On the higher dimensional Poincaré— Birkhoft
theorem for Hamiltonian flows.
2. The avoiding rays condition

Alessandro Fonda and Antonio J. Urena

ABsTrACT. We propose a higher dimensional generalization of the Poin-
caré — Birkhoff Theorem which applies to Poincaré time maps of Hamil-
tonian systems. The maps under consideration are neither required to
be close to the identity nor to have a monotone twist. The annulus is
replaced by the product of an N-dimensional torus and the interior of
an embedded sphere in RY; on the other hand, the classical boundary
twist condition is replaced by an avoiding rays condition.

1 Introduction

The so-called Poincaré —Birkhoff theorem is a classical topological result, first
inferred by Poincaré shortly before his death [32], and proved in its full gen-
erality by Birkhoff some years later [5, 6]. In broad terms, it states the exis-
tence of at least two fixed points of an area-preserving homeomorphism of the
(closed) planar annulus, provided that it keeps both boundary circles invari-
ant, while rotating them in opposite senses. It has been extended in different
directions, and subsequently widely applied to the study of the dynamics of
(planar) Hamiltonian systems. See, e.g., [10] or [31, Ch. 2] for a more precise
description of this result, and [17, 23] for two recent review papers, including
corresponding lists of references.

The efforts to generalize this theorem to higher dimensions go back to
Birkhoff himself [7], and have been later continued in many works, including,
for instance [2, 8, 14, 18, 21, 29, 31, 36, 38]. Out of these extensions, we
shall be particularly interested in the version due to Moser and Zehnder [31,
Theorem 2.21, p. 135], which is depicted next. Let S € RY be a smooth,
compact and convex hypersurface bounding some open region intS, and let
the smooth map P : RY x intS — RY x RY be given. It is assumed to be an
exact symplectic diffeomorphism into its image and to have the form

Pla,y) = (x +0(z,y),p(z,y)),  (v,y) € RY xint S, (1)
where both maps 19, p are 2m-periodic in each of the first N variables x1, ..., xy.
Suppose further that there exists some ¢ € int S such that

(I(z,y),y —c) >0, forevery (z,y) € RY x S. (2)
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Under the additional condition that P is either close to the identity or satisfies
a monotone twist condition, the Moser — Zehnder theorem ensures the existence
of at least N 4 1 fixed points of P in RY x int S. Incidentally, we observe that
this result (and the proof given by Moser and Zehnder) keeps its validity if the
sign of the inequality (2) is reversed.

A natural way to build exact symplectic diffeomorphisms such as those
considered above is by using time maps of Hamiltonian systems. In this Hamil-
tonian setting, the closeness to the identity and the monotone twist condition
have been recently shown to be unessential [18, Theorem 1.1(b)]. We now
plan to further extend this result in two directions. Firstly, we shall consider
compact surfaces S which are not necessarily convex, but are only required
to be diffeomorphic to the sphere. And secondly, we are going to replace the
twist condition (2) by a more general one, which, loosely speaking, requires
that 9J(x,y) misses either the inner or the outer normal ray coming from S
whenever y belongs to this set. We have called it the avoiding inner/outer
rays condition.

To be more precise, we consider the Hamiltonian system
(HS) 2= JVH(t,z2).

(0 Iy
Here, J = (*IN 0

and the continuous function H : R x R*N — R, H = H(t,2) = H(t,z,y)
is T-periodic in its first variable ¢, 2m-periodic in the first N state variables
x1,...,xy, and continuously differentiable with respect to z = (z,vy).

Let S € RY be a (C'-smooth) embedded sphere; i.e., a Cl-submanifold
which is C'-diffeomorphic to the standard sphere S¥~!. It is well-known that
S separates RY into two open connected components; a bounded one, usually
called the interior of S and denoted by intS, and an unbounded one, the
exterior of S, denoted by ext S. Correspondingly, there is a well-defined unit
outward normal vectorfield, which will be written as v : S — R¥.

) denotes the standard 2N x 2N symplectic matrix,

Let us assume, for the moment being, that for every initial position zy €
RN x int S there is a unique solution z(-;zo) of (HS) satisfying z(0; z) = 2o
and, moreover, this solution can be continued to the time interval [0, 7]. Then
it makes sense to consider the so-called Poincaré time map P : RN x intS —
R2V | defined by

P(20) = 2(T; %) -

It is clear that P has the form (1), the functions 6, p being 27-periodic in each
variable x;. Observe also that the fixed points of P correspond to T-periodic
solutions of (HS). Once such a T-periodic solution z(t) = (z(t),y(t)) has
been found, many others appear by just adding an integer multiple of 27 to
some of the components z;(t); for this reason, we will call geometrically distinct
two periodic solutions of (H.S) (or two fixed points of P) which can not be
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obtained from each other in this way. If the Hamiltonian H = H(t, z) is C*-
smooth with respect to z, a fixed point zy of P is called nondegenerate if 1 is
not an eigenvalue of P’(2).

At a point y of the hypersurface S, the inward and outward rays are defined
by

A_(y):={—A(y): A>0}, R (y) = {Av(y): A >0},

respectively. We shall say that P satisfies the avoiding inward rays condition
provided that J(z,y) ¢ Z_(y) for every (z,y) € RY x S, and we shall say
that P satisfies the avoiding outward rays condition provided that 9(x,y) ¢
R (y) for every (z,y) € RY x S. We shall show the following

Theorem 1.1. (a). Assume either the avoiding inward rays condition or
the avoiding outward rays condition; then, P has at least N + 1 geometrically
distinct fized points in RN x intS. (b). If, furthermore, H = H(t,z) is
twice continuously differentiable with respect to z and all fixed points of P on
RY x int S are nondegenerate, then there are at least 2V of them.

We emphasize that in this theorem we do not assume the invariance of
the domain RY x int S, nor that our map should be close to the identity, nor
any monotone twist condition on RY x intS. We did presuppose uniqueness
for initial value problems, at least for solutions departing from RY x intS,
so that the Poincaré time map is well defined. This assumption may fail if
the Hamiltonian function is not smooth enough (say, for Hamiltonians of class
C1'), reducing the applications of our theorem; for this reason, it will also be
dropped in Theorem 2.1, which is the main result of this paper.

Throughout this paper, N > 1 is a fixed natural number. The case N =1
is special, because then the embedded sphere S becomes a two-point set {a, b},
with a < b, its interior is the open interval |a, b|, and the unit outward normal
vector field is the function v : {a,b} — R defined by v(a) = —1, v(b) = 1.
Thus, for N = 1, Theorem 1.1 becomes the particularization for Hamiltonian
systems of the standard planar Poincaré — Birkhoff theorem (for non necessarily
invariant annuli). Also the more general Theorem 2.1 is known in this case
(see [18, Theorem 2.1]). On the other hand, some of the arguments of this
paper (in particular those in Section 3) become much simpler if N = 1. For
these reasons we shall be concerned mainly with dimensions N > 2.

Theorem 1.1 applies to Poincaré time maps of Hamiltonian systems which
are periodic in the z; variables. It leads to the question of finding an alternative
way to characterize such maps. Clearly, the transformations P : RN x intS —
R2N which we are considering differ from the identity on some map which is
periodic in the z; variables. In addition, assuming the Hamiltonian to be twice
continuously differentiable, P must be an exact symplectic diffeomorphism into
its image. Indeed, it can be seen (cf. [21, Theorem 58.9] or [27, Proposition
9.19]) that P is the Poincaré time map of a Hamiltonian system of the type
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we are dealing with if and only if it can be joined to the identity via a smooth
homotopy of exact symplectic diffeomorphisms. However, this criterion could
not be easy to check in practical situations. More explicit conditions are avail-
able when P is an exact symplectic monotone twist map. Indeed, Moser [30,
Theorem 1] has shown that, when N = 1, all such maps are indeed Poincaré
time maps of a Hamiltonian system. A higher dimensional version of this re-
sult has been obtained by Golé [21, Theorem 41.6], assuming that the map P
is globally defined on RY x R¥ and the twist is, in some sense, controlled at
infinity.

Notice that Theorem 1.1 states the existence of fixed points for certain
maps defined on RY x int S, the embedded sphere S C RY being C'-smooth.
The generalized Schoenflies theorem [9] implies that int S is homeomorphic to
the unit ball; however, there are indications that in some cases it may not be
diffeomorphic [28, p. 1069].

Another result presented in this paper is Theorem 2.2. Here, the avoiding
rays condition is replaced by some assumptions near infinity, and we shall refer
to it as our basic Hamiltonian Theorem. It will be used in Section 4 to prove
Theorem 2.1 by suitably modifying the Hamiltonian; in order to do so we shall
need a couple of technical properties of embedded spheres which are developed
in Section 3.

Having completed the passage to Theorem 2.1 from our basic Hamiltonian
Theorem 2.2, we devote the three last sections of the paper to obtain this
last result. In Section 5 we set a variational framework for our problem. The
periodic solutions of our Hamiltonian system then become the critical points
of a (strongly indefinite) functional, and the corresponding abstract theorem is
proved in Section 6 (for the general, possibly degenerate case) and in Section 7
(in the nondegenerate case).

The avoiding rays conditions have implications on the Brouwer degree of the
maps 9(z,-) : intS — RY. Indeed, under the avoiding inward rays condition,
deg(ﬁ(a:, ), int S, 0) =1 for every x € RY, while if the avoiding outward rays
condition holds, deg(d(z,-),intS,0) = (—=1)V for every x € RY. This is easy
to check, since the maps 9(z,-) : int S — RY can be connected by homotopies
to other maps which coincide on S with the outer normal vectorfield v (in the
case of the avoiding inward rays condition) or the inner normal vectorfield —v
(in the case of the avoiding outward rays condition); subsequently, the degrees
can be computed, e.g., by using the main theorem of [1]. We do not know
whether the avoiding rays conditions in Theorem 1.1 can be replaced by these
more general assumptions on the topological degrees.

2 Hamiltonian systems without uniqueness

The main result of this paper is a version of Theorem 1.1 which does not
require uniqueness for initial value problems. In order to describe it precisely,
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it will be convenient to introduce some terminology. We shall say that the
function H : [0,T] x R* — R, H = H(t,z) = H(t,x,y), is an admissible
Hamiltonian if it is continuous, 2m-periodic in x; for each ¢ = 1,..., N, and it
has a continuously defined gradient with respect to z, denoted by VH. Observe
that under these conditions the Poincaré time map could be multivalued (and
thus not defined in the usual sense). All Hamiltonians appearing in this paper
will be admissible.

A solution z : [0,7] — R?Y of (HS) is said to be T-periodic if it satisfies
2(0) = 2z(T). Of course, in case H is the restriction of some function on
R x R2Y which is T-periodic in time, then any T-periodic solution in this sense
can be extended to a T-periodic solution defined on R. When H = H(t, z) is
twice differentiable with respect to z, a T-periodic solution of (HS) is said to
be nondegenerate if the linearized system does not have nontrivial T-periodic
solutions. Equivalently, if the corresponding fixed point of the Poincaré map
is nondegenerate.

The avoiding inward/outward rays conditions considered in the Introduc-
tion can be easily adapted to our situation. We shall say that the flow of
the Hamiltonian system (HS) satisfies the avoiding inward [resp. outward]
rays condition relatively to S if every solution z(t) = (z(t), y(t)) of (HS) with
y(0) € S is defined for every ¢ € [0, T] and satisfies

2(T) —x(0) ¢ Z-(y(0)), [resp. x(T) — x(0) ¢ Z4(y(0))].

We are now ready to state our main result. Once more, we emphasize
that we do not assume any invariance of the domain, nor any closeness to the
identity, nor monotone twist condition.

Theorem 2.1. (a). Let the Hamiltonian function H : [0,T] x R?Y — R be
admissible, and assume the existence of an embedded sphere S C RN such that
the flow of (HS) satisfies the avoiding inward [resp. outward] rays condition
relatively to S. Then, the Hamiltonian system (HS) has at least N+1 geomet-
rically distinct T-periodic solutions 29, ..., 2N) such that, writing 2% (t) =
(™ (1), y™ (1)),

y®(0) €intS, for k=0,...,N.

(b). Moreover, if the Hamiltonian function H = H(t,z) is twice continu-
ously differentiable with respect to z and the T-periodic solutions with initial
condition on RN x int S are nondegenerate, then there are at least 2V of them.

An important ingredient to prove Theorem 2.1 is given below. It is reminis-
cent of a theorem due to Szulkin (cf. [36, Theorem 4.2] and [37, Theorem 8.1]),
but there are some differences. In contrast to Szulkin’s results, we deal with
Hamiltonians which are not quadratic or coercive in the y directions, but have
a finite limit as |y| — co. On the other hand, we shall assume that H(t,z,y)
does not depend on ¢,z for |y| big enough.
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Theorem 2.2. Let the Hamiltonian function H : [0,T] x R*Y — R be admis-
sible. Assume that

[H,] there exists some Ry > 0 such that H(t,z,y) = h(y) does not depend on
t,x whenever |y| > Ry,

[H;] the function h has a finite limit ¢ as |y| — oo; furthermore, h(y) # € for
ly| sufficiently large,

[Ha] limyy_s VA(y) = 0.

Then, system (HS) has at least N + 1 geometrically distinct T-periodic solu-
tions. If, in addition:

[H,] H is C*-smooth with respect to (z,y),

[H5] limy,|— Hess h(y) =0,

[Hg] the T-periodic solutions of (HS) are nondegenerate,

then (HS) has at least 2V geometrically different T-periodic solutions.

In this result, assumption [H,;] looks quite strong, and it seems plausible
that it could be avoided if one replaces the limits in [Hj 3 5] by their analogues
referred to H(t,x,y), assumed uniform with respect to (¢,z). However, for
the purposes of this paper we shall only need the result in the form above;
indeed, in Section 4 we are going to use Theorem 2.2 as the main tool to prove
Theorem 2.1. We shall first need a couple of facts about embedded spheres in
RY: they will be the objective of the next section.

3 Embedded spheres in RY

We devote this section to establish two geometrical facts on embedded spheres
in RY. The first one is an approximation result:

Lemma 3.1. Let S CRY be a C'-smooth embedded sphere and let K C intS
be a compact set.

(1) There exists a C*°-smooth embedded sphere S, C RN with

K CintS, CintS, CintS.

(1) Furthermore, given € > 0, the embedded sphere S, can be chosen with the
following additional property: for any q € S, there is some p € S with

lg —p| <e, lv(q) —v(p)| <ce.

Here, v and v, denote, respectively, the unit normal outward vectorfields

on S and S..



Proof. The outer unit normal vector field v : S — R¥ is continuously defined.
Using a regularization argument we can find a C''-smooth vector field X : § —
RY with | X (p)| = 1 for every p € S and

(X(p),v(p)) >0, forallpeS.

In order to prove (1), choose some C*-smooth diffeomorphism o : S¥ 1 — S
and some number § €]0,¢[, and consider the map ¢ : S¥"!x]| — §,0[— RY
defined by

0(0,t) :==0c(0) +tX(c(0)).
If 6 €]0,dist(S, K)[ is small enough, this is a C*-smooth diffeomorphism into
its (open) image. Moreover,

P(SVTIx{0}) =S, @(SM1x]0,8])) CextS, (SVTIx]-4,0]) C (intS)\K .
Observe that
(i) p(0.~5/2) — p(0,0)] < /2, for any 0 € SY.

We denote Sa := ¢(SV~! x {—§/2}), which is a C'-smooth embedded sphere
contained into int S and containing K into its interior. After possibly replacing
0 by an smaller number there is no loss of generality in further assuming that

(1ip) lva(p(0,—6/2)) — v(0(0,0))| < e/2, for any § € SV~L.

(We call vp : So — RY the unit outer normal vector field on Sp.) Using
again a regularization argument, one finds a C*°-smooth map ¢, : S¥°1 — RV
which is close, in the C'-sense, to ¢(-, —d/2). Then, the C*°*-smooth embedded
sphere S, = gb*(SN *1) will still be contained in int S and will still contain K
in its interior. Moreover,

(1) |6.(0) — (0, —0/2)| < e/2, for any § € SN,
(7iy) [V (04(0)) — va(p(0,—6/2))| < /2, for any § € SN~1.

Combining (ia) with (i), and (iin) with (ii.), we deduce that |¢.(0) —
©0(0,0)] < e and |v.(¢.(0)) — v(p(0,0))] < e, for any # € S¥=L. The result
follows. ]

We shall be particularly interested in the following consequence of Lem-
ma 3.1(f). Let the (admissible) Hamiltonian function H be given and assume
that the avoiding inward/outward rays condition (with respect to the embed-
ded sphere S) holds. Then the modified embedded sphere S, may be taken so
that the avoiding rays condition perdures. This is the content of the following

Lemma 3.2. Let S C RY be a C'-smooth embedded sphere and let K C intS
be a compact set. Let H be an admissible Hamiltonian and assume that either
the avoiding inward rays condition or the avoiding outward rays condition (rel-
atively to S) holds. Then, the embedded sphere S, given by Lemma 3.1(}) can
be chosen so that the relative inward/outward avoiding rays condition holds.
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Proof. Using [18, Lemma 5.2], we see that all solutions (x(t),y(t)) of (HS)
starting with y(0) € intS are defined on [0,7], and indeed, the set of such
solutions is uniformly bounded in the y component. Consequently, there are
also bounds in the variation of the x component, i.e.,

(1) — x(0)] < M, (3)

for every solution (x(t),y(t)) of this type, the constant M > 0 not depending on
the particular solution. In addition, assuming for instance the avoiding inward
rays condition (relative to §), a compactness argument shows the existence of
some €5 > 0 such that

dist(z(T) — 2(0), Z-(p)) = €0, (4)

whenever p € S, (z(t),y(t)) is a solution starting with y(0) € intS, and
[9(0) —pl < €.

Recalling Lemma 3.1(f) we may find an embedded sphere S, C intS with
K C intS, and with the following property: for every ¢ € S, there is some
p €S with

g =pl<e,  [vle) —vip) <e/M. ()

(we denote by v, the unit outer normal vectorfield associated with S,). To
conclude the proof it suffices to check the avoiding (inward) rays condition,
relative to this embedded sphere S,. We see this by a contradiction argument
and assume instead that there is some solution (z(t),y(t)) of (HS) starting
with y(0) = ¢ € S. and such that z(T) — 2(0) = —Av.(¢) for some A > 0.
By (3), we see that A € [0, M]. We choose some point p € S satisfying (5) and
observe that

dist(z(T") — (0), Z—(p)) = dist(=Av.(q), Z-(p))
< A= wlq) +v(p)| < M(eo/M) = €0,

contradicting (4). It concludes the proof. O

In the second part of this section we continue our study of embedded spheres
in RV, but with a different goal, which this time will be Lemma 3.5. We shall
start with an apparently unrelated result stating that any two points in an
open domain B C R¥ can be sent into each other by a diffeomorphism which
leaves the exterior of the domain pointwise fixed.

Lemma 3.3. Let B C RY be open and connected. Then, for every p,q € B
there exists a C™-smooth diffeomorphism %, : RN — RY such that 9,,(p) = q,
and 9,,(y) =y for every y € RN \ B.

Proof. 1t is divided into three steps. Firstly, we check the statement in the
special case when B is a convex subset of RY and the points p, ¢ belong to
the first coordinate axis R x {0} C R x R¥~! = R¥; in this situation the
result is due to Huebsch and Morse [22]. These additional assumptions are
subsequently removed in the second and third steps.
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First Step: B is convex and p = (a,0),q = (b,0) € R x {0}. Since one
can take ¥, = %pj there is no loss of generality in assuming that a < 0.
The open set B contains the segment [p,q] = {(¢,0) : @ < ¢ < b}, and hence,
there are numbers ¢’ < a < b < i’ and e > 0 such that the cylindrical region
{(t,u) e Rx RN"1: ' <t <V, |ul <e}is contained in B. The result now
follows from [22, Lemma 2.1].

Second Step: B is convex and p,q € B are arbitrary. Choose some affine
isomorphism _# : RY — R¥ sending both points p, ¢ into the first coordinate
axis R x {0}. The open set #(B) is convex, so that, by the first step there
is a C*°-smooth diffeomorphism %, : RY — R" which sends p’ = _# (p) into
¢ = _#(q) while leaving the points of RY \ #(B) pointwise fixed. It then
suffices to set 4,, == 7 1 oYy 0 7.

Third Step: the general case. We define an equivalence relation R on B by
the rule

pRq & there exists 4,, : RN — RY under the conditions of the lemma.

It follows from the second step (applied to balls) that every equivalence class
is open. Moreover, any two different equivalence classes are disjoint. Thus,
the connected set B is the disjoint union of the (open) equivalence classes, and
we deduce that there is just one class. It completes the proof. ]

In [28], Morse proved a differentiable version of the Schoenflies Theorem
which states that the interior of an embedded sphere in RY is, excepting for
a possible singular point, diffeomorphic to the pointed ball. The fact that, in
view of Lemma 3.3, the singular points can be prescribed, leads to a variant
of this result in which the exterior of the standard sphere is mapped into the
exterior of an embedded sphere. We denote by BY the open unit ball in RV,

Lemma 3.4. Given a C?-smooth embedded sphere S C RY, there are open sets
UDRV\BY and V D extS, and wz-smooth diffeomorphism F : U — V
such that F(SN1) =8 and F(RY \ BY) = ext S.

Proof. There is no loss of generality in assuming that 0 € intS. We define

y::{&:ye‘?}.

This is again a C%-smooth embedded sphere in RY, and [28, Theorem 1.1]
states the existence of open sets % D BN and ¥ DO int.7, together with
a homeomorphism % : % — ¥ such that Z(SV!) = % and, for some
point p € BY, the restriction .Z : % \ {p} — ¥ \ {Z(p)} is a C*smooth
diffeomorphism. But, in view of Lemma 3.3 (applied to the open sets B; = BY
and By = int S), it is not restrictive to assume that p = 0 = F(p). It suffices
now to consider the sets

u:_{i:ye%\m}}, v:_{i:ye”f/\{o}},

|y|? |y|?
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and define the C?-smooth diffeomorphism F : i/ — V by the rule

1

¢

F(u) =

The lemma follows. O

At this moment we are ready to show the second main result of this section:

Lemma 3.5. Let S C RY be an embedded sphere of class C%. Then, there
exists a C?-smooth function h : RN — [0, 1] satisfying:

(1) h(y) =0, for every y € int S ;

(i) Vh(y) # 0, for every y € extS ;

(i1i) yyii?i?% |§Z§z;| = v(yp), for every yo € S;
(iv) |1|im h(y) =1, |1‘im Vh(y) =0; ll‘im Hessh(y) =0.

Proof. Choose the open neighborhoods of infinity ¢,V C R™ and the C?*-
smooth diffeomorphism F : U — V as given by Lemma 3.4. It can be assumed
that 0 ¢ U. We consider the function f : V — R defined by

fly)=1F " y)|-1.

Observe that f € C*(V). Moreover,

>0, ifyeextS,

fly){=0, ifyes,
<0, ifye(intS)NV.

In addition, f is coercive, i.e. limy, o f(y) = +00. This means that its level
sets are compact, allowing us to define the function m : [0, +00] — R by

m(r) = r+max{|Vf(y)| + [Hess f(y)]| : y € f'(r)}.

Observe that m is continuous and positive. It is therefore possible to find a
C?-smooth function ¢ : R — R, with

() g(r) =0, if <0,

(%) 0<g(r), ifr>0,
1 1 :

(xx%x)  g(r)< " and — ()2 <g"(r)y<0, ifr>1.



Combining the first part of (%) with the fact that m(r) > r for any r > 0,
we see that the limit £ = lim, ., g(r) is finite. We finally define i : RY — R
by
0, ifyeintS,
h(y) =41 _
7IU), ifyeV.

Observe that, since on (intS) NV both definitions coincide, the function A is
well defined and it is C?-smooth. Properties (i)—(iv) are now easily checked.

]

4 Modifying the Hamiltonian: the proof of the
main theorem

In this section we carry out the proof of Theorem 2.1, assuming for this purpose
the validity of our basic Hamiltonian Theorem 2.2. Some of the arguments have
already been employed in [18]; thus, we will be brief while going through them,
and will concentrate instead on the differences.

The concept of strongly admissible Hamiltonian, considered in [18, Sec-
tion 5], will play an important role here. We recall the definition from there;
the Hamiltonian function H : [0, 7] x R?"Y — R is said to be strongly admissi-
ble (with respect to the set U = intS) provided that it is admissible and the
following two additional conditions hold:

[1.] there exists a relatively open set W C [0, T] x RY, containing {0} x ext S,
such that H is C*°-smooth with respect to the state variables z = (z,y)
on the ‘augmented set’ W; := {(t,z,y) : (t,y) € W, z € RN},

2.] there exists some Ry > max,cs |y| such that H(¢,z,y) = 0, if |y| > R;.
y

We shall start by observing that it suffices to prove Theorem 2.1 under the
additional assumptions that the Hamiltonian H is strongly admissible (with
respect to intS) and the embedded sphere S is C?-smooth. With this aim,
let the admissible Hamiltonian H and the C'-smooth embedded sphere S C
R lie under the framework of Theorem 2.1, i.e., either the avoiding inward
rays condition or the avoiding outward rays condition relative to S holds. As
usual, we denote by (H.S) the Hamiltonian system associated with the modified
Hamiltonian H.

Lemma 4.1. Let H and S satisfy the assumptions of Theorem 2.1. Then,
it is possible to find a strongly admissible Hamiltonian H and a C?-smooth
embedded sphere S C int S, such that:

() H and H coincide on some relatively open set containing the graph of
every T-periodic solution (Z,y) of (HS) starting with y(0) € intS;
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(k) the flow of H satisfies the avoiding inward rays condition (resp., the
avoiding outward rays condition) relative to S.

Proof. In order to fix the ideas we assume, for instance, that the Hamiltonian
H satisfies the avoiding inward rays condition (with respect to S). Using [18,
Lemma 5.2] we see that there is a uniform bound for the solutions (z, y) of (HS)
starting with y(0) € S. Then, a compactness argument shows the existence of
some € > 0 such that every solution (x(t),y(t)) of (HS) starting with y(0) € S
satisfies dist(z(7T") — z(0),Z_(y(0))) > €. Applying [18, Proposition 5.1] with
U = int S we see that there is a strongly admissible (with respect to intS)
Hamiltonian H which coincides with H on a relatively open set containing
the graph of any T-periodic solution z(t) = (Z(t),y(t)) of (HS) satisfying
y(0) € int S, and such that the avoiding inner rays condition (relative to S)
still holds. Recalling now Lemma 3.2 we see that we can replace S by a 2%
smooth embedded sphere S C RY with

{veRY:(0,0) ¢ W} CintS CintS C intS,
such that the avoiding inward rays condition still holds. The result follows. [J

Thus, from now on we assume, without loss of generality, that H is strongly
admissible (with respect to intS), and S is C*-smooth. As before, in order to
fix ideas we assume that the avoiding inward rays condition with respect to S
holds. In view of [2.] all solutions of (H.S) are defined on [0, 7] and, moreover,
the set of solutions starting from any given compact set is compact. Let the
function h : RY — R be given by Lemma, 3.5 for the embedded sphere S; there
must be some ¢ > 0 such that, whenever (z(t),y(t)) is a solution of (HS),

dist(y(0),08) <o = 2(T)—x(0) & {—rVh(y(0)):r >0}. (6)

Let W be given by [1.]; after possibly replacing ¢ by an smaller number
we have that

{y e RY : (0,y) ¢ W} C K := {y € intS : dist(y,S) > o} .

The set K is compact and contained inside int S, and using Lemma 3.1(7),
we may find C*®°-smooth embedded spheres S, S, C RY with

KCintS' CintS' CintS, CintS, CintS.
We choose some constant ¢ > 0 and consider the (relatively open) set
Q:= ({0} x intS") U {(t,y) €]0,T] x RY : dist(y,int S’) < ct} .

Denote Q; := {(t,z,y) € [0,T] x R* : (t,y) € Q}. Combining [1.] and [2.]
we see that, if ¢ is large enough, then H is C*°-smooth on the set

Gr = ([0, T) x R*M)\ @y = {(t,z,y) € [0, T] x R* : dist(y, intS’) > ct}.
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Moreover, using similar arguments to those carried out in the proof of [18,
Lemma 6.2], we see that, for large ¢ > 0, the set € is strictly forward-invariant
for the flow of (HS), in the sense that

(to,2(t0)) € U = (t,2(t)) € Qy, for every t €t, T], (7)

where z = 2(t) is any solution of (HS). What is more, ( is strictly forward-
invariant for the flow of every Hamiltonian system (H.S) whose (admissible but
not necessarily strongly admissible) Hamiltonian H coincides with H on ().

Consider the set ', whose elements are those (,¢) € [0, T] x R*" such that
the solution z of (HS) with z(0) = ( satisfies (s, z(s)) € Gy, for every s € [0, ].
The set I is open relatively to [0,7] x R*" | and it contains the sets

Ay = {0} xRY x (extS),  By=1[0,T] x RY x (R \BY,),

where Bgl denotes the ball in R centered at the origin and having radius R,
the constant given by [2.]. Choose now some C*-smooth function hy : RY —
R, with

hy(n) =0, ifneintS.; hp(n) >0, ifncextS,; lim hy(n) = +oo.

n|—o0

(For instance, one can take hy(n) := h.(n) +max{(|n] — R)?, 0}, the function
h. being given by Lemma 3.5 for the embedded sphere S,). Pick next some
constant k > 0 large enough so that Ay C T, where Ay := {(t,&,7n) € [0,T] x
RN x RV : (t,n) € A}, and

A= {(t,n) €0,T] x RY : hy(n) > kt}.

We now recall that the function h : RY — R was given by Lemma 3.5 for
the embedded sphere S. The result below states the existence of a function
r = r(t,n) whose time average is h = h(n) and having support contained in A.

Lemma 4.2. There is a C*-smooth function r : [0,T] x RY — R satisfying

(x) r(t,n) =0, 4f (t,n) ¢ A,

T fo r(t,n)dt = h(n), for everyn € RY,

(***) r(t,n) = h(n), if |n| is sufficiently large.
Proof. We choose a C*°-smooth function v : R — R satisfying

u(s) =0, if s <0; u(s)=1, ifs>1; 0<u(s) <1, ifse]0,1].
Then, we define p : [0, 7] x (extS,) — R by

(hJ\( ) kt)

T fo — ks)ds

We observe that p is a C*-smooth function satisfying

p(t,n) =

13



(®) p(t,n) =0,if (t,n) ¢ A,
(B®) %fOTp(t, n)dt =1,if n € ext S,,
(®®®) p(t,n) = 1, if |n| is sufficiently large.
Finally, we define 7 : [0,7] x RY — R by

rit, = ]
! p(t,n)h(n), ifne€extS,.

It is easily checked that r satisfies all the required properties. It proves the
lemma. O]

Proof of Theorem 2.1. Since H (t,x,y) is periodic in x and is equal to zero for
ly| large, there is some constant ¢ > 0 such that

’%—Zl(t,x,y)‘ <c, forevery (t,z,y) € [0,T] x R* . (8)

On the other hand, recalling (7i) in Lemma 3.5, we may find another con-
stant ¢ > 0 such that

IVh(yo)| > ¢, if yo € ext S satisfies dist(yo, S) > 0 and |yo] < Ry,  (9)

the constants ¢ and R; having been introduced in (6) and assumption [2.],
respectively. Consider the flow map ¢ : I' — RN ¢ = ¢(t,(), giving the
position at time ¢ of the solution z of (HS) with z(0) = ¢. Using arguments
similar to those in [18, Lemma 6.4], it can be seen that the function @ :
I' — Gy, defined as ®(¢,¢) = (¢, ¢(t,()), is a C*-smooth diffecomorphism. Let
r:[0,T] x RY — R be given by Lemma 4.2 above, let 4 : [0,T] x R*Y — R
be defined by
re(t,&m) =1t n),

and let the Hamiltonian R : [0, 7] x R*Y — R be given as

R(t,2) = {Tﬁ@_l(w))? if(t,2) € Gy,

0, otherwise .

It can be checked that R is C?-smooth. Fix some constant
A>c/d, (10)
and define

H(t,z) = H(t,z) + A\R(t,2) .

Observe that H coincides with H on the set Q4. Letting z = (z,y) and
combining [2.] with (x %) in Lemma 4.2, for |y| big enough one has

Ot 2) = (8, 2), R(t,z) = h(y).
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Thus, we immediately obtain condition [H;], and [Hj 3] follow easily from
item (7v) of Lemma 3.5, and the fact that h(y) < 1, for every y € RY. Ap-

plying Theorem 2.2, we see that the modified system (HS) has at least N 4 1
geometrically distinct T-periodic solutions, while, in the nondegenerate case,
their number is at least 27.

Let us show now that these are indeed T-periodic solutions of (HS). With
this aim, fix some solution % = (Z,§) : [0,T] — R of (HS), with §(0) €
extS’. Arguing as in [18, Lemmas 6.5, 6.6, 6.7] we see that there exists a
solution z = (z,y) : [0, 7] — R?N of (HS) such that y(¢) and 7(t) coincide at
t=0,T; z(t) and Z(t) coincide at t = T', and

z(0) = 2(0) + ATV h(y(0)) .
In particular, we have
z(T) — 2(0) = 2(T) — 2(0) + AXT'Vh(y(0)) .

To conclude the argument we shall see that Z is not T-periodic because Z(T') #
z(0). Equivalently,
#(T) — (0) £ —ATVA(y(0)) (11)

This fact will end the proof of Theorem 2.1, since it implies, by (7), that all
T-periodic solutions of (HS) lie in ﬁﬁ, hence they are T-periodic solutions

of (HS).
We distinguish three cases.

Case 1 : dist(y(0),S) < o. In this situation, (11) follows directly from the
choice of p in (6).

Case 2 : |y(0)] > Ry. Since H(t,z,y) = 0 for |y| > Ry, we now have that
z(T) = x(0), and the result follows.

Case 3 : dist(y(0),S) > ¢ and |y(0)] < R;. Recalling (8), we have |z(T") —
z(0)| < Te, so that, by (9) and (10),

[2(T) = z(0)] < Te <TA < | = ANT'Vh(y(0))],

and hence (11) holds. The proof of Theorem 2.1 is complete. O

5 Critical point theory

5.1 Counting the critical points of a function on a finite-
dimensional manifold

In this subsection we recall some classical facts relating the topology of a
compact manifold ¥V and the number of critical points of a function defined
on it. Let V be a finite-dimensional, compact, connected C%-smooth manifold
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without boundary, and let f : ¥V — R be a function of class C*'. The maximum
and the minimum of f on V are critical values of f; in particular, f has at
least two different critical points. However, if one assumes some additional
‘complexity’ in the topology of V, in some cases it is possible to combine
algebraic topology with critical point theory methods to predict the existence of
more critical points. For instance, it is well known that any real-valued function
defined on the 2-torus T? must have at least three different critical points, and
four if they are nondegenerate. Results of the former type motivated Ljusternik
and Schnirelmann [25] to develop the concept of category; on the other hand,
the latter statement is a well-known example of the consequences of Morse
theory (see, e.g., [3]).

We recall that cat()V), the category of V, is the minimum number of closed,
contractible subsets whose union is V. If no such a finite covering of V by
closed contractible subsets exists, then cat()) := +oo. The importance of
this topological invariant is ensured by the Ljusternik — Schnirelmann theorem:
any C'-smooth function on V has at least cat()) critical points. See e.g. [13,
Section 5.2.2] or [35, Chapter V] for more details.

In general, the category of a given manifold may not be easy to compute
directly. For this reason, it is usual to consider also other topological invari-
ants, such as the so-called cuplength of V, denoted cl(V). It is the largest
integer k for which there are elements o; € H%(V), j =1,...,k (the singular
cohomology vector spaces with real coefficients), such that ¢; > 1, and the cup
product a; u. .. uay does not vanish (see, e.g., [35, p. 161] or [36, p. 732]). It
can be used to estimate cat()); indeed,

cat(V) > cl(V)+ 1.

Finally, a third relevant number associated with our manifold V is sb(V),
the sum of its Betti numbers. With other words,

where H,, (V) denotes the usual n-th homology vector space, whose elements
are equivalence classes of n-dimensional chains with zero boundary and real
coefficients. Observe that all homology vector spaces H, (V) are finitely gener-
ated, and they vanish for n > dim V), so that the sum is finite. The importance
of this number arises from its connection with the critical point theory of Morse
functions, i.e., C?-functions with only nondegenerate critical points. Indeed,
a well known result in this context is the so-called Morse inequality, which
implies that the number of critical points of any Morse function on V is at
least sb(V) (see, e.g. [3, Section 3.4]).

In this paper, we shall be particularly interested in the case of V being the
N-torus TV = (R/27Z)", for which one has

c(TV) = N, cat(TV) = N +1, sh(TV) = 2%
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(The first two equalities are proposed as an exercise in [35, p. 161]; the last one
is a well-known consequence of the so-called Kiinneth formula for the homology
with coefficients on a field, see, e.g., [12, p. 5], or [34, p. 235]). Thus, any C'-
smooth function on the torus TV has at least N + 1 critical points, and 2V if
the function is C%-smooth and the critical points are nondegenerate.

5.2 Bounded perturbations of strongly indefinite,
quadratic functionals with nontrivial kernel

We shall develop results of the kind described above for a certain class of func-
tionals defined on the product M = E x V), the Hilbert space F being possibly
infinite-dimensional. Our functionals will display a ‘saddle-like’ geometry in
the first variable, in line with other results which were amply studied in the
literature some 25 years ago, see e.g. [11, 20, 24, 36, 37]. However, these works
treat cases in which the (global) Palais—Smale condition holds, and we are here
interested in allowing the existence of degenerate directions of the quadratic
part, along which compactness may fail. Our results will nevertheless ensure
the existence of at least cl(V) + 1 different critical points, and sb()) in the
nondegenerate case.

Precisely, let E' be a separable real Hilbert space, endowed with the scalar
product (-,-) and the associated norm || - ||. Let L : E — E be a bounded
selfadjoint linear operator, and assume that E splits as the orthogonal direct
sum

E=E ®oFE®E,, (12)

where Ey = ker L # {0} is finite-dimensional and Ey are closed subspaces
which are invariant for L. We further assume that L is positive definite on E
and negative definite on E_, i.e., there is some constant €5 > 0 such that

(Le_,e_) < —gglle_||?, foreverye_ € E_, (13)
13
(Ley,ey) > eollex]|?,  foreverye, € E, .

Let V be a finite-dimensional compact C?-smooth manifold without bound-
ary, let M := FE x V, and let ¥ : M — R be given. We shall be interested in
the associated complemented functional ¢ : M — R, defined by

ple,v) = %(Le, e) + (e, v). (14)

We observe that the finite-dimensional compact manifold V admits many
Riemannian structures, which are however equivalent. From now on we see V
as endowed with such a Riemannian structure; it allows us to work with the
gradient maps

VMSO = (VE(pa VVSD) ’ VM,QZ) = (VE¢7 VVQ/}) ;
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which are defined on M and take values in TM = E x TV. In view of (14),
Vameple,v) = (Le + Vgip(e,v), Vi (e, v)), (e,v) e EXV.

In addition, if this functional is assumed to be C?-smooth, it is possible to
identify its second differential at a critical point (e, v) € M with the associated
Hessian linear map Hessyp(e,v) € Z(E x T,V), see, e.g., [16, §(16.5.11)]. As
usual, this critical point is called nondegenerate provided that Hesspp(e, v) is
a topological automorphism.

In order to introduce the assumptions on 1, we shall say that it belongs to
the class & provided that:

[v1] 1 is bounded, there exists some ¢ € R such that
P(e,v) £ L, for every (e,v) € M,

and
lim (e + b,v) = ¢, (15)

lleo||—o0
eo€FEy

uniformly with respect to b belonging to bounded subsets of F and v € V;

[102] 1 is C'-smooth, its partial gradient map Vg1 is bounded and completely
continuous, and

| l'hm Ve(ep+b,v) =0, (16)
EZEEO

uniformly with respect to b belonging to bounded subsets of F and v € V.

We shall say that 1) belongs to the class &/ provided that it not only belongs
to the class o7, but further satisfies:

[v3] there exists some R > 0 such that V a)(eg,v) € Ey whenever (e, v) €
EoxV, |leoll = R;

[14] 4 is C*-smooth, its partial Hessian map Hessgpy) : M — Z(E) is
globally compact (i.e., its image is relatively compact in Z(F)), and
lim Hessgy(eg+b,v) =0, (17)

lleol|—o0
eo€EFEy

uniformly with respect to b belonging to bounded subsets of £ and v € V;
[v5] all critical points of ¢ are nondegenerate.

Since the subspaces Ey are allowed to be infinite-dimensional, (13) and
assumption [t¢p1] tell us that, in some sense, the functional ¢ has a (strongly
indefinite) global saddle geometry. This fact will allow us to estimate the
number of its critical points from certain topological invariants of the compact
manifold V. Indeed, we shall show the following:
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Theorem 5.1. (a). Assume that ¢ belongs to the class <7 ; then, ¢ has at
least cl(V) + 1 critical points. (b). If ¢ belongs to the class /T then ¢ has at
least sb(V) critical points.

The two parts of this theorem will be proved, respectively, in Sections 6
and 7. We just remark now that, using an observation made in [4, Remark 1.10]
(see also [36, p. 732]), there will be no loss of generality in assuming that!

L(e)=e; —e_, foreveryec E. (18)

Indeed, otherwise we may define the linear map £ : E — E by L(e) = e, —e_,
and introduce an equivalent scalar product on E by setting < e|e =:= (Le, —
Le_ + eq,¢), so that (Le,e) =< Le | e >.

5.3 An abstract framework for periodic solutions
of Hamiltonian systems

In this subsection we shall see how to obtain our basic Hamiltonian Theo-
rem 2.2 from the abstract Theorem 5.1. To do so we need to write the 7T-
periodic solutions of our spatially-periodic Hamiltonian system (HS) as the
critical points of a suitable functional defined on the cartesian product of a
Hilbert space E and the N-torus (R/27Z)" = V. The arguments are mostly
well-known (see, e.g. in [33, Chapter 6]); for this reason we recall them only
briefly.

There is no loss of generality in assuming that 7" = 1. We shall borrow

the notation from complex Fourier analysis and rewrite 1-periodic functions
f:R/Z — RN as

+oo
F#)y=>" fumexp(2mmti),
where f,, = f_, € CN, for every m € Z. If 3.7 |m||fm|? < 400, such a
function is said to belong to H2(R/Z,RY), and this space is endowed with a
Hilbert structure by setting

+oo —+00 +oo
< > fmexp2rmti), Y gmexp(%mti)> = (folgo)+ D [ml(fmlgm)-

m=—0oQ m=—0oQ

Henceforth we denote by (+|-) the usual scalar product in CV, i.e. (z|w) =
Zz‘N:1 2 W -

Consider the bounded linear operator .7 : Hz(R/Z,RY) — Hz(R/Z,RN)
defined by

+00 +oo
9( Z fmexp(Zwmti)> = Z isign(m) fn, exp(2rmti) .

m=—0o0 m=—0o0

m#0

"'When the symbols e, , e_, ey appear in combination with e (assumed to be some element
of E), they denote the corresponding orthogonal projection on E,, E_ or FEy, respectively.
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It is easy to check that, whenever f, g € H%(R/Z, RYM),

(71.9) = 5 [ (Ol (19)

Observe also that ker .7 is the space of constant functions (which can be iden-
tified to RY), while its image is the subspace Hz(R/Z, RY) made of functions
with zero mean.

The solutions of our Hamiltonian system (HS) will be sought in the set
of couples z = (z,y) € H2(R/Z,RY) x Hz(R/Z,RY). Two such couples
(x1,11), (z2,y2) will be identified provided that y; = y» and z9 — 1 differ on
an element of (27Z)N. We shall formalize this procedure by rewriting the

couple (x,y) in the form ((Z,y),Z), where T = fol x(t) dt is seen as an element
of V = (R/27Z)"N, and (7,y) belongs to

E = H2(R/Z,RY) x Hz(R/Z,R").

The set E becomes a separable Hilbert space after being endowed with
the scalar product (which we shall continue to denote by (-, -)) inherited from
H2(R/Z,RN) x Hz(R/Z,RY). We consider the continuous linear operator
L: E — FE given by

L(z,y) =21 (-Ty, T7), (z,y) € E.

In view of (19), for any (Z,y), (4,v) € F one has

(). (D)= [ (Gom - wonaen) .

implying that L is selfadjoint. Observe also that its kernel is the finite-
dimensional subspace Ey := {0} x RY C E. Moreover, setting

R A (e

we see that (Ley,ey) > 2[ley||? for any ey € By, while (Le_,e_) < —27|le_||?
for any e_ in £_. Finally, observing that 72 = —Id on H%(R/Z,RN), one
checks that, for any (7,7) € Hz2(R/Z,RN) x Hz(R/Z,RY),

(az,g):%(:ﬁ+§g,—9j+g>+%(5:—<7g,9:i+g> cE +E,,

and it easily follows that E splits as the orthogonal direct sum £ = E_ @ Ey®
E . Thus, the Hilbert space E and the operator L satisfy all the requirements
of Subsection 5.2.
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We consider the Nemytskii functional ) : M := E x V — R defined by

b((F,y), 7) = /01H<t,x+j(t),y(t))dt. (20)

Well-known arguments show that 1 is C'-smooth; moreover, a point ((Z,y), T)
in M is critical for the complemented functional ¢ (defined as in (14)) if and
only if z(t) = (z4+2(t), y(t)) is a 1-periodic solution of (H.S). Thus, we are now
(almost) ready to deduce Theorem 2.2 from Theorem 5.1. We shall prepare the
proof with a couple of results, the first of which comes from linear functional
analysis:

Lemma 5.2. Let X,Y, Z be real Banach spaces and K : X —'Y a completely
continuous linear map. Then, the composition operator L (Y, 7)) — L(X, Z),
M — M o K, is completely continuous.

Proof. Let {M,}, C Z(Y,Z) be bounded. After restricting them to the
compact set C' := K (BX), (the closure of the image by K of the unit ball in
X), we get a sequence of continuous maps M, : C' — Z. This sequence is
uniformly bounded and equicontinuous, and hence the Ascoli-Arzela theorem
guarantees the existence of a subsequence which converges uniformly on C.
Then, {M,, o K}, converges, along a subsequence, to some continuous linear
operator from X to Z. The proof is complete. O

Assume now either [Hy_s] or [Hy_g], and let the function 7 : RN \BY — R
and the constant ¢ be given by these assumptions. After replacing Ry by a
bigger constant and changing, if necessary, the sign of the Hamiltonian, one
may assume that

h(y) = H(t,z,y) < {, whenever |y| > Ry . (21)

The aim of the lemma below consists in showing that it suffices to prove
Theorem 2.2 assuming that this inequality holds on the whole extended phase
space [0,1] x RY x RV i.e.

H(t,z,y) < £, forany (t,x,y) € [0,1] x RN x RY. (22)

Lemma 5.3. Let the (admissible) Hamiltonian H satisfy either assumptions
[H,_3] or [Hy_¢g] in Theorem 2.2, and (21). Then, there exists a modified (ad-
missible) Hamiltonian H which satisfies these same assumptions and also (22),
and such that the associated Hamiltonian systems have the same T-periodic so-
lutions.

Proof. Choose some constant ¢ > Supp 1jxry xry H, together with some C2-
smooth function o : R — R satisfying

as) =s, ifsgﬁlaé(h(y); o(s) >0, forallseR; a(f)=1{.
Yyl=iw
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Then, define
H(t,l’,y), if |y| SRO;

h(y) == a(h(y)), if |yl > Ro.

Y

H(t,z,y) =

It is clear that (22) now holds for H and /. Observe that the periodic
solutions z(t) = (z(t),y(t)) of the Hamiltonian systems associated with either
H or H are of two classes; those which stay in the region {|y| < Ry}, and
those for which y(t) has a constant value y, € RY \ @, which must be a
critical point of h. Consequently, both Hamiltonian systems have the same
1-periodic solutions, and assumptions [H;_s] (or [Hy_g]) are inherited by H.
This concludes the proof. ]

Proof of Theorem 2.2. As shown by Lemma 5.3, there is no loss of generality
in assuming (22), which, in view of the definition of + in (20), implies the first
part of [¢;]. In order to check (15), choose sequences {ef = 3"},, C Ey = RV,
(0" = (", y")}n € E = H2(R/Z,RV) x H2(R/Z,R) and {v" = 7"}, CV =
TV, satisfying ||| — oo and sup,(||z"]| + ||y"||) < oo; since the inclusion
H: (R/Z,RN) C LY(R/Z,RY) is compact, after passing to a subsequence there
is no loss of generality in assuming that both sequences {Z"} and {y"} converge
in L'(R/Z,RY) and indeed pointwise for almost every t € R/Z. Equality (15)
now follows from [H;_s] and Lebesgue’s dominated convergence theorem.

A similar reasoning can be used to deduce (16) from [H3]. Concerning the
boundedness and the complete continuity of Vg, it follows from well-known
arguments, based on the boundedness of VH and the fact that the inclusion
E C L*(R/Z,R?N) is compact.

Assume finally [H;_g]. Then [t¢3] is an immediate consequence of [Hj].
On the other hand, in view of [H}_5] we see that H is C*-smooth with respect
to 2 = (z,y) and its associated Hessian map Hess H : [0, T] x R?N — Moy (R)
is bounded. We deduce that 1 is twice continuously differentiable in its first
variable and, for any (Z,y),e,e € F and z € V,

(Hesspip((7,1), T)e, ¢) = /0 <HessH(t,f—|—f(t),y(t))e(t)‘e(t)>dt. (23)

Thus, Hessgy) : M — Z(FE) can be written as the composition of the map
h: M — L(LA(R/Z,R?*N), E) defined by

(b((Z,y),T)e,e) = /01 <Hess H(t,z+ :E(t),y(t))e(t)‘e(t))dt,

and the ‘restriction operator’ .Z(L*(R/Z,R?*N), E) — Z(F) sending M into
M | - Since b is continuous and globally bounded, and the inclusion E C
L*(R/Z,R*Y) is compact, it follows from Lemma 5.2 that Hessgt) is globally
compact.
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It remains to check (17). Equivalently, (letting b = (Z,y) € E, v = Z and
€0 = 37)7
lim Hesspy((Z,9 +vy),z) =0,

|g]—00

uniformly with respect to (Z,y) belonging to bounded subsets of £ and 7 € TV.
However, in view of (23), for any (Z,y),e,e € E and Z € V, one has

‘<HessE@/) Z,y),%)e e>‘ |Hess H (-, Z + Z,y)e HL2|| lzz;

moreover, since F is continuously embedded in L*(R/Z,R?Y), there is some
constant K > 0 such that ||e ||L2 < K||¢||g, and hence,

||HQSSE¢((Q; Y), ||E < KHHessH( T+, y Hsz

for any (Z,y),e € E and Z € V. Thus, it suffices to check that |[Hess H (-, Z +
z,y+ y)eHL2 — 0 as |g| — oo, uniformly with respect to (z,y), e belonging to
bounded subsets of £ and z € V.

With this aim, choose bounded sequences {(z",y")},, {¢"}» € E, and
{7}, {7} € RY with |§"| — oo. The inclusion of E into L*(R/Z,R*Y)
being compact, after possibly passing to a subsequence we may assume that,
for some (Z,y), e € E,

(Z",y") — (Z,y) and e" —e, in L*(R/Z,R*).

Moreover, there is no loss of generality in assuming that this convergence holds
pointwise at almost every point. By the triangle inequality,

[Hess H (-, 2" + 3", 5" + y")€"[| 12 <
<||[Hess H(-,z" + 2", 9" + y")(e" — e)||r2+||[Hess H(-, z" + ", 9" + y")e|| 2 .

The first term in the right side converges to zero because e¢” — e and Hess H
is uniformly bounded, while the second term also converges to zero, by [Hj]
and Lebesgue’s theorem. The proof is complete. O

6 Relative category and multiplicity of critical
points

The goal of this section is to prove the first part of Theorem 5.1: if 1 belongs
to the class @/ then the complemented functional ¢ has at least cl(V) + 1
critical points. Accordingly, we go back to the framework and assumptions of
this result, and consider a Hilbert space F splitting as in (12), a selfadjoint
operator L : E — FE having the form (18) and a compact connected C?-
smooth manifold V. Finally, we choose a functional ¢y : M = EF xV — R
in the class o/, and construct its complemented functional ¢ by (14). Our
tools will be mainly topological, and more precisely, will come from algebraic
topology. Many of these arguments were developed by Szulkin [36], and it is
from this paper that we borrow the notation and, to some extent, the line of
argument.

23



The set of critical points of p is = = {z € M : Vyp(2) = 0}. We recall
that a function V : M\ = — E x TV is said to be a pseudogradient vector
field for ¢ if it is locally Lipschitz continuous and satisfies

IV <20Vamp)l, (Vme(2), V(2)) > 5IVamp(2)]1?,
for every z € M\ =. The result below has been extracted from [36, pp. 730
731]:

Lemma 6.1. There exists a pseudogradient vector field of the form
Vie,v) = (Vl(e,v) = Le+ W(e,v), Vz(e,v)> ,

where W : M\ = — E is bounded and completely continuous (i.e., it maps
bounded subsets of M\ = into relatively compact subsets of F ).

From now on, let V' be fixed under the conditions of the above lemma. We
consider the initial value problem

Do V@), A02)=2 (24)

For each initial position z € M \ =, the unique solution ~(-, z) is defined on
some maximal interval |7_(2), 7 (2)[.

6.1 An admissible class of deformations of M

By a deformation of M we mean a continuous map 7 : [0,1] x M — M
such that 1(0,z) = z for every z € M. Following [36, Definition 2.3], a class
D of deformations of M will be called admissible if it contains the trivial
deformation 7(t, z) = z and, whenever 7, 7 belong to D, their superposition

n(2t,z), for 0 <t <1/2,

*n(t,z) =

also belongs to D.

Inspired by Szulkin [36, Definition 3.5], we consider the class D of defor-
mations of M defined as follows: the deformation n belongs to D provided
that:

(®) for every z € M\ =, the flow n(-, z) moves forward along the integral
curve y(-, z) of (24), in the sense that, for any ¢; < t5 in [0, 1], there are
71 < Ty in [077—4-(2)[ such that n(t172> = 7(7-172:) and n(t%Z) = 7(7—27 Z)?

(®®) there are continuous functions ¢4 : [0,1] x M — R which are bounded
on bounded sets and satisfy ¢+ (0, e,v) = 1, and a completely continuous
map K : [0,1] x M — E with K(0,e,v) = e, such that n(t,e,v) =
(771 (tv €, U) ) 772(t7 €, U))a with

M (t> €, U) = q- (ta €, ’U)G, + qu(ta €, U)€+ + K(ta €, U) ) (25)

for every (t,e,v) € [0,1] x E x V.
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It is easy to check that this class of deformations is admissible in the sense given
above. We remark that it is not exactly the class of deformations considered
in [36], since it is further required there (for Le = e —e_), that both functions
g+ are bounded away from zero, and satisfy q_(t,e,v)q.(t,e,v) = 1. So, our
class D actually contains more deformations than that the one considered by
Szulkin; however, we will keep the essential properties of Szulkin’s relative
category.

A closed set N' C M is said to be invariant for the class D if n([0,1] x
N) C N for every n € D. In view of property (®) with which our class of
deformations D has been defined, a sufficient condition for the set N to be
invariant for the class D is that it be forward-invariant for the flow of (24). The
result below, which follows along the lines of [36, Theorem 3.8], establishes the
existence of a family of sets which satisfy these conditions.

Lemma 6.2. If R > 0 is big enough, the set
N(R)=((E-\By )@ Ey®E,) xV (26)
1s wnvariant for the class D.

Proof. In view assumption [t¢)5], our functional ¢) has a bounded gradient. This
implies the existence of some R > 0 such that = N AN(R) = (). Furthermore,
since also W is bounded, after possibly replacing R by a bigger number we
may assume that (Le + W (e,v),e_) < 0 for every (e,v) € N(R). Then N(R)
is forward-invariant for the flow of (24), and the result follows. O

There is a well-known deformation lemma which provides the existence of
many nontrivial deformations in the class D. Given some level ¢ € R we write

we={z€ M :p(z) <c}, SE.={z€Z:p(2)=c}.

Lemma 6.3. Let ¢ satisfy the Palais —Smale condition at a given level ¢ € R.
If U is an open neighborhood of =., then there exists a deformationn € D such
that N(1, pere \U) C pe_e, for some e > 0.

In view of (18), this result follows from straightforward adaptations in the
arguments of [33, Theorem A.4—Proposition A.18].

6.2 Relative category

The notion of (absolute) category was already considered in Subsection 5.1.
The generalized concept of relative category was introduced by Fournier and
Willem [19], and adapted by Szulkin [36, Definition 2.4], so to treat infinite-
dimensional variational problems. We shall follow almost exactly Szulkin’s
approach, but using the modified class of deformations D introduced in the
previous subsection.
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It will be convenient to begin by clarifying the terminology and setting the
notation. Let X be a metric space and A C X a closed set; by a deformation
of Ain X we mean a continuous map 7 : [0, 1] x A — X such that 7(0,a) = a
for every a € A. We shall say that A is contractible in X if there exists a
deformation 7 of A in X such that n(1, A) = {p} is a singleton. If Y is another
closed subset of X, we shall say that A is of category k£ > 0 relative to Y,
denoted caty y (A) = k, provided that k is the smallest integer such that

A=AUA U...UA,;, (27)

where all A; are closed in X, all A; with j > 1 are contractible in X, and
there exists a deformation 79 of Ag UY in X satisfying

no(1,A9) CY, and no(t,Y) C Y, for every ¢ € [0,1]. (28)

(If no such a k exists, catyy(A) = +00.)

We recall that the closed subset Y C X is called a retract of X if there
exists a continuous map r : X — Y such that r(y) = y for every y € Y. We
shall be interested in the following properties of relative category.

Lemma 6.4. The following hold:

(%) Let Z CY C X be closed, and assume that Y is a retract of X. Then,
C&txz(Y) S CatX7z(Y).

(%) Let V be a finite-dimensional, compact, connected C?-smooth manifold
without boundary, and let m > 1 be an integer. Then,

catgm, oy gm 1B X V) > (V) + 1.

Proof. Ttem (%) follows easily from the definitions. On the other hand, (%+%)
is a consequence of [36, Proposition 2.6 and Lemma 3.7]. O

In order to deal with infinite-dimensional problems it is convenient to re-
strict the family of deformations 7y allowed in (28). Thus, assume now that
X = M = E x V is the ambient space considered in Subsection 5.3, and let
D be the class of deformations defined in the previous subsection. Given two
closed sets A, N' C M we shall say that A is of category k& > 0 relative to N
and D, written catf\)/h v (A) = k, provided that k is the smallest integer such
that (27) holds: here, all sets A; are required to be closed in M, all A; with
j > 1 should be contractible in M, and (28) must hold for some deformation
no € D. Again, cat} \-(A) is defined as +oo if no such a k exists.

This second concept of relative category satisfies again many properties for
which we refer to [36, Propositions 2.8 and 2.9]. We have extracted two of
them, which will be needed in the sequel; the proofs are immediate from the
definitions, and are hence omitted.
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Lemma 6.5. The following hold:
(h) catiyn(A2) < caty (A1), for any closed sets Ay C Ay C M.

(hh) Let Na C Ni be closed and assume that Ny is invariant for the class D.
Then, catRy v, (A) < catRy n, (A), for any closed set A C M.

A well-known result in the framework of the Ljusternik — Schnirelmann the-
ory is that, under suitable compactness conditions, the relative category of two
level sets can be used to estimate the number of critical points which lie in
between. This fact continues to hold for the relative category with respect to
our class D of deformations.

Lemma 6.6. Let the levels a < b be such that the Palais —Smale condition
(PS). holds for every ¢ € [a,b]. Then, ¢ has at least catRy , () critical
points in ¢ ([a,b]).

Proof. Tt suffices to transcribe the proof of [36, Proposition 3.2], in which the
Palais — Smale condition is assumed for all levels and not only for the candidate
critical ones. O

A key step in our argument towards the proof of Theorem 5.1 (a) will be a
refinement of [36, Proposition 3.6], which we examine next. For any positive
number R > 0 we consider the sets N(R), defined as in (26), and

A(R) =BE- x V.
Lemma 6.7. The following inequality holds:
Cat?/(,/\/(R) (A(R)) = cl(V) +1.

Proof. There is no loss of generality in assuming R = 1, and, in order to
simplify the notation, we shall just write A, A in the place of N (1), A(1).
Using a contradiction argument, assume that

catiy p(A) <k =cl(V).

Then, the set A can be decomposed in the form (27), where all A; are closed
subsets of M, all A; with 7 > 1 are contractible in M, and there exists a
deformation 7y € D with (28), for Y = N. We write ng = (1, 72), with
having the form (25) for some continuous functions ¢+ : [0, 1] x M — R with
q+(0,e,v) = 1, and a completely continuous map K : [0,1] x M — E with
K(0,e,v) = ey, for every (e,v) € M.

The map K being completely continuous, there are finite-dimensional sub-
spaces Fy C E., and a continuous map C' : [0,1] x M — F:=F_ @ Ey&® F,,
with

|K(t,e,v) — C(t,e,v)|| < 5, forevery (t,e,v) €[0,1] x A. (29)

Furthermore, since K (0, e,v) = eq, after possibly replacing the function C' by
C(t,e,v)—C(0,e,v)+ e, we see that C' can be taken satisfying C'(0, e, v) = e,
for every (e,v) € M.
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We consider the sets
M =F_xV, N* =S %V, A =ANM =B x V),

and A7 = A; N M, for j =0,1,..., k. Observe that A* = AfUATU---UAJ,
and Aj is either empty or contractible in M*, for every j = 1,..., k. We define
n*:[0,1] x M* — M* by the rule

n*(t7f—7v) = (nik(t7 f_,U> = Q—(t7f—7v)f— + WC(t’f—7v)a 772(75: f_,U)> )

where 7 : F' — F_ is the orthogonal projection 7(f_ +eg+ fi) = f_. Observe
that
n (0, f_,v) = (f_,v), forevery (f_,v) € M*,

and, letting 0 := F_ \]B%f/_z, the combination of (28) for Y = N and (29) gives
ni(1,A45) € 0, and ni(t,N*) C 0, foreveryt e [0,1].
We consider the continuous function

d:0 —R, ﬂf);:mm{LMﬁﬂ_1”7

which measures the distance from f_ to the unit sphere, with a maximum of
one. The Tietze Extension Theorem implies the existence of continuous maps
a:[0,1]x F. — F_and §:[0,1] x M* — [0, 1], with

- r ift=0,
a(t, f-) = {f—/||f—||= if freOandd(f-)<t<1,

5t £ v) = 0, ift=0,
T A fow)) i ) € ({1 % Ag) U ([0,1] x A) |
We define hy : [0,1] x M* — F_ by

hi(t, f-,v) = a(d(t, f-,v),n(t, f-,v)),
and observe that
h1(07f—av>:f—7 hl(lvAa) QSFL’ hl(taN*) QSFL?

for every (f_,v) € M* and every t € [0,1]. Consider now the continuous map
h:0,1] x M* — M?*, defined by

h<t7f—7v) = (hl(t>f—vv)?n2(t7f—vv)) :
Then,
WO, fov) = (f_,v),  h(1,A})) CN*,  h(t,N*)CN*,
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for every (f-,v) € M* and every t € [0,1]. Since, as observed above, A7 is
either empty or contractible in M*, for every j = 1,..., k, we conclude that

cat e a+ (A7) < K.

The finite-dimensional space F_ can now be identified with R™, the integer m
being its dimension. We see that

CatRmX]ASmflxv(W xV)<k.

Consider now the usual retraction 7 : R™ — B™, sending R™ \ B™ into the
sphere S"!. By Lemma 6.4 (%),

CatIBmev,Sm—lxv(B_m X V) < catRva’quXv(B_m X V) < K= CI(V) .

However, this contradicts Lemma 6.4 (%%). The proof of the lemma is thus
concluded. O

Proof of Theorem 5.1 (a). After possibly replacing ¢ by —¢, we may
assume that (e, v) < ¢, for every (e,v) € M.

Step 1. The Palais - Smale condition (PS). holds for every level ¢ # /.

Indeed, choose such a number ¢ and assume the existence of a sequence
{(e",v™)},, in M with @(e™,v") — ¢ and V pp(e”,v") — 0. In particular,

Vep(e",v") = Le" + Ve, v") — 0, (30)

and since Vg1 is bounded, we see that {e” },, and {e’ },, are bounded. Assume
for a moment that {ef },, were also bounded. Then, the compactness of Vgt
implies, when combined with (30), that {e} },, have converging subsequences.
Also the bounded, finite-dimensional sequence {ef} },, must have a converging
subsequence, and we see that ¢ must be a critical value of .

Thus, we assume on the contrary that, for a subsequence, |lel| — +o0.
Then, by (16), we have that Vgi(e”,v") — 0, and (30) implies that eZ — 0.
Thus, ¢ = lim, ¢(e",v™) = lim, ¥ (e, v™), contradicting assumption (15). The
proof of Step 1 is thus concluded.

Step 2. There are numbers a < ¢ and R > 0 such that (i). ¢, € N(R);
(11). N'(R) is invariant for the deformations in the class D.

In view of Lemma 6.2, it is possible to choose the number R > 0 satisfy-
ing (ii). Since 1 is bounded, the complemented functional ¢ is bounded from
below on (]B%g’ + Ey + E+) x V), and the result follows.

Step 3. sup ¢ < /.
E_xV

29



Assume the contrary, and choose a sequence {(e™,v™)}, in E_ x V such
that
lim | (Le™, ") + ¢(eﬁ,v”)] > /(.

Since (Le™,e™) < —golle™||? and (e, v") < £, we see that e — 0 and
w(e™,v™) — L. From the boundedness of Vg1 we conclude that ¢(0,v") — ¢,
which is impossible, since

»(0,0") < ma]z(w(O, v) <, forevery n.
ve

The end of the proof. Pick numbers a < ¢ and R > 0 as provided by Step 2.
Use now Step 3 to find some number b such that max{a,supg ., ¢} <b <.
Then, A(R) C ¢y, and, by Lemma 6.5 (h),

cat%’wa(gob) > catﬁ%(A(R)) )
On the other hand, in view of Step 2 and Lemma 6.5 (hR), we see that
Cat/’i/l,cpa (A(R)) = Cat?A,N(R) (A(R)) )
and combining these inequalities with Lemma 6.7, we obtain
catly . (0o) > cl(V) + 1.

Since, by Step 1, the Palais—Smale condition (PS). holds for every ¢ € [a,b],
Lemma 6.6 provides the existence of at least cl(V) 4 1 critical points of ¢. It
concludes the proof. O]

7 Morse theory and multiplicity of
nondegenerate critical points

The aim of this section is to prove Theorem 5.1(b): if 1) belongs to the class
/", then it has at least sb()) critical points. Our approach will be divided
into two steps. Firstly, we shall define a new class &/ of functionals v, which
will be contained in 7", and we shall prove a version of Theorem 5.1(b) for
functionals v in this subclass. The second step will consist in showing that,
given some functional ¢ in the class &/, then there exists another functional
1* in the class .&7* such that the associated complemented functionals ¢ and ¢*
have exactly the same number of critical points. This will be shown provided
only that ¢ has finitely many critical points, and after that, the proof of
Theorem 5.1 will be complete.

7.1 A review on homology and Morse theory

In this subsection we collect a few basic elements from homology and Morse
theory which will be needed in our proof of Theorem 5.1(b). We do not
claim any originality in these results, which are well-known to the specialists.
However, we believe that having them all listed here can be helpful for some
potential readers of this paper.
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A topological pair is a couple (X, A), where X is a topological space and
A C X is a subset. Given such a topological pair (X, A) we shall denote by
H.(X,A) ={H,(X,A)}n>o the associated graded sequence of relative homol-
ogy groups with real coefficients. Thus, H,(X, A) is, for each index n, a real
vector space whose elements are equivalence classes of singular chains having
zero boundary. Moreover, this is done in such a way that H.(X,0) = H.(X).
A map between topological pairs f : (X, A) — (Y, B) is a continuous mapping
f X — Y such that f(A) C B. Such a mapping induces a corresponding
sequence of linear transformations f, : H.(X, A) — H.(Y, B), and this corre-
spondence is functorial, in the sense that [Id( X, A)]* = Idpy,(x,4) and, for any
maps f: (X, A) = (Y,B), g: (Y,B) — (Z,C), one has that (go f). = g. 0 f..
See, e.g., [34, Ch. 4] for more details.

We recall that a homotopy between f,g: (X, A) — (Y, B) is a continuous
map h : [0,1] x X — Y such that h(0,-) = f, h(1,-) = g, and h([0,1] x A) C B.
If such a homotopy exists, f and g are called homotopic. The following lemma,
which states the homotopy invariance of the homology, is completely standard.

Lemma 7.1 (Deformation). If f,g: (X, A) — (Y, B) are homotopic, then the
induced linear maps f., g« : Hi(X, A) — H.(Y, B) are equal.

A second important fact is the so-called Kiinneth formula. It relates the
relative homology groups of a product of spaces with those of each factor,
see, e.g. [12, p. 5], [34, p. 235]. We shall be interested only in the following
particularly simple case (® denotes the usual tensor product):

Lemma 7.2 (Kiinneth formula). Let (X, A) be a topological pair, and Y a
topological space. Then,

H, (X xY,AxY)= P [Hi(X,A) @ H;(Y)],
i+j=n

for every integer n > 0.

It will be convenient to have at hand the relative homology groups of the
pairs (RY,SV~1) or, what is the same (by Lemma 7.1), of the pairs (BY,SV1).
Again, this is a completely standard result.

0, ifn#N,

Lemma 7.3. H,(RN,SVN-1) =~ H, (BN, SN-1) =~ :
R, ifn=N.

Finally, we shall need the elementary result given below. Since we could
not find it in the literature, this time we include the short proof.

Lemma 7.4. Let X be a topological space, and let Z C'Y be subsets of X.
Assume that there exists a continuous map h : [0,1] x X — X, with

o h(0,2) =z for every x € X;
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e W(t,Y)CY and h(t,Z) C Z, for every t € [0,1];
o h(1,Y)C Z.

Then, the map i, : H (X,Z) — H.(X,Y), induced by the inclusion i :
(X,Z) — (X,Y), is an isomorphism.

Proof. We consider the mapping r : (X,Y) — (X, Z), defined by r(z) :=
h(1,z), for x € X. Then,

ivor, = (o). =Idy, (xy),

since h : [0,1] x X — X is a continuous deformation of (X,Y’), connecting the
identity with ¢ o r. Moreover,

T 0iy = (roi), = ldy,(x,z2)

since h : [0,1] x X — X is also a continuous deformation of (X, Z), connecting
the identity with roi. Hence, i, is an isomorphism, with inverse (i,) ™! = r,. 0O

The dimensions dim H,, (X, A) of the homology vector spaces associated
with a given topological pair (X, A) are called Betti numbers. These numbers
play an important role in classical Morse theory, since, under compactness
conditions, they can be used to estimate the number of critical points of a
Morse function (i.e., one having only nondegenerate critical points). This is
done by letting X, A be sublevel sets of the given functional. More precisely,
let ¢ be a C''-smooth functional defined on some C*-smooth, finite-dimensional
manifold without boundary. Assume further that ¢ is C?-smooth on some open
set containing all its critical points, and that it is a Morse function. Assume
finally that a < b are real numbers such that the Palais—Smale condition (PS),
holds at every level ¢ € [a,b]. The result below is a classical consequence of
the so-called weak Morse inequalities (see, e.g. [13, Example 3 (p. 328) and
Corollary 5.1.28 - Theorem 5.1.29 (p. 339)] or [26, Theorem 8.2 (p. 182) and
Remark 2 (p. 189)]).

Lemma 7.5. Under these conditions, the functional ¢ has at least sb(pyp, ¢o) =
S0 o dim H, (¢, ¢a) critical points in ¢~ ([a, b]).

7.2 The class &/* and a weak version of Theorem 5.1(b)

We keep the general setting and the notation from Subsection 5.2 (includ-
ing (18)). Let the functional ¥ : M — R belong to the class &/ "; since V1)
is bounded, we may find some R; > 0 such that?

le-|| > R = (Le+ Vgy(e,v),e_) <0, (31)
H€+H >R’ = <L€ + VE¢(€7U)>€+> >0.

2As in page 19 we denote by e+, eg, the orthogonal projections on E4, Ey of the vector
e € E. Also, we will write é to denote e +e_.
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After possibly replacing 1, L, ¢ by —, —L, —{, we see that, in order to prove
Theorem 5.1(b), there is no loss of generality in assuming that

P(e,v) < C, forevery (e,v) € Ex V.

It will be said that i belongs to the class &/* provided that the follow-
ing additional three conditions hold: (a) the space F is finite-dimensional;
(b) there exists a compact set K C Ej such that, denoting £ := E_ & F.,

K] all critical points of ¢ belong to (K + E’) x V,
[Ka] sup @ <(—R}/2,
(K+E)xV
for some positive constants ¢, Ry satisfying [¢;] and (31), respectively;
and (c): there exists a continuous map m : [0, 1] x Ey — Ey such that
[my] m(0,e0) =eo,  €g € Ep,
[my] m(t,ey) = e, te[0,1], e € K,
[ms] m(1, Ey) = K,
my] ¥(e_ +m(t,ep) +ey,v) < (e, v), tel0,1], ec E, veV.

Summarizing, assumptions [m;_4] require K to be a strong deformation
retract of Fy; moreover, the sublevel sets of (- + €,v) are kept invariant by
m. In rough terms, membership to the class &/* can be described by saying
that, in addition to the Hilbert space E being finite-dimensional, the saddle
geometry of the functional is stressed. The main result of this subsection will
be the following:

Proposition 7.6. Let v : M — R be in the class o/*; then the associated
complemented functional ¢ has at least sb(V) critical points.

Let us start the proof. Recalling assumption [Ks], it is possible to find a
real number b < ¢ with

2

~ R
sup{@/)(e,v) (e,v) € (K+ F) x V} —I—?l <b.
In this way we have, by (18) and (31),
sup {o(e.v) : (e.v) € (B- + K + B.) x V} <. (32)

where B, := ng. We shall use this inequality later.
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On the other hand, we recall (from [t1]) that ¢ is bounded; hence we may
find a constant a € R such that

o(e,v) > a, forevery e € E with |e_|| <Ry +1, andoveV. (33)

Observe that a < b < . On the other hand, ¢ satisfies the Palais—Smale
condition (PS)., for every ¢ < ¢ (remember Step 1 in Section 6); consequently
(in view of Lemma 7.5), Proposition 7.6 will be proved if we show the following

Lemma 7.7. Under the above, sb(yp, ¢q) > sb(V).

Proof. Using again the boundedness of 1, we may find a constant Ry > Ry +1,
such that, setting B_ := Bg;, one has

ple,v) <a, ifee(E_-\B_)+ Ey+ B;. (34)
Let the homotopy m. : [0,1] x E, — E be defined by

€y, if€+€B+,

my(t,er) =
+{t,e4) (1—t)ey +t31”6—+”, ife, € E, \ B,
e+

and let the deformation hy : [0,1] x M — M be given as
he(t,(e,v)) = (e— + €0+ my(t,es),v).
We observe that, by (31),
o(hi(t, (e,0))) < @(e,v), for every (e,v) € M and t € [0,1],

and hence the sublevels ¢,, ¢, are kept invariant by the deformation. Conse-
quently, by Lemma 7.1,

H,(pp, 00) = H. [gpbﬂ ((E_+Eo+B.)x V), 0N ((E_+ Ey+ By) x v)] . (35)

On the other hand, remembering (33) and (34), we see that

((E_ \B_)+ Ey + B+> XV C i, C ((E_ \BE- )+ Eo + E+> x V. (36)
This time we consider the homotopy m_ : [0,1] x E_ — E_ defined by

e_, ife. e B_,

m_(t,e_) = _
( ) (1 —t)e, +tR2ﬁ,
€_

In view of the first inclusion of (36) we see that the deformation
h_:[0,1] x M — M, (t,(e,0)) — (m_(t,e-) + e + €1, v),

keeps invariant both sets N ((E-+Eg+B4)xV) and p,N((E_+Eo+B ) x V).
Hence, by Lemma 7.1, expression (35) can be simplified to

H*(@bv 90@) = H*(X7 Y) ) (37)
where X = ¢, N ((B-+ Ey+ By) x V), and Y = ¢, N ((B- + Ey+ By) x V).

ife_e E_\B_.
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Let us consider now the piecewise linear function wu :]0,+oo[ — ]0, +o0|
given by

P 1fPE]07R1] U[R27+OO[7
u(p) == (B +1—p)+ Ro(p—Ru), ifpé€[R,Ri+1],
RQ, ipr[R1+1,R2],

and the homotopy n : [0,1] x E_ — E_ given by

) e o
nit e 4 0T RIS e e #0,

0, ife.=0.
We use this map to construct the deformation
N 0] x M= M, nlt,(ev)) = (nlte-) + o+ €4.0).

and observe that, by (31), both sets X, Y are kept invariant by 7. Moreover,
the second inclusion of (36) gives

n(1,Y)=((0B-)+ Ey+ By) x V=127,

and the set Z is also kept invariant by the deformation 7. Remembering (37)
and applying Lemma 7.4, we obtain that

H*(SObv 9011) = H*(X7 Z) .

Finally, let m : [0, 1] x Ey — Ey be given by the fact that 1) belongs to the
class o7*. We consider the associated homotopy

h:[0,1]] x M — M, (t, (e,v)) — (e~ +m(t, e0) + €1, v).

It follows from [my] that both sets X, Z are kept invariant by h. Moreover, (32)
implies that X O (B_ 4+ K + B;) x V, and hence

h(1,X)=(B_+ K+ By) xV, h(1,Y)=((0B-)+ K+ By) x V,
and we finally deduce that
H, (v, 0a) 2 H,((B. + K +B,)xV,((0B_)+ K+ B,) x V).
Since B, is contractible, a deformation argument gives
H,(py,0a) = H,((B_.+ K) xV,((0B_)+ K) x V).
By the Kiinneth formula (Lemma 7.2), for n =0, 1,2, ... we have

H,(B_ x K x V,(0B_) x K x V) = P [Hi(B- x V,(0B_) x V) @ H;(K)],

i+j=n
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and hence, the corresponding Betti numbers satisfy
dim H,((B-+ K)xV,((0B_)+ K) x V) >dim H,(B_ x V,(0B_) x V).
Using again the Kiinneth formula (and combining it with Lemma 7.3), we get

H,(B_ xV,(0B_) x V) = @B [Hi(B-,0B_) ® H;(V)]

2R® anr(v) = anr(v) ’

where r = dim F_. We conclude that dim H,,(vp, ¢,) > dim H,,_.(V), for any
n=r,r+1,r+2, ..., and the result follows. O

7.3 From the class &/ to the class &/*

The aim of this subsection is to obtain Theorem 5.1(b) from Proposition 7.6.
Our argument will be divided in two steps. Firstly, we shall use a Liapunov —
Schmidt reduction procedure to replace ¢ by a new functional @. It will still
be the complemented of a functional in the class &/, and will also have the
same number of critical points, but its domain will be M* := F x V), the
subspace F' C FE being finite-dimensional. In the second step we shall modify
our functional to the complemented of a functional in the class &* (so that
Proposition 7.6 applies). Again, while performing this procedure we shall be
careful to keep the number of critical points.

First Step: It suffices to check Theorem 5.1(b) when the space E is finite-
dimensional.

To show this statement let us go back to the framework of Theorem 5.1(b)
and assume that ¢ : M — R is in the class &/". We shall start with the
following remark:

Lemma 7.8. The set

R:= {Hessz(e,v)e t(e,v) eM,ee E, e < 1},

15 relatively compact in E.

Proof. Using a contradiction argument, assume instead the existence of €5 > 0
and sequences {(e",v")}, € M, {¢"},, C E, such that ||e"]] < 1 for every n,
and

HHessEqﬂ(e", v"™)e" — Hessp(e™, vm)emH > ¢y, form #n.

Combining assumption [t¢;] with the fact that the differential at any point
of a completely continuous map is compact [35, Theorem 1.40, p. 27], we see
that the linear map Hessgy(e”,v") € Z(FE) is compact, for every n. On
the other hand, [¢,] states that, after possibly passing to a subsequence, we
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may assume that {Hessgi(e”,v™)}, converges in Z(F), and well-known ar-
guments show that its limit 7" must again be a compact operator, see, e.g. [15,
Proposition 4.2(b)]. However, for n # m big enough one has:

|Te™ —Te™|| > €/2,

and hence the sequence {T'¢"}, has no convergent subsequences. This is a
contradiction, and concludes the proof. ]

We begin by observing that the critical points of ¢ are exactly the solutions
(e,v) € E xV of the system

Le + Vgi(e,v) =0,
Vyi(e,v) =0.

The Hilbert space E was assumed separable, and hence, there are increasing
sequences {F7}, C E. of finite-dimensional subspaces with dense union in
E,. Choose some index n € N, to be fixed later, and set Fy := F}, F =
F, ® Ey® F_. In view of (18), L(F) C F. Rewriting the points of E in the
form e = f + g, where f € F and ¢ € F*, and denoting by 7 : £ — F,
f + g — f the orthogonal projection, the first equation of system (.5) splits as

Lf +n[Ve(f+g,0)] =0,

(38)
Lg+ (Id = m)[Vey(f +g,v)] = 0.

If n is big, the last equation above can be solved in the variable g. We check
this below:
Lemma 7.9. Assume that n has been chosen large enough. Then, there exists
a Ct-smooth map G : M* := F xV — Ftsuch that, if f € F, v € V, and
geF+,

Lg+(Id—-m)[Vey(f +g,v)] =0 & g=G(f,v). (39)

Moreover, G(eg,v) = 0 for any ey € Ey with |leo|| > R, and both G and its
partial differential G’y : M* — L(F, F%) are globally bounded, and satisfy

lim G(eg+b,v) =0, lim Gy(eg+b,v) =0, (40)
Gl oo

uniformly with respect to b belonging to bounded subsets of F', and v € V.

Proof. By assumption [10,], the second-order derivative of ¢ is bounded, and
hence, Vg1 : M — FE is Lipschitz continuous in its first variable. Let e > 0 be
an associated Lipschitz constant. In view of Lemma 7.8, the set & defined there
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is relatively compact, and hence there exists a finite set of points e;,..., ¢, in
E such that J]_, IB%’IE/(M)(ej) 2O K. On the other hand, the set

QF”: (QFE) ® Ey® (gm)

is dense in E; therefore, we can find some ng € N and points fi,..., f, in F"°
such that || f; — e < 1/(4a). Tt follows that f_, BY) 5, (f;) 2 &

Fix now some n > ng. Then, |[(Id — 7)e|| < 1/(2a), for every e € K and,
consequently, for any f € F'and v € V, the map g — (Id—7)[Vg¢(f+g,v)] is
Lipschitz continuous on F'*, with associated Lipschitz constant a/(2a) = 1/2.
Since, on the other hand, L= : E— Eis Lipschitz continuous with Lipschitz
constant 1 (by (18)), we see that, for any f € F* and v € V, the map

g— L7Y(1d — ) [V (f + g,v)]

is a contraction on F*. Thus, the Banach Contraction Theorem ensures that
it has a unique fixed point ¢ = G(f,v) on F*, which is the unique solution of
the second equation in (38). And the implicit function theorem ensures that G
is C''-smooth. The remaining statements on G follow easily from its definition
and assumptions [1hs_4]. O

Let us consider the functionals 12, p : M* — R defined by
O(f,0) = 3(LG(f,0), G(f,0)) + o (f + G(f,0),0),
Bfv) = 3(Lff) +0(f,0) = o(f +Cf v)v) -

We consider the map T : M* — M defined by Y(f,v) := (f + G(f,v),v).
Straightforward computations, combined with (39), give

Ve =m0 (Vgd)o T,  Vyd=(Vy)oT,

so that @ (and consequently, also @) is actually a C?-smooth functional. Fur-
thermore,

vM*@(f: U) = VM @(T(fa U)),
Hesspp(f,v) = HessEgo(T(f,v)) o [Idp + G’F(f,v)} ,

for every (f,v) € M*. It is now easy to check that @/D\ satisfies assumptions
[¥)1_4] and the critical points of @ are in a one-to-one correspondence (given
by T) with the critical points of ¢. Finally,

Hess - B(f, v) = Hesspp(Y(£,0)) 0 T'(f, ).

at every critical point (f,v) of . Thus, ¢ satisfies also [t5], concluding the
discussion of the first step.
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Second Step: Intensifying the saddle geometry.

Having in mind the First Step, in order to conclude the proof of Theo-
rem 5.1 we shall assume that dim £/ < +o00, and the functional ¢y : M =
E xV — R belongs to the class &/*. As we already said before, without loss
of generality we shall only consider the case (e, v) < ¢ for every (e,v) € M.
Moreover, we may assume that (18) holds, and the complemented functional
¢ : M — R has finitely many critical points, otherwise there is nothing to
prove.

Lemma 7.10. Under the above, there exists a functional ¥* : M — R in the
class o/* such that all critical points of the complemented functional ¢* are
critical points of p, and vice-versa.

Proof. By (31), there is a number R; > 0 such that
Vie(e,v) = Le + Viib(e,v) # 0, if max{le_]], le4[[} = Ry (41)

On the other hand, in view of assumption [¢3] and the comments preceding
this lemma, there is some R > 0 such that, for ey € Fy,

0 # Vap(en,v) = Varb(eo,v) € By, if |leo| > R. (42)

In particular, V(e v) = 0, and ¥(eg, v) = h(eg) does not depend on v € V
if |eo|| > R. The function h : Ey\ BE® — R defined in this way is C?-smooth
and, by [1124] and (42), satisfies

h(eo) <€, Vhieg) #0, forany ey € Ey\ B,
lim h(eg) =¢, lim Vh(ey) =0, lim Hessh(e)) =0.

lleol|—o0 lleol|—o0 lleol|—o0

(43)

Since, in view of (42), one has that Vi (eg,v) = 0 for any ey € E, with
lleo|| > R, the triangle inequality gives

IVeple, o)l = [[Le+ Vgy(e,v) = Viib(eo, vl
> el = IV (e + é,v) = Vb(eo, v)]|- (44)

(We used (18) to obtain || Le|| = ||é||.) Remembering [1),], we may replace R
by a bigger constant so that
|Hessgt(e,v)|| < 5, if [leo]| > R and |lex| < Ry .

Hence, for ||eg|| > R the map € — Vz1)(eo+ €,v) is contractive on @—1—@,
and (44) gives
Vizele,v) #0, if |leg|| > R and 0 < max{|le_||, [le4]} < R,
which, when combined with (41) means that
Vzple,v) #0, if |leg]| > Rand € #0. (45)
In particular, (42) and (45) imply that ¢ has no critical points (e,v) with
leoll = R.
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Choose numbers a < 3 < ¢, R’ > R such that
h(eg) < a, if |leg]] = R, heg) > a, if |leg]| > R,

and
h(eo) < [, if ||€0H < R .

Pick also some C%-smooth functions n,w : R — R, with

1, ifp< R,
n(p) = n'(p) <0, fRR<p<R +1,
0, ifp>R +1,

and
w(t)=0, ift<a, () >0, ift>a.

Define, for A > 0,
(e, v), if [leol] < R,
Pi(e,v) = '
n(lleoll) ¥(e, v) + Aw(hleo)),  if [leol| = R.
For A big enough, one has
4+ Amax{w(h(eg)) : R < |leg]] < R+ 1} < Mw(¥),

and one easily checks that ¢} then satisfies assumptions [t1_4], the new limit
along FEy being Aw(¢). The associated complemented functional ¢} coincides
with ¢ as long as ||eg|| < R, and satisfies

Vie@i(eo,v) = (1 + A/ (h(eo))) Vh(eg) #0, if R < |leo| < R,
Vzer(e,v) = Vep(e,v) #0, if R<|leo|]| <R, e#0,
by (43) and (45), respectively. Hence,
Vmer(e,v) #0, if R < el < R (46)

Since n and ¢ are bounded with bounded differentials, while VA is bounded
away from zero on Bg? 1 Bg?, we can take a larger constant A so that

(Viypale,v), Vh(eo)) = (Viei(e, v), Vh(e)) > 0, if [leof| = R'.

We set ¢* := 9}. Combining the inequality above with (46), we see that
©* 1= ¢} has no critical points (e, v) with |leo]| > R.

Two important consequences follow: on the one hand, all critical points of
©* are indeed critical points of ¢, and vice-versa; hence, [¢5] also holds for ¢*,
so that ¢* belongs to the class &/ T; on the other hand, setting

K =B U{eo € Ey\ B : hieo) < B},
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we see that [K;] holds for ¢*. Moreover, after possibly replacing A by a bigger
number, we see that

R2
sup Yy < Aw(l) — -,
(K+E)xV 2

and hence, also assumption [Ka| holds for ¢)*. Now, the homotopy m : [0, 1] x
Ey — Ey satisfying [m;_4] can be built as follows: we keep all the points
of K fixed, while, if ¢y € Ey \ K, then m(-,e) is the curve, starting from
m(0,e9) = eg, which follows backwards the flow lines of Vh, and arrives at
the point m(1,ey) where the flow first meets K. (Notice that this flow is
transversal to the boundary of K.) Hence, ¥* belongs to the class o7*. It
completes the proof. O
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