangian L : TM — R of the
form

L) = 3ol — 0 (0) = V(z),

where | - |. denotes the norm which is induced by a Riemannian metric g on M, 0 is a
smooth 1-form on M, and V is a smooth real-valued function on M. The flow on T'M
which is determined by the corresponding Euler-Lagrange equations preserves the energy
function £ : TM — R,

Bz, v) = 0,L(z, v)[v] — L(z,v) = %mg V().

The space of closed curves on M of Sobolev class H' and arbitrary period is identified with
the Hilbert manifold

M = HYT, M) x (0, +o0),
where T := R/Z and the pair (z,T) € H'(T, M) x (0, +00) corresponds to the T-periodic
curve y(t) = x(t/T). We denote the elements of M indifferently as (x,7T") or as . The
free-period action functional

S: M =R, S(y) =S(z,T) := /o L(y(t),4(t)) dt = T/TL(x(s),:t(s)/T) ds,

is smooth on M and its critical points are precisely the periodic orbits + with energy
E(v,%4) = 0. See [Con06] and [Abb13] for general facts about this functional.

The functional S is invariant with respect to the continuous action of T by time trans-
lations, which we denote by

TxM— M, (r,(x, 7)) =7 (2,T) := (z(- +7),T).
In particular, the critical set crit(S) of the free-period action functional consists of critical
orbits T -~. We shall be interested in non-constant periodic orbits v = (z,T'): In this case,

T - v is a smooth embedded circle in M (multiply covered by the action of T, if T is not
the prime period of 7).
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We endow M with the product metric between the standard Riemannian metric of
HY(T, M) and the standard metric of (0, +0c0) C R, where the former metric is given by

(u,v) g1 = /(gx(Vsu, V) +gx(u,v)) ds, Yu,v € T,H* (T, M), x € H (T, M).
T

This metric induces a distance on M and a norm || - || on elements of TM and T*M.

We shall repeatedly use the fact that, when M is compact, the functional S satisfies the
Palais-Smale condition on subsets of M consisting of pairs (x,7") for which 7" is bounded
and bounded away from 0: Every sequence v, = (xj,T}),) in M such that

0< iI}}fTh <supTj < +o0,
h

and

sup S(m)| < +oo,  [[dS(m)]| =0,

has a converging subsequence. See [Con06, Proposition 3.12] or [Abb13, Lemma 5.3]. In
particular, ||dS|| is bounded away from zero on bounded closed subsets of M on which the
second component 7" is bounded away from zero and which contain no critical points.

1.2. The Morse index and the iteration map. We denote by ind(y) = ind(x,T") the Morse
index of the critical point v = (z,7) of S. The Morse index of x with respect to the
fixed-period action S|g1(r,ar)x¢ry is denoted by indp(z). Clearly

0 <ind(z,T) — indp(z) < 1.

The precise relationship between these two indices in the special case of transversally non-
degenerate critical points (as defined below) is discussed in [AMP15, Proposition 2.1].
Let H : T*M — R be the smooth Hamiltonian that is dual to L, i.e.

H(z,p) = p(& " (x,p)) — L(L " (z,p)),

where £ : TM — T*M is the Legendre transform, that is, the diffeomorphism given by
L(z,v) = (x,0,L(z,v)). We denote by Xy the Hamiltonian vector field on the cotangent
bundle T*M given by w(Xp, ) = —dH, where w = dp A dq is the canonical symplectic
structure of T*M. The Legendre transform conjugates the Euler-Lagrange flow of L on
any energy hypersurface £~!(x) with the Hamiltonian flow ¢%; of the vector field Xy on
the corresponding hypersurface H (k).

Assume that the critical point (z,T") corresponds to a non-constant periodic orbit v(t) =
x(t/T). We set z := £(7(0),%(0)), and notice that the differential of the Hamiltonian flow
do () preserves the coisotropic vector subspace T,(H~1(0)) and satisfies d¢(2) Xg(z) =
Xu(z). Let ey, fi, ..., eq, fa be a symplectic basis of T,7*M such that f; = Xg(z) and

span{ fi, ea, fa, ..., ea, fa} = T.(H7(0)).
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In this symplectic basis, we can write d¢’(2) as an element of Sp(2d) of the form

1 0/{0 --- O

* 1% -+ %
dp(2)=| * 0 :

Do P

x 0

where P € Sp(2d — 2) is the linearized Poincaré map of ¢ at z, and the entries marked
by * contain some real numbers. Notice that the spectra of d¢k (z) and P are related by

(3) o(dey(2)) = {1} Ua(P).

The vector (,0) belongs to the kernel of d®S(x, T'), and there is an isomorphism
ker d*S(z, T)

(4) —

span{(#,0)}

see [AMP15, Proposition A.3]. The dimension of the subspace ker(/ — P) is by definition
the transverse nullity null(z, 7). When null(z, T') = 0 the orbit + is said to be transversally
non-degenerate.

The multiplicative semigroup N = {1,2,...,} acts smoothly on M by iteration

NxM—= M, (n,(z,T)) = (n,y) =" =¢"(z,T) := (2", nT),

= ker({ — P),

where 2"(s) := x(ns). The free-period action functional S is equivariant with respect to
this action on M and to the multiplicative action of N on R, i.e.

S(v") =nS(y), V(n,v) € N x M.

Notice that the iteration map ¥"™ : M — M is a smooth embedding and maps the critical
set of S into itself. The mean index of the critical point v = (z,T) is the non-negative real
number

ind(y) = ind(z,T) := lim ind(»") = lim m
n—00 n n—00 n
It is well known that ind(z, T') vanishes if and only if the fixed-period Morse index ind,,z(z")
vanishes for every n € N. The following result says that the same fact is true for the free-

period Morse index.

Proposition 1.1. The mean index ind(y) vanishes if and only if ind(y™) = 0 for every
n € N.

Proof. If ind(7y™) = 0 for every n, the mean index ind(y) obviously vanishes. In order to
prove the converse, we shall show that if ind(y) > 0 then ind(y) > 0 as well. Since the
mean index is homogeneous, i.e. ind(y") = nind(7), our proposition will readily follow.
Assume that ind(y) > 0. The transversally non-degenerate case null(y) = 0 was already
treated in [AMP15, Theorem 2.2]. Therefore we are left to deal with the case null(y) > 0.
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Let V C C*°(M,R) be the vector subspace of those smooth functions U : M — R whose
1-jet vanishes identically along v, i.e. U(y(t)) = 0 and dU(y(t)) = 0 for all t € R. For
U €V, we introduce the Lagrangian

(x,v) — L(z,v) — Ul(x),

and we denote by Fy : TM — R and Sy : M — R the corresponding energy function
and free-period action functional. A straightforward computation shows that ~ is still a
solution of the Euler-Lagrange equations of L — U with energy Ey (7, %) = 0. In particular
v = (z,T) is still a critical point of the free-period action functional Sy;. The Hamiltonian
dual to L — U is precisely H + U, and we denote by Py € Sp(2d — 2) the corresponding
linearized Poincaré map at z = £(y(0),4(0)). The so-called Hamiltonian Franks’ Lemma
(see [RR12, Th. 1.2 and Sect. 3]) implies that, for all open neighborhoods U« C V of the
origin in the C? topology, the image of the map ¢« — Sp(2d —2) given by U s Py contains
an open neighborhood of P.

Consider the splitting R?=2 = V @ W, where V is the symplectic subspace invariant
by P whose complexification is the generalized eigenspace of the eigenvalue 1, and W
is its symplectic orthogonal (whose complexification is the direct sum of the generalized
eigenspaces of the remaining eigenvalues). Using this splitting, we can write P as a block-

diagonal matrix of the form
A0
#-(0 5)

where A = P|y and B = P|y. Notice that the spectra of A and B satisfy o(A) = {1}
and o(B) N {1} = @. By Proposition A.1 in the Appendix, the matrix A belongs to the
closure of the set of symplectic matrices whose spectrum does not intersect the unit circle.
Thus, we can find an arbitrarily C%-small smooth potential U : M — R such that Py has

the form
A 0
PU - (0 B) y

and the spectrum o(A’) does not intersect the unit circle. In particular
(5) S'No(Py)=S'Na(P)\ {1}.

We recall that the spectra of d¢f;,,(z) and Py are related as in (3).

For all s € [0, 1], we denote by A, : S — N Bott’s function associated to the lineariza-
tion along v = (x,T) of the d-dimensional second order system which is induced by the
perturbed Lagrangian L — sU. We refer the reader to Bott’s original paper [Bot56], or
to [Lon02, ch. 9] and [Mazl1, sect. 2.2], for the definition and main properties of Bott’s
functions. Here, we just recall that these functions compute in particular the fixed-period
Morse indices as indr(x) = Ag(1), and the mean index as the average

T or

27
nd(y) = — / Ao (e do.
0
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Each Bott’s function A, is lower semi-continuous and is actually locally constant outside the
intersection o (d¢l, ;(2)) N S'. Moreover, the function s — A,(e) is constant provided

¢’ ¢ | oldofyw(2))

s€[0,1]

We choose o > 0 small enough such that the spectrum of d¢%(2) does not contain any
eigenvalue on the unit circle with argument in the interval (0, o], i.e.

{e® | 60 €(0,a]} No(dog(z) = 2.

This implies that the function 6 — Ag(e) is constant on the interval (0, a]. By (5) and (3),
we also have

(6) {e“] 0 €(0,a]} No(ddf y(2) = @.

We denote by ind(Sy, ) the Morse index of the free-period action functional S at «. Since
our U can be chosen to be arbitrarily C?-small, we can assume that

(7) ¢ ¢ | olddf (=),

s€[0,1]
Moreover, by the lower semi-continuity of the Morse index, we can further assume that
ind(Sy,y) > ind(y) > 0.

Notice that ~ is transversally non-degenerate for the free-period action functional Sy .
Therefore, by [AMP15, Theorem 2.2], we infer A;(1) > 0. By (6), the function § — A;(e?)
is constant on the interval (0, ], and since Bott’s functions are lower semi-continuous, this
constant must be larger than or equal to A;(1). By (7) and the above mentioned continuity
property of homotopies of Bott’s functions, we have

Ag(e") = Aq(e™) > Ay(1) > 0, Vs € [0, 1].
This implies that

— 1 [ , I , Q@ , Q
ind(y) = — [ Ao(e?)dd > — [ Ao(e?)df = —Ao(e®) > —A(1) >0. O
) = 3= [ Ble)d > 5 [ hofe) a0 = Tohofe) = S()

We conclude this section with the following lemma, which turns out to be useful when
dealing with degenerate critical points. The lemma was first proved by Gromoll and Meyer
[GM69b, Lemma 2] in the context of non-magnetic closed geodesics. We include its short
proof here for the reader’s convenience.

Lemma 1.2. Let v = (z,T) be a critical point of S which corresponds to a non-constant
periodic orbit. Then there is a partition N = Ny U ... U Ny, integers n; € Ny, ..., np € N,
and vy, ..., v, € {0, ..., 2d — 2} with the following property: n; divides all the integers in N;,
and null(y") = v; for all n € N;.
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Proof. Since P is an automorphism, the geometric multiplicity of the eigenvalue 1 varies
under iteration according to

(8) dimker(P" —id) = ) dime kerc(P — Aid).
Ae V1
Let o(P) be the set of eigenvalues of P, and, for all n € N, we set
o.(P)={Ae€a(P) | \"=1}.

We define an equivalence relation on N, by saying that m ~ n when ¢,,(P) = 0,(P). We
denote by Ny, ..., N, the equivalence classes, and by n; the minimum of N;. If

o, (P) = {exp(i27p1/q1), -, exp(i27pn/qn) },

where pj and g, are relatively prime, the integers in N; are common multiples of ¢, ..., gy,
and n; is the least common multiple of ¢, ..., g,. By (4) and (8) we have

null(y") = Z dimg kerc(P — Aid),

AEon (P)

which is the same integer for all n belonging to the same set Nj;. U

2. HIGH ITERATES OF PERIODIC ORBITS ARE NOT MOUNTAIN PASSES

2.1. A tubular neighborhood lemma for critical orbits. In this subsection, we will denote
by VS the gradient vector field of the free-period action functional S with respect to the
following Riemannian metric on M

RS

((u, R), (v,9)) (@) = - + T/O1 <gm(u, v) + %gx(vsu, VSU)> ds

S T
=+ | ofen + (T Tm)

T

where &(t) = u(t/T) and n(t) = v(t/T). This metric is equivalent to the standard one
of M (see Section 1.1) on subsets consisting of pairs (z,7T") for which 7" is bounded and
bounded away from 0. In particular, in these subsets the free-period action functional S
satisfies the Palais-Smale condition with respect to the metric (9).

The advantage of this metric is that it makes the iteration map " conformal with
constant conformal factor n. Indeed, using the identity dy™(x,T)[(u, R)] = (u",nR), one
checks easily that

<d¢"(gj7 T)[(“? R)]a d¢n($’ T)[(U, S)D(I"JLT) =n <(u’ R)> (Uv S)>(17T)7

for every (u,R) and (v,S) in the tangent space of M at (z,7). In particular, if the
superscript * denotes the adjoint operation with respect to the metric (9), we have that

(10) d™(z, T) dy" (z, T)* = nll,

(9)
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where II is the orthogonal projector onto the image of di"(z, T), that is, the tangent space
of the submanifold ¢™(M) at (z",nT). Furthermore, it is easy to see that the orthogonal
space of T(gn nr)¥" (M) is

n—1
1L

(11) (Tiar )" (M)~ = {(u,R) € Tiun )M ' R=0, u(=) =0Vs € 'IF} .

j=0
The above facts allow us to prove the following:
Lemma 2.1. IfV denotes the gradient with respect to the metric (9), then
(12) VS(y") = d"(v)VS(y), ¥y eM.
Proof. By applying the projector IT onto the tangent space of ¢¥™(M) at 4™ = ¢"(y) and
its complementary projector I — II, the identity (12) is equivalent to the two identities
(13) [IVS(y") = dy™(v)VS(7),
(14) (I —I)VS(H") =0.
By differentiating the identity S(¢"(y)) = nS(y) we find the formula

A" (7)"VS(" (7)) = nVS(7).
If we apply d¢™(7y) to both sides and we use (10), we see that (13) holds. The identity
(14) says that the differential of S at 4" vanishes on the orthogonal space of T,nt)™(M).
By the identity (11) an element of this orthogonal space has the form (u,0), where

n—1

Zu(%) =0, Vs € T.

=0

By setting £(t) := u(t/(nT)) we have
n—1

(15) Y &(t+jT)=0, VteR
=0

Therefore,

86w o) = [ (2:L0 I + AL DITiE])

vanishes, because the functions t — 0, L(y(t),%(t)) and t — 0, L(y(t),*(t)) are T-periodic
while ¢ satisfies (15). O

The following tubular neighborhood lemma, which is reminiscent of some arguments
in [GM69b, Section 3], will be useful later on, in the proof of Theorem 2.6.

Lemma 2.2. Let v be a critical point of the free-period action function S such that, for
some n € N, we have ind(y) = ind(y") and null(y) = null(y"™). Then, for every sufficiently
small open neighborhood U of T -~ there is an open neighborhood V of the submanifold
Y™U) and a smooth map

ro[0,1] xV =V, (t5)— r(f),
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such that:
(1) o = d
(i) 7¢|pn@y = id for every t € [0,1];
(iii) r ( ) ="(U);
(iv) £S(r:(8)) <0 for all B € V\¢"(U).

Proof. Let U be an open neighborhood of the critical orbit T - v (which may consist of
an embedded circle or just the critical point alone if «y is a stationary curve). The image
of this neighborhood under the iteration map %" has a normal bundle N(¢"(U)). By
our assumptions on the Morse index and nullity, and since 0 is an isolated point in the
spectrum of d?S(y"), there exists a constant § > 0 such that

S(M[E €] > 06, €)yny VEE Ny (0" (U)).
Since the free-period action functional S is smooth, up to shrinking the neighborhood U
and choosing a smaller constant § > 0, we can assume that

(16) d*S(B)[n,n] = 0(n,mys, VB e Y (U), n € Ns(y"(U)).

We now consider a sufficiently small neighborhood of the 0-section and apply to it the
exponential map of the metric (9). We obtain a tubular neighborhood V of ¢™(U) with
associated deformation retraction r, : VV — V given by

reoexpy(n) = expg((1—1)n), VB e P"(U), n € Np(¢¥"(U)),
which satisfies (i), (ii) and (iii). Notice that, given 5 € ¥"(U), the tangent space to the
fiber of v, at S is Ts(r;*(8)) = Nz(¥™(U)). By (12), the restriction of the free-period
action functional S to each fiber r;*(3) has a critical point at 3. Moreover, by (16), such
a restriction has a positive definite Hessian. In particular it is a convex function near its

local minimum 3, and up to shrinking the tubular neighborhood V we have %£S(r;(53)) < 0
for all 8 € V \ ¥"(U). Therefore, also (iv) holds. d

2.2. Resolution of degenerate critical circles. Let T -+ be an isolated critical circle of the
free-period action functional S, and set

= ind(%),

v :=null(y) + 1 = dim ker d*S(7).
We denote by Z — T - v the vector bundle whose fiber over any t - v is equal to the
intersection of the normal bundle of the critical circle T - v C M with the kernel of the
Hessian of S, i.e.

Zi = Nioy(T - y) Nker d®S(t - ).
The rank of Z is finite, and it is actually equal to the nullity v — 1. We denote by Q the
orthogonal complement of the subbundle Z C N(T - v) with respect to the Riemannian

metric of M (see Section 1.1). By the very definition of Q, and since 0 is an isolated point
in the spectrum of d*S(t - ), there exists a constant § > 0 such that

(17) laS(t - )lg, Il = ollgll,  VEET, €€ Qu,
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where the norm on the left-hand side of the above inequality is the dual of the Riemannian
one on M, and Q;, C Q is the fiber above ¢ -~. Since the orthogonal group of the
infinite-dimensional separable Hilbert space E is connected, the vector bundle Q is trivial.
Therefore we can make the identification

N(T-7) = 2 x E.

We will denote the coordinates in Z x E as (¢, z,y), where (¢,2) € Z and y € E.

Let Ur C Z denote the open neighborhood of radius R of the 0-section, and Br C E
be the open balls of radius R centered at the origin. For a sufficiently small R > 0, the
exponential map of the normal bundle identifies U p x B with a neighborhood of T -~ that
does not contain other critical points of S. Thus, from now on we can see the free-period
action functional as being of the form

SZURXER—)R7

with crit(S) = {0-section} x {0}. We equip Uy with the Riemannian metric pulled-back
from the one of M by means of the exponential map and equip Uy x Br with the product
Riemannian metric induced by the one on Uy and the flat Hilbert metric on E. The
standard Riemannian metric on M is uniformly equivalent on Up x By to the product
one. Therefore, since S satisfies the Palais-Smale condition inside U z x By with respect to
the Riemannian metric of M, it does it with respect to the product metric as well.

We shall show that we can resolve the degeneracy of the isolated critical circle with
a small perturbation of the function supported on any neighborhood of the circle. The
following result is a version of Marino and Prodi’s perturbation lemma from [MP75], the
difference being that we start from an isolated critical circle rather than an isolated critical
point.

Lemma 2.3. For any neighborhood U of the critical circle {0-section} x {0} there exists a
smooth function S’ : Up x Br — R that satisfies the Palais-Smale condition, possesses only
finitely many critical points, all of which are non-degenerate with Morse index larger than
or equal to the original one v, and such that the difference S' — S is supported in U and
arbitrarily C*-small.

Proof. Up to choosing a sufficiently small constant d; > 0, the inequality (17) can be
rephrased in our coordinates as

102,S(t,0,0)[v, ]| = di|lv]l,  VteT, vek.
By the implicit function theorem, there exist ry,ry € (0, R/2) and a smooth map
(I H” — ETQ

such that, for all (¢,2,y) € U,, x B,,, we have 9,S(t, z,y) = 0 if and only if y = ¥(t, 2).
We define

U :271”1 XBTQ %URXBR
by ¥(t,z,y) = (t,2,¢(t, z) +y). Notice that U is a diffeomorphism onto a neighborhood
of the critical circle {0-section} x {0}. From now on we will employ the new coordinates
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defined by ¥, and therefore we will simply write S : U, x B,, — R for the composition
SoW. If we consider U,, x B,, as a trivial bundle over U,, by means of the projection onto
the first factor, the function S has non-degenerate fiberwise critical points everywhere on
the 0-section. Namely, up to reducing d; > 0 and r; > 0, we have

(18) ayS(t7270> =0, HaZyS(taZJO)[Uv]H > 51”U||7 v(th) 6277«1, veL.
In particular, for all » € (0, min{ry,ro}) sufficiently small, there exists d, > 0 such that
10,S(t, z,y)|| > b2,  V(t, z,y) €U x (B, \ Brpa).

We denote by F : U, — R the smooth function F(t,y) = S(t,y,0). Since the critical circle
{0-section} x {0} is the only critical point of S : Ug x Br — R, the 0-section is precisely
the critical point set of F. In particular, there exists d3 > 0 such that

\VE(t,2)| > 63, V(t, z) € Uy \ Uy js.

We recall that U, is a compact manifold of dimension v with smooth boundary. By the
density of the Morse functions into the space of smooth functions on finite-dimensional
manifolds (see e.g. [Mil63, Corollary 6.8]), for any ¢ > 0 we can find a Morse function
F.: U, — R that is e-close to F in the C?-topology. Notice that, if € < d3, the function
F, has finitely many non-degenerate critical points, all of which are contained in U, . Let
X : U, — [0, 1] be a compactly supported smooth function that is identically equal to 1 on
U, /2, and let p : B, — [0,1] be a compactly supported smooth function that is identically
equal to 1 on B, /5. We define the function S’ of the lemma by

S, 2,y) = S(t, 2,y) + x(8, 2)p(y) (Felt, 2) = F(t,2)).

Let us verify that, for € > 0 sufficiently small, S’ satisfies the desired properties. First of
all, §' tends to S in the C?%-topology as € — 0, and is equal to S outside U, x B,. Since
S :Upr x Br — R satisfies the Palais-Smale condition, there exists d, > 0 such that

19S5 0) 2 61 ¥t 2y) € T X BN Wz X By
In the region (U, x B,) \ (U2 X B,2) we have
VS| = IVS + (Fe = F)(p VX + x Vp) + xp(VE. = VEF)|
> VS| = [Fe = FI(IVx] + IVpl)) = [VF. = VF|
> 0y — e(| Vx| + [IVpl) — €
> 04/2

provided

04
(1 4 max || V|| + max [V pl|)’
In particular, S’ has no critical points and satisfies the Palais-Smale condition in this
region. In the region U, 2 x B, s, the function (¢, z,y) — x(t, 2)p(y) is identically equal
to 1, and therefore 0,S’ = 9,S. This, together with (18), shows that all the critical points
of §' are contained in U, /2 x {0}. All such critical points are non-degenerate with Morse

e <
-2
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index larger than or equal to ¢, since they are non-degenerate for the restricted function
S'lu, ;yx {0y = Fe and since, by the inequality in (18), they are fiberwise non-degenerate and
thus have fiberwise Morse index equal to ¢. In particular, S’ has finitely many critical
points in U, /2 X B, /2. Finally, suppose that {(t,, zn,y,)} is a Palais-Smale sequence for S’
contained in er/g X BT/Q. This implies 0,S'(tn, 2n, Yn) = OyS(tn, 2n, yn) — 0, and by (18)
we have that g, — 0. Since the sequence {(z,, z,)} varies inside the compact set U, /2, the
Palais-Smale sequence admits a converging subsequence. This proves that S’ satisfies the
Palais-Smale condition inside U, /2 X B, /2- O

2.3. Properties of sublevel sets near critical circles. Now, we trivialize the normal bundle
N(T-~) (once again, we recall that this is possible since the orthogonal group of the infinite-
dimensional separable Hilbert space E is connected). Thus, we make the identification
N(T-~) 2 T x E, and for a sufficiently small R > 0, we employ the exponential map in
order to identify T x By C T x E with a neighborhood of T -~ which does not contain other
critical points of S. The restriction of the free-period action functional to this neighborhood
will be a smooth function of the form S : T x Br — R. We equip T x B with the product
Riemannian metric induced by the Euclidean metric on T and the flat Hilbert metric on E.
Since this metric is uniformly equivalent to the standard one of M, the free-period action
functional S still satisfies the Palais-Smale condition with respect to it. We denote by
VS the gradient of the free-period action functional S with respect to the product metric,
and by ¢, the associated negative gradient flow. We also set ¢ to be the critical value
S(T x {0}). The following lemma, which is essentially due to Gromoll and Meyer [GM69a,
Sect. 2|, provides neighborhoods of the critical circle with good properties.

Lemma 2.4. The isolated critical circle T x {0} has a fundamental system of connected
open neighborhoods U with the following property: There exists € = e(U) > 0 such that
UC{S>c—e€} and, ify €U and ¢s(y) € U for some s > 0, then S(¢s(y)) < ¢ —e.

Proof. We slightly modify Chang’s treatment [Cha93, page 49] in order to deal with our
isolated critical circle Tx {0}. We can assume without loss of generality that ¢ = S(¢,0) = 0
for all t € T. We consider an auxiliary function G : T x Br — R given by

G(t,2) = LI=]? + AS(t, 2),
where h > 0 is a constant that we will determine shortly. The open set U of the statement
will be of the form
U={-e<S<en{G < g},

for suitable constants €,g > 0. Let us now proceed to determine all the constants. Since S
satisfies the Palais-Smale condition inside T x Bg, for all 4, > 0, we can find (arbitrarily
small) r € (0, R) and §; € (0,2) such that

5y > |VS(t, 2], Y(t,z) € T x B,,

o < |VS(t,2)],  V(t,z) € T x (B, \ B,)).
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On the region T x (B, \ B,/2) we have

(VS,VG) = h|VS]> + (VS, 2) > hé} — 10,.
We fix the constant h > rdy/d%, so that

(19) (VS(t, z),VG(t,z)) >0, V(t,z) € T x (B, \ Byj2).
In order to conclude the proof, it is enough to find values of € and g such that:
) UCTx B,

(i) (Tx Bya)N{—e<S<e}CU.
Let us show that (i) and (ii) imply the Lemma. Property (i) allows us to control the size of
U. Property (ii) implies that U is a neighborhood of T x {0} contained in the super-level
set {S > —e}. If U is not connected, we disregard all its connected components other than
the one containing T x {0}. Consider a point y € U whose forward negative gradient flow
orbit is not entirely contained in U, and set

sp :=min{s > 0 | ¢s(y) € U}.
The point ¢,,(y) must be contained in the boundary of the open set U, and we have
S(s,(y)) < S(y) < e. By the definition of U, if S(¢s,(y)) # —e we must have G(¢s,(y)) = g,
and by properties (i-ii) we must have ¢4, (y) € T x (B, \ B,2). By equation (19), for all
s € (0, s9) sufficiently close to sg, we have G(¢s(y)) > ¢g. This implies that ¢s(y) & U and
contradicts the definition of sy. Therefore we must have S(¢s,(y)) = —e, which readily
implies the Lemma.
Now, conditions (i) and (ii) can be rewritten as

(i) if |S(t, )| < € and G(t, z) < g, then |z| < 7;

(ii) if |2| < r/2 and [S(t, z)| < €, then G(t,2) < g.
Condition (i) is satisfied provided 2g + 2he < r?, while condition (ii) is satisfied provided
r?/8 + he < g. In order to satisfy them simultaneously, we can choose ¢ = 3r?/32h and
g =5r?/16. O

In order to state the next result, we go back to the general global setting in which the
free-period action functional has the form S : M — R.

Lemma 2.5. Let T - v be an isolated critical circle of the free-period action functional S
with critical value ¢ := S(7). This circle admits a fundamental system of connected open
neighborhoods U such that UN{S < ¢} has finitely many connected components. Moreover,
if ind(y) > 2, for every such neighborhood the intersection U N {S < ¢} is non-empty and
connected.

Proof. The fundamental system of connected open neighborhoods will be the one given by
Lemma 2.4. Let U be any open set in this fundamental system, and let € = €(U) > 0 be the
associated constant given by Lemma 2.4. Let V be another neighborhood of the critical
circle T - v whose closure in contained in 44 N {S > ¢ — §}. By Lemma 2.3, we can find
a function S’ such that §'|y, > ¢ — §, §' = S outside V, and V contains only finitely many
critical points of §', all of which are non-degenerate and with Morse index larger than or
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equal to ind(y). Since U N {S < ¢ — §} is the exit set of ¢ for the negative gradient flow
of S’ in forward time, we have the Morse inequality

(20) rank Hy (U, U N{S < ¢ — §}) < #erity (S']y) < oo,

where crit{(S'|y) denotes the set of critical points of S|y, with Morse index 1. Let r be
the number of path-connected components of the subspace & N {S < ¢ — £}. The Morse
inequality (20), together with the homology long exact sequence

o HHUUN{S < c—$HZ) — H(UN{S<c—§HZ) — Ho(U;Z) — ...
implies
(21) r=rank Hy(U N{S < ¢ — §}Z) < #crity(S']y) + 1 < oo.

Now, we denote by 6; the flow of the renormalized gradient —VS/|VS|?, which is a well
defined smooth vector field on U N {S < c}. Notice that, if 04(5) is well-defined for all
s € [0,t], we have S(8) — S(6:(8)) =t. Let 7 : UN{S < ¢} — [0,00) be the continuous
function given by 7(8) = max{0,S(8) — ¢ + ¢/2}. By the properties of U, we have

OB eUN{S<c—5}, VBeUNn{S<c}

This shows that & N {S < ¢ — §} is a deformation retract of & N {S < c}, and therefore
this latter open set has r path-connected components.

As for the “moreover” part of the lemma, assume that ind(v) > 2. In particular ~ is not
a local minimum, and therefore » > 1. But since all the critical points of the function S'|,,
have Morse index larger than or equal to ind(7), the inequality (21) implies that r < 1,
and we conclude that r = 1. [l

2.4. Iterated mountain passes. After these preliminaries, we can finally prove the main
result of this section, which shows that critical circles of the free-period action functional
cannot be of mountain pass type if iterated sufficiently many times.

Theorem 2.6. Let T - be a critical circle of the free-period action functional S with critical
value ¢ = S(vy). Assume that all the iterates of v belong to isolated critical circles of S.
Then, for all integers n large enough there exists an open neighborhood W of T -~+™ with the
following property: If any two points vy, 71 € {S < nc} are contained in the same connected
component of {S < nc} UW, they are actually contained in the same connected component

of {S < nc}.

Proof. Assume first that the mean Morse index ind(7y) is positive. In this case, for n large
enough the Morse index ind(4") is larger than one. By Lemma 2.5, the critical circle
T - ~™ has an open neighborhood W whose intersection with the sublevel set {S < nc} is
connected, and our theorem readily follows.

Now, assume that the mean Morse index ind(7y) is zero. By Proposition 1.1, this is
equivalent to the fact that the Morse index of v" is zero for all n € N. Lemma 1.2 further
implies that there exists a partition N = Ny U ... U Ny, integers n; € Ny, ..., ny € Ni, and
V1, Vg € {0, ...,2d — 2} with the following property: The integers in N; are all multiples
of n;, and for all n € N; the critical point 4™ has nullity v;.
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Let us choose, once and for all, ¢ € {1,...,k} and consider integers n belonging to
N;. Since T - 4™ is an isolated critical circle of S, by Lemma 2.5 it has a connected open
neighborhood U such that the open subset U~ := UN{S < n;c} has finitely many connected
components U, ...,U . For each o € {1, ..., 7} we fix an arbitrary point 7, € U, , and for
each pair of distinct o, 8 € {1,...,r} we fix a continuous path O, : [-1,1] — U joining
Yo and y5. By Bangert’s technique of “pulling one loop at a time” (see [Ban80, pages 86—
87] or [Abbl13, page 421]), for all sufficiently large multiples n of n;, each iterated path
P o O,p is homotopic with fixed endpoints to a path entirely contained in the sublevel
set {S < nc}. In other words, 1/™/™(14~) is contained in a path-connected component of
{S < nc} provided n € N; is larger than some number 7;.

Let us consider an integer n € N; larger than the constant 7;. By Lemma 2.2, if we choose
a sufficiently small neighborhood U’ C U of the critical circle T-v™ (v), its image ¢"™/™ (")
has a tubular neighborhood V with an associated deformation retraction r; : YV — V such
that ro = id, r1(V) = ¢"/™(U’), and LS o, < 0. We set W to be an open neighborhood
of T - 4™ that is small enough so that its closure is contained in V. Consider two points
7,7 € {S < nc} as in the statement, and a continuous path I' : [0,1] — {S < nc} UW
joining them. We denote by sy and s; respectively the infimum and the supremum of
all s € [0,1] such that I'(s) € W. The points I'(sg) and I'(s;) lie in the intersection
VN {S < nc}. Since the deformation retraction r; does not increase the free-period action
functional S, the points I'(sq) and r1(I'(sg)) are contained in the same connected component
of the sublevel set {S < nc}. Moreover, 71 (T'(sg)) is contained in 1)"/™ (U4~). Analogously,
['(s1) and 7 (I'(s1)) are contained in the same connected component of {S < nc}, and
r1(I'(s1)) lies in ¢™/™(14~). Since, as we proved in the previous paragraph of the proof,
Y™™ (U™) is contained in a connected component of {S < nc}, we conclude that vy and 7,
belong to the same connected component of {S < nc}. g

Theorem 2.6 should be compared to [Ban80, Theorem 2|, which gives a similar statement
for isolated closed Riemannian geodesics on surfaces and is proved using geometric argu-
ments. A rather immediate corollary is the following generalization of the waist theorem
of Bangert.

Corollary 2.7. Assume that M is an orientable surface, that the free-period action func-
tional S satisfies the Palais-Smale condition, and that it admits a local minimum ~ with
action S(vy) # 0 whose critical circle T - 7 is not the whole set of global minima of S in its
connected component. Then, there are infinitely many periodic orbits with energy 0.

The proof of this corollary is a minor variation of the argument in Section 3.3, and
we leave its details to the reader. Notice that, if the Mané critical value of the universal
cover ¢, is negative, the free-period action functional S satisfies the Palais-Smale condition
(see [Abb13, Lemmata 5.1 and 5.4]). Moreover, in this situation, any contractible local
minimum of S has positive action, and it is never a global minimum. In particular, the
existence of one such minimum is enough to infer the existence of infinitely many other
periodic orbits on the energy hypersurface.
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Remark 2.8. We expect Corollary 2.7 to hold for more general Lagrangians L, such as the
square of a Finsler norm. In the latter case, the functional S is not twice differentiable, but
our proof makes a minimal use of higher regularity and it should be possible to adapt it to
this situation. As already mentioned in the introduction, this would permit to generalize
the waist theorem of Bangert to Finsler metrics on S2. We also expect Corollary 2.7 to
hold for some non-exact magnetic flows, for instance in case M is a surface of higher genus,
for which a suitable free-time action functional is still available.

3. THE MINIMAX ARGUMENT

3.1. The sequence of minimax functions. Throughout Section 3 we will assume our closed
surface M to be orientable. This is not a restrictive assumption for us: If M is non-
orientable, we can replace it by its orientation double cover and work there. In fact, the
existence of infinitely many periodic orbits for the orientation double cover of M clearly
implies the same result for M.

We take the energy k into account, by considering the one-parameter family of function-
als S, : M — R given by

Sk(x,T) := T/(L(x(s), i(s)/T) + k) ds.

T
Critical points of S, are in one-to-one correspondence with periodic orbits of energy x:
More precisely, a critical point (x,7T) is associated to the T-periodic orbit v(t) = z(¢t/T)
which has energy F(v,%) = k. Notice that T" is not necessarily the minimal period of ~.
In the remaining part of the paper we endow M = H'(T, M) x (0, +0c) with the standard
product metric as in Section 1.1 and with the induced distance.
For every x € (0, ¢) the functional S, has a local minimizer «,, with

Sk(a) < 0.

The proof of this fact is contained in [AMP15, Lemma 3.2] and builds on previous results
by Taimanov [Tai92a, Tai92b, Tai92c] and Contreras, Macarini and Paternain [CMP04].
Since M is an orientable surface, every iteration o] of o, remains a local minimizer of S,
see [AMP15, Lemma 4.1]. Moreover, if the local minimizer «, is strict, meaning that

Sk(7) > Su(aw), ¥y eU\ (T ),

for some neighborhood U of the critical circle T - o, so are all the iterates a..

Fix some &k, in the interval (0, ¢,) such that «,, is a strict local minimizer of S,,. Since
Ky is strictly smaller than c,, the infimum of S, over all contractible closed curves is —oo,
and hence we can find an element p € M in the same free homotopy class of a,, such that

Sk, (1) < Sk, (u, ).

Choose a bounded open neighborhood U of T - «,,, whose closure intersects the critical set
of S,, only in T - v, , such that

inf S,{* > Sn* <Oé,‘{*)’
ou
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and such that 7" is bounded away from zero for (z,7) € U. The existence of such a
neighborhood is an easy consequence of the fact that S, satisfies the Palais-Smale condition
on bounded subsets on which T is bounded away from zero, see [AMP15, Lemma 5.3]. We
denote by M, the closure of the set of local minimizers of S, which belong to . Such a
set consists of critical points of S, but in general may contain critical points which are not
local minimizers. If M, is a a finite union of critical circles, then all its elements are strict
local minimizers.

Lemma 3.1. There ezists a closed interval J = J(k.) C (0, c,) whose interior part contains
Ky and which has the following properties:

(i) For every k € J the set M, is a non-empty compact set.
(ii) For every k € J there holds

Sk(p) < minSy.

K

(ili) For every k € J there holds

supmaxS, < min{infS,,0¢.
H,EE M, " {au x 0}

Proof. This lemma is an easy consequence of the fact that on bounded subsets of M the
family of functionals S, converges to S, in the C! norm for xk — k., because

Sk(x,T) — Sy, (2, T) = (k — k)T,

and of the fact that S, satisfies the Palais-Smale condition on . Indeed, fix numbers
Ao, Ala AQ, Ag and A4 such that

Se. (1) < Ag < Ap < Sp () < Ay < Az < Ay < Ay = min{iglume,O}.
Let U’' C U be a neighborhood of T - «,;, such that S, (U') C (A1, As). Since the closure of

the bounded set U \U' does not contain critical points of S,,, by the Palais-Smale condition
there exists a positive number ¢ such that

|dS,, || > ¢ on U\U'.

By the C' convergence of S|y to Sy, |1/, we can find a neighborhood Jy C (0, ¢,) of &, such
that

|dSk|| >6/2  on U\U', Yk € Jy.
In particular, the critical set of S,|y is contained in U’ for every x € Jy, and so is its subset

M,. Since S, (1) < Ao, Sk, (U') C (A1, Ay) and S, (OU) C [A5,+00), we can find a closed
interval J C Jy which is a neighborhood of x, such that

(22)  S.(u) < Ao, Se(U) C (Ao, A3),  Sk(0U) C (Ag,+00), Yk € J.

The interval J satisfies the required properties. Indeed, by (22) the infimum of S, on U is
strictly smaller than its infimum on OU and hence, by the Palais-Smale condition, S|, has
a global minimizer. Therefore, M, is not empty and, again by the Palais-Smale condition,
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compact. So (i) holds. Since M, is contained in U’, the minimum of S, on M, is greater
than Ay, which is greater than S, (i), by (22), proving (ii). Finally, (22) implies that

supmax S, < supS, < Az < A4 < min {inme O} , Vk € J,
KeJ M, u’ ou

which proves (iii). O
Property (iii) of the above lemma is used in the following:

Lemma 3.2. Let kg < k1 be in J. For every a € My, there exists a continuous path
w: [0,1] = U such that w(0) € M, w(l) = a and S,, o w < Sy, ().

Proof. The element a corresponds to a periodic orbit of energy k1 and in particular is not
a critical point of S,,. Set a := S (a). Being a regular point of the hypersurface S_'(a),
a can be connected to a point 5§ € U N{S,, < a} by a continuous path which is contained
in the sublevel set {S,, < a}. By Lemma 3.1 (iii),

a=S,(a) < ianuf Sko»

and hence the connected component of {S,, < a} which contains « is contained in U.
Since Sy, satisfies the Palais-Smale condition on U, the above fact ensures the existence
of a global minimizer 7 of the restriction of Sy, to the connected component of {S,, < a}
which contains . Such a v belongs to M,, and can be connected to 8 by a continuous
path in {S,, < a}. We conclude that there exists a continuous path w : [0, 1] — {S,, < a}
such that w(0) =y € M,, and w(1l) = a. O

For every n € N and every k € J we define the set of continuous paths
Pu(r) = {u € C°([0, 11, M) | u(0) € ¢"(M,), u(1) = "}

which join the n-th iterate of some element in M, with the n-th iterate of . Correspond-
ingly, we define the minimax value

Ca(K) = Lanf | max Sk(u(0)).

By Lemma 3.1 (ii) there holds

23 (k) > min S, =nminS, > nS.(u).
2 (%)= min S, —nmi (o

Lemma 3.3. For every n € N the function ¢, is monotonically increasing on J.

Proof. Let ko < k1 be numbers in J. Let u € P,(k1). Then u(0) is the n-th iterate of an
element of M,, and by Lemma 3.2 we can join u(0) to the n-th iterate of some element of
M., by a path in {S,, < S,,(u(0))}. By concatenation we obtain a path v : [0,1] — M
such that v(0) € ™(M,,), v([0,1/2]) C {Sx, < Sky(u(0))}, and v|p 21 = w(2(- — 1/2)).
Then v belongs to P, (ko) and, since S,, < S,,, we have

max Sy, 0 v < maxS,, o u < maxSy, o u.
[0.1] [0,1] [0,1]
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Therefore,
n < S < SK/ 7
eolfo) = S © S RS
and by taking the infimum over all u € P, (k1) we conclude that ¢, (ko) < ¢, (k1). O

The next lemma is a simple generalization of [AMP15, Lemma 6.2], where we replace
the elements pg, 11 € M by compact subsets Ky, K1 C M. Its proof is based on Bangert’s
argument from [Bang80].

Lemma 3.4. Let Ky and K| be compact sets in the same connected component of M and
set

R, = {u e C%[0,1], M) | u(0) € ¥"(Ko), u(l) € " (K1)} .
For some fized r we set

n = inf Sk .
an = nf max (u(o))

Then there exists a number A such that

a, <n max S, + A Vn € N.
KoUKy
If we apply the above lemma to £ = maxJ, Ky = Mz, K; = {u} and use the fact

that Sz(u) is negative and, by Lemma 3.1 (iii), max,,, S; is also negative, we obtain in
particular that ¢, (k) — —oo for n — oco. Since ¢, is monotonically increasing, we conclude
that
(24) lim ¢, = —oc0 uniformly on J.

n—oo
3.2. The monotonicity argument. Let ¢, : J — R be the sequence of minimax functions
which is defined in the previous section. By (24) there exists a natural number ng such
that all the ¢,’s are negative for n > ngy. The proof of the next lemma is based on Struwe’s
monotonicity argument from [Str90] and is similar to the proof of [AMP15, Lemma 7.1].
The fact that we are dealing with a peculiar minimax class requires some extra care, and
therefore we include a full proof.

Lemma 3.5. Let n > ng. Let k be an interior point of J at which c, is differentiable and
such that the set Mz is a finite union of critical circles. Then for every neighborhood V' of
the set

crit(Sx) NS5 (ea(R))
there ezists an element u of P, (k) such that S ( (0)) < cn(R) and
u([0,1]) € {Sk < cn(R)} UV

In particular, ¢,(R) is a critical value of Sx.

Proof. The last assertion follows from the previous one by arguing by contradiction and
choosing V to be the empty set. Therefore, we must prove the existence of a path v which
satisfies the above requirements.
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Since ¢, is differentiable at the interior point & € J, there exist a neighborhood I of &
which is contained in J and a number C' > 0 such that

(25) len (k) — cn(R)| < Clk — R, Vi € 1.

Let (kn) C I be a strictly decreasing sequence which converges to %, and consider the
infinitesimal sequence of positive numbers ¢, := k, — k. Let u;, be an element of P, (ky,)
such that

rflaT{S“h oup < cp(kn) + €.
0,1

Let v = (z,7") be an element in the image of uy. From (25) we deduce that
(26) Si(7) < Sk, (7) < enlkin) +en < cn(R) + (C + Dep.

If moreover v € up([0, 1]) is such that Sz(v) > ¢,(R) — €5, then a second application of (25)
gives us the bound

Sk, (2, T) — Sz (z,T) < Cn(kp) + €n — cn(R) + €
Ky — R - €n

T = <C+2.

It follows that
up([0,1]) C {Sk < cn(R) — en} U Ay,
where
Ay ={(x,T)e M |T <C+2, Sa(z,T) < cp(k) + (C+ e} .
By the estimate

1 _ . _ L. :
Su(e.T) = g7 [ 1)y ds = [ 2°0)+ 5T 2 Sl — 0]l

the set Ay, is bounded in M, uniformly with respect to h € N.
The point uy,(0) belongs to " (M,, ) and by Lemma 3.2 it can be joined to some element

in " (Mz) by a path which remains in ¢"(U) and in
{Sz < Sz(un(0)} C {Sz < cn(R) + (C + 1)en},

where we have used again (26). By concatenating the latter path with wy, we obtain a
path vy, : [0, 1] — M such that v,(0) € ¥"(Mz), vp(1) = ", and

un([0,1]) C {Sk < eu(R) — e} U A, U (W™ (U) N {Sk < cu(R) + (C + 1en}).
In particular, v, belongs to P,(k). From the uniform boundedness of A; and the fact
that "(U) is also bounded, we deduce that there exists a bounded set B C M which is
independent of i € N and such that
(27) vr([0,1]) C {Sk < cu(R) — en} U (BN {Sk < cu(R) + (C + 1)en}).
In particular, we have

(28) lim sup max S; o v, < ¢,(R).

h—o00 [071]
Since by assumption Mj is a finite union of critical circles, it consists of strict local min-
imizers for S;. By the already mentioned [AMP15, Lemma 4.1], also 1" (Mj) consists of

strict local minimizers for Si. Since 1" (Mj5) consists of finitely many critical circles, up to
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the choice of a subsequence we may assume that v,(0) belongs to the same critical circle
T - « for every h € N. In particular,

Ap = Si(vn(0)) = Si(«)

does not depend on h. Since T -« minimizes S; strictly, it has a neighborhood W on which
Sk > Ap and such that

inf Sz > Ap.

oW

See the already mentioned [AMP15, Lemma 5.3]. Since
Sw(va(1)) = Sg(p") < Sk(va(0))
because of Lemma 3.1 (ii), every path v, must meet the boundary of W and hence

inf max Sz o vy, > Ap.
heN [0,1]

Together with (28), the above strict inequality implies that
Cn(/%) > A().
Using also the fact that ¢, (k) is negative (because n > ng), we can find numbers A; and
A,y such that
Ap < A1 < cn(R) < Ay < 0.

Let VS: be the gradient vector field of Sz with respect to the standard product Rie-
mannian metric on M = H*(T, M) x (0, +00). By multiplying —VSk by a suitable smooth
non-negative function we can construct a smooth bounded tangent vector field X on M
which vanishes on

{Sk < Ao} U{S; > 0},
satisfies dSz(X) < 0 on M, and
(29) dSx(X) < —min{||dSg|?, 1} on {A4; <S; < Aq}.

The flow ¢ of X is well-defined on M x [0, +00), because X is bounded and the only source
of non-completeness is T' going to zero, but this may happen only for negative-gradient
flow lines for which S; tends to zero (see [Abbl3, Lemmata 3.2 and 3.3]), and we have
made X vanish on {S; > 0}. Furthermore, since X is bounded ¢ maps bounded sets into
bounded sets.

We claim that if & is large enough, then

d1(vn([0,1])) C {Sk < cu(R)FUV.

This claim implies the thesis of this lemma: Indeed, the path ¢; o v, belongs to P,(k),
because

Sa(@100n(0)) = Ao < cn(R),  Sal¢rowa(1)) =Sz(u") < Ao,
and ¢ fixes the points in {S; < Ay}
There remains to prove the above claim. By (27) and the properties of X,

(30) ([0, 1] x va([0,1]) C {Sk < ea(R) — e} U (B' N {Sk < cu(R) + (C + Den}),
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for some bounded subset B’ of M. Since S; satisfies the Palais-Smale condition on bounded
subsets of M on which Sy is bounded away from zero (see [Abb13, Lemmata 5.1 and 5.3)),
the set

K = B Ncrit(Sz) NS: (en(R))
is compact. Since K consists of fixed points of the flow ¢, it has a neighborhood V' C V
such that

(31) 6([0,1] x V') C V.

Using again the fact that S; satisfies the Palais-Smale condition on bounded subsets of M
on which S; is bounded away from zero, we can find € > 0 and ¢ € (0, 1] such that

(32) |dSz|| > 6 on  (B'\V)N{cn(k) — e <Si < c(R) + €}
Let o € [0,1] be such that
(33) Se(¢1(vn(0))) = en(R)  and  ¢i(va(0)) € V.

By (31), ¢.(vn(0)) cannot belong to V' for any r € [0,1]. Together with (30) we deduce
that

([0, 1] x {vn(0)}) € (B\V) N{ea(R) < Sz < ea(R) + (C + D)en}-
When h is so large that (C' + 1)e, < ¢, (32) implies that
|dSx(or(un(0)))] 2 6, Vrel0,1],
and by (29) we find

cn(R) < Sg(o1(vn(0)))
= Sz (vn(0)) + /O %&(@(m(a)))dr

< ealR) + (C + Den + / 0S5 (6, (0n(0))) (X (1 (vn(0)))] dr
< cu(R) + (C + ey, — 6%

Since (ep) is infinitesimal, the above inequality implies that h is smaller than some hy.
When h is larger than hg, (33) cannot occur and hence

¢1(vn([0,1])) C {Sz < ea(R)} UV,

as claimed. O

3.3. The proof of the theorem. We can finally prove the theorem stated in the Introduc-
tion. Let xk € (0,¢,). If the local minimizer o is not strict, then T - o, is the limit of a
sequence of critical circles of S, in M\ (T - a,;), which determine infinitely many distinct
periodic orbits of energy . Therefore, it is enough to prove the following statement:

Every k. in (0, ¢,) such that the local minimizer o, is strict has a neighborhood J C (0, ¢,)
such that for almost every k € J the energy level E~Y(k) has infinitely many periodic orbits.

Fix k. as above and let J = J(k.) C (0,¢,) be the interval which is constructed in
Section 3.1. Let ¢, : J — R be the corresponding sequence of minimax functions and let
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ng € N be such that ¢, < 0 for every n > ng. Since the countably many functions ¢,, are
monotone, Lebesgue’s theorem implies that the set

J' = {k € Int(J) | ¢, is differentiable at x for every n > ng}

has full measure in J. We shall prove that for every x € J' the energy level E~'(k) has
infinitely many periodic orbits.

Fix some k € J'. If M, consists of infinitely many critical circles, then E~!(k) has
clearly infinitely many periodic orbits. Therefore, we may assume that M, consists of
only finitely many critical circles, which thus consist of strict local minimizers. Assume by
contradiction that £~'(x) has only finitely many periodic orbits. Then the critical set of
S, consists of finitely many critical circles

T"}/b T’}/Q?vT/Yk
together with their iterates T - 77, for 1 < j < k and n € N. By Theorem 2.6 we can
find a natural number n; such that the following is true: For every n > n; and for every

Jj € {1,...,k} there exists a neighborhood W;,, of T - 7vj such that any two points in
{Sk < Sk(7})} which can be connected within

{Sk < Sﬁ(7?>} UWian

can be also connected in {S, < S.(7})}. Moreover, the sets W;,, can be chosen to be so
small that their closures are pairwise disjoint. Set

= i 7.11_1
a:= min Sk(v;1 7).
By (24) we can find a natural number n > ng such that ¢,(k) < a. By Lemma 3.5, ¢, (k)
is a critical value of S,, and by our finiteness assumption,

crit(S,) NS (en(k)) = T- A5 U---UT -4},

for some non-empty subset {ji,...,jn} of {1,...,k} and some positive integers my, ..., my.
Since ¢, (k) < a, all the m;’s are at least n;. We apply Lemma 3.5 with

V= le,ml U--U th,mh
and we obtain a path u € P, (k) with image in
{Si < cn(k)F UV,

and such that S,(u(0)) < ¢,(k). Since also S, (u(1)) = S,(u") < cn(k) by (23), and since
the sets W, m,, 1 <@ < h, have pairwise disjoint closures, the path u is the concatenation
of finitely many paths v, each of which has end-points in {S, < ¢,(k)} and is contained in
{Sk < cn(K)} UW;, 1, for some i € {1,...,h}. By the property of the sets W, ,, stated
above, the end-points of each of the v’s can be joined by paths w in {S, < ¢,(x)}. By
concatenating the w’s, we obtain a path in {S, < ¢,(k)} which joins «(0) and u(1). Since
such a path belongs to P, (), this contradicts the definition of ¢, (k). This contradiction
proves that £~!(x) has infinitely many periodic orbits.
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APPENDIX A. HYPERBOLIC PERTURBATION OF UNIPOTENT SYMPLECTIC MATRICES

We recall that an element of GL(n, R) is called unipotent when its spectrum is equal to
{1}, while it is called hyperbolic when its spectrum does not intersect the unit circle of the
complex plane. The argument in the proof of the following statement was suggested to us by
Marie-Claude Arnaud and Jairo Bochi. Notice that the statement becomes straightforward
if n =1, since Sp(2) = SL(2,R).

Proposition A.1. The unipotent elements of Sp(2n) belong to the closure of the space of
hyperbolic elements of Sp(2n).

Proof. Consider an arbitrary P € Sp(2n) with spectrum o(P) = {1}. Let us prove that
there exists a Lagrangian vector subspace V' C R?" invariant by P. In order to do this, let
V' be a maximal isotropic subspace invariant by P, that is, an invariant isotropic subspace
that is not strictly contained in another isotropic invariant subspace. We claim that V is
Lagrangian. Indeed, arguing by contradiction, suppose that dim V' < n. Let V* be the
symplectic orthogonal of V' and notice that P(V¥) = V*. By our hypothesis, V' is strictly
contained in V* and therefore has a positive-dimensional complementary subspace V' in
V«. Using the decomposition V¥ =V @& V' we can write

P 7TOP/
= (T ToE)

7T20P|V/

where m; : V¥ — V and 7 : V¥ — V' are the projections. Since o(P|yw) = o(Ply) = {1}
and

det(P|ye — M) = det(P|y — M) det(mp 0 P|ys — M), VA €C,

we infer that o(my 0 Ply/) = {1}. Consequently, there exists v € V’ such that Pv —v € V.
But this implies that V' @ span{v} is isotropic and invariant, contradicting the maximality
of V.

Now, choose a symplectic basis {ey,...,en, f1,..., fn} such that V = span{ey, ..., e,}.
Using these coordinates we can write P as

A B
r=(0 &)

where A = P|y. For all t € R, we set

P el 0\ (A BY_[(cA B
A0 eI 0 Cc) 0 e'C)’

Notice that P; € Sp(2n), being the product of two elements of Sp(2n). Clearly, P, depends
smoothly on ¢, and Py = P. Finally, since o(A) = {1}, we have that e’ is an eigenvalue of
P, with algebraic multiplicity n. This, together with the fact that P, is symplectic, implies
that for all ¢ # 0 the matrix P, is hyperbolic with o(P;) = {ef,e*}. O
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