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ABSTRACT. We consider functionals which are not bounded from above or from
below even modulo compact perturbations, and which exhibit certain symmetries
with respect to the action of a compact Lie group.

We develop a method which permits us to prove the existence of multiple critical
points for such functionals. The proofs are carried out directly in an infinite
dimensional Hilbert space, and they are based on minimax arguments.

The applications given here are to Hamiltonian systems of ordinary differential
equations where the existence of multiple time-periodic solutions is established for
several classes of Hamiltonians. Symmetry properties of these Hamiltonians such as
time translation invariancy or evenness are exploited.

Introduction. Many variational problems which arise from physics or mathemati-
cal physics are indefinite in the sense that the functionals involved are not bounded
from below or from above. However some of these functionals, defined in an
appropriate function space, are “semidefinite” in the sense that they are bounded
from below (or from above) if perturbed with a weakly continuous functional.

This paper deals with functionals which are not semidefinite. Usually problems
involving indefinite functionals are more difficult to handle and only very recently a
method has been developed which permits us to treat such problems directly in an
infinite dimeasional function space [7]. In [7] some theorems have been proved
which establish the existence of at least one nontrivial critical point for such
functionals.

In many physical situations there are problems which have symmetries with
respect to the action of some Lie group. In this case we expect the existence of many
critical points; this has been established for semidefinite functionals (cf. e.g. [8 and
3] for even functionals, [9] for a Z -action with p prime numbers [15, 16, 10 and 6]
for an S'-action).

In this paper we develop a method which allows us to estimate the number of
critical points of indefinite functionals in the presence of symmetries. More precisely
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534 VIERI BENCI

we consider a class of functionals defined on a real Hilbert space H having the
following form:

(0-1) f(u) = 3(Lu, uy+ ®(u)

where L is a bounded selfadjoint operator and ® € C'(H,R) is a functional whose
Frechet derivative ¢ = ® € C°(H, H) is a compact operator.

We assume also that both L and ¢ are equivariant with respect to the action of a
linear representation of a Lie group. Before going on in our discussion we shall
expose one of the theorems to be proved later on. It is not in the most general form,
but it clarifies the nature of our results.

THEOREM 0.1. Let ¢ < ¢, < 0 be two constants and let f € C'(H,R) be a functional
which satisfies the following assumptions:

(f,) f has the form (0-1).

(f,) Any sequence {u,} C H such that f(u,) = ¢ € [c,, c,)] and || f'(u,)l = 0 as
n — +oo has a convergent subsequence.

(E) @) = @(-u).

(f,) There are two closed subspaces of H, H" and H~, and a constant p > 0 such
that

(@) f(u) >cyforu e H',

(b) f(u) <c, <0 forue H" NS, (S, = {u € H||lull = p}).
Then the number of pairs of nontrivial critical points of f is greater or equal to
dim(H" NH") — cod(H +H™"). Moreover the corresponding critical values belong
to [¢g, €y -

(f,) is a slightly weakened version of the well-known condition of Palais and
Smale. (f3) expresses the equivariancy of the functional f under the action of the
antipodal map. (The action of more general Lie groups is considered in the paper.)
(f4) is a geometrical condition which permits us to give a lower bound to the number
of solutions.

The most interesting case occurs when both H* and H ™ are infinite dimensional;
otherwise the functional f would be semidefinite according to our definition and we
would obtain a variation of known results. For example, if H* is finite dimensional,
Theorem 0.1 is just a variant of Theorem 2.19 of Ambrosetti and Rabinowitz [3]. If
H " is finite dimensional, Theorem 0.1 is a variant of Theorem 12 of [8] (cf. also [6] in
the case in which fis invariant under an S'-action).

Also note that Theorem 0.1 is similar to Theorem 0.1 of [7]. In [7] the form of the
functional and the “geometry” are very similar, but no equivariancy property such
as (f3) is assumed. Therefore a weaker result is obtained, i.e. the existence of only
one nontrivial solution. The proofs of our theorems are based on minimax argu-
ments and they are carried out directly in an infinite dimensional Hilbert space.

This paper is organized as follows: In §1, we describe the abstract framework in
which the theory will be constructed. This is done in order to clarify the main steps
of the construction of the theory. For this purpose we introduce the concept of a
“pseudoindex theory” which gives an axiomatic description of the properties required
for the multiplicity results.
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When an “index theory” (in the sense of [10, 6, 13, 15] and Definition 1.1) is
available, it is always possible to construct some pseudoindex theories. A pseudo-
index theory is simply a tool which permits us to get rid of the indefiniteness. In this
framework many of the known results for semidefinite functionals can be simplified
and generalized (cf. e.g. [4]).

In §2 we introduce two concrete “pseudoindex theories” which can both be
applied to the study of indefinite functionals. In a sense which will become clear
later on, they are duals of each other, and they give different characterizations of the
critical values.

In order that the minimax principle be applicable, we need a suitable “deforma-
tion theorem” consistent with our pseudoindex theories. The proof of this theorem
(Theorem 3.4) is the topic of §3. It is the central and most delicate part of this paper.
Actually, the particular choice of our pseudoindex theories can be understood only
in relation to the deformation theorem.

In §4 we can finally establish some abstract multiplicity results on the existence of
critical points of (0-1) and in particular we shall prove Theorem 0.1.

In the last two sections we deal with applications.

In §5 we look for periodic solutions of fixed period of asymptotically linear
Hamiltonian systems. We suppose that the Hamiltonian function satisfies the
following assumptions:

aEgi(z)ZAz-f-o(Iz]) as|z |- +oo
and
%—-zli(z)ZBz-Fo([zD as|z|-0.

z € R?" and 4, B: R*" — R?" are linear symmetric operators.

We define a symplectic invariant #(7B/2w, 14/27) (7 is the period we are
interested in) which assumes only even values.

Under various assumptions on the Hamiltonian function, we show that the
corresponding Hamiltonian system has at least 3%(7B/2m, 74 /27) nonconstant
r-periodic solutions.

In the case in which 3(7B/27, 74 /27) = 0, our results are an improvement of
those of Amann and Zehnder [1] since they required the Hamiltonian function to be
strictly convex. If 3(7B /2w, 74 /27) < 0, we need a further symmetry property for
the Hamiltonian function such as evenness. Then we get different results from theirs.

In the last sections we make some remarks on periodic solutions for super-
quadratic Hamiltonian functions and indicate how to apply the theory of §4 to such
situations.

I thank P. H. Rabinowitz and E. Zehnder for helpful conversations.

1. The abstract framework. Let X be a Riemannian manifold modelled on a
Hilbert space H. For A C X, C*(A4) denotes the space of k times Fréchet differentia-
ble maps from 4 to R. For A and B C X, C*(4, B) denotes the sets of k times
Fréchet differentiable maps from A to B. Id denotes the identity map. Moreover we
set Ny(A) = {x € X|dist(x, 4) < d}.
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DEFINITION 1.1. An index theory I on X is a triplet {Z, 9, i} which fulfills the
following properties:

(1-1) = is a family of closed subsets of X such that A UB, AN B, ANBE =
whenever 4, B € 2.

(1-2) 9 is a set of continuous mappings containing the identity and closed under
composition.

(1-3)VA €3, andVh €O, h(A4) € 3.

(1-4)i: £ - N U {+ 00} is a mapping which satisfies the following properties.

(i-1)i(A) =0if and only if 4 = &.

(i-2) (Monotonicity) If 4 C B then i(A) <i(B) VA, B € 2.

(i-3) (Subadditivity) i(4 U B) < i(A) + i(B) VA, B € =.

(i-4) (Continuity) If 4 € = is a compact set, then 36 > 0 such that i(Ny(A4)) =
i(A4).

(i-5) (Supervariancy) i(4) < i(h(A4)) VA € = Vh € 9.

If £ is the family of all closed subsets of X, M is the family of the continuous
mappings of X homotopic to a constant map, and cat  is the Ljiusternik-Schnirel-
mann category, then it is immediate to check that {2, I, cat x} defines an index
theory on X.

In §2, we shall give other examples of index theories.

When we deal with indefinite functionals (i.e. functionals unbounded from below)
the existence of an index theory may not be sufficient to guarantee the existence of
critical points if we simply use the Ljiusternik-Schnirelmann theory in a direct way.
Then the concept of pseudoindex theory turns out to be useful.

DEFINITION 1.2. Let X and I = {Z, 9, i} be as in Definition 1.1. A pseudoindex
theory I'* is a couple {9IL*, i*} which satisfies the following assumptions

(1-6) M * C I is a group of homeomorphisms of X onto X.

(1-7) i*: 2 - N U { +o0} is a map with the following properties

(i*-1) i*(A) < i(A) VA € 3.

(i*-2)If A C B, then i*(A) < i*(B) VA, B € 3.

(i*-3) i*(A\B) = i*(A) — i(B)VA,B € 3.

(i*-4) i*(h(A)) = i*(A) Vh € OM* V4 € 3.

We shall show how the concept of pseudoindex can be applied in the search for
critical points of a functional f € C'(H).
For each ¢ € R we set

& ={x € X|/(x)<c},

(1-8) K, = {x € X|f(x) = cand f(x) = 0}.

DerFINITION 1.3. If f € C!(X) and ¢, ¢, € R (with ¢, <c¢,_), we say that the
triplet { f, ¢,, ¢, } satisfies the property (P) with respect to the couple {Z, O *} if
(a) @,K,eZ=andK,iscompact for every ¢ € [¢,, ¢, ],
Ve € [c¢y, e, ], VN =Ny(K_.),Je >0andn € IM*

such that
n(@c-(-e\N) - @c—e'

o) |®



CRITICAL POINT THEORY FOR INDEFINITE FUNCTIONALS 537

In concrete cases, the property (P) is strictly related to the assumption (c) of Palais
and Smale (cf. (f,), Theorem 3.4 and Corollary 3.5). The following theorem holds:

THEOREM 1.4. Let X be a Riemannian manifold with an index theory I = {Z, I, i}
and a pseudoindex theory I* = {OW*, i*}. Suppose that f € CNX) is a functional such
that

(a) there exist constants c,, c,, € R such that
{f, o> ¢, )} satisfies the property (P)
with respect to {Z, OM*}.

(1-10) 1(b) i*(A4) =0VA € Zsuchthat A C &,

(c) there exists A € = such that A C @, and
*(A)=k=1.

Then the real numbers
(1-11) ¢, = inf supf(x), k=1,...,k,
A=k xeq
are critical values of f and cy<c, <c¢, - < c;<c,. Moreover if c=c¢, = ---=

CosrWithk =1and k +r <k theni(K,))=r+ 1.

The proof of Theorem 1.4 follows standard arguments and it will not be given
here.

REMARK 1.5. If in the assumption (¢) we know that i*(A) = +oo, then clearly
(1-11) defines critical values for each k € N™ .

In order to apply Theorem 1.4 to concrete situations, it is necessary to construct
an appropriate pseudoindex theory, which of course, depends on the functional f,
whose critical points we seek.

In the following section we shall use a method to construct pseudoindex theories
which is described by the following proposition.

PROPOSITION 1.6. Let I = {Z,9,i} be an index theory on the Riemannian
manifold X.

Let OU* C O be a group of homeomorphisms on X.

Given Q € 2, we set i*(A) = min, cop«i(h(A) N Q) for each A € Z.

Then I* = {OL*, i*} is a pseudoindex theory.

PROOF. We have to show that the properties (1-7) are verified. (i-1) (i-2) (i-4) are
trivial. Let us prove (i-3). For each h € 91L*, and 4, B € Z, we have
h(ANB) N Q= (h(A)\h(B)) N Q= (h(A4) N Q)\h(B)
then applying (i-3) and (i-5), we get

i(h(ANB) N Q) =i((h(A) N Q)\h(B))
=i(h(4) N Q) —i(h(B)) = i(h(4) N Q)) — i(B)
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therefore

i*(A\B) =h1éu6')112*i(h(A\B) N Q)

>hgu£* [i(h(4) N Q) —i(B)] = i*(4) — i(B). m]

In applications, when the appropriate index theory is already known, the main
difficulty is to find an appropriate pseudoindex theory. Essentially the problem is to
determine the right class of homomorphisms 9U*. This class should be “big” enough
in order to contain a function 5 such that (1-9)(b) is satisfied. But if IN* is “too
big”, it may happen that i*(4) = 0 or 1 for each A € 2 (cf. the construction of the
pseudoindex theory of Proposition 1.6). Therefore Theorem 1.4 may not be applica-
ble or gives the existence of only one critical value (cf. (1-10)(c)). In the next section
we shall construct pseudoindex theories which will be useful in the search for critical
values of functionals defined on a Hilbert space which are indefinite in the sense
given in the introduction and which are symmetric with respect to the action of some
Lie group.

However the abstract framework presented in this section can be applied to
various situations and many known results about semidefinite functionals can be
simplified and generalized. In [4] there is a detailed analysis of some of those
situations.

2. Index and pseudoindex theories. From now on we shall consider only index and
pseudoindex theories on a real Hilbert space H on which the unitary representation
T, of a compact Lie group G acts. Some notation is now necessary.

{-,-) denotes the scalar product on H and the symbol (,) will be left for the
scalar product in R”, B (u) denotes the closed ball of center u and radius p. Also we
set B, = B(0) and S, = 0B,.

A functional f € C'(H) is said to be T,-invariant if

f(T,u) =f(u) VYu€H,VgEG.

A map h € C(H, H) is said to be T,-equivariant if

h(Tu) = T,h(u) VYu € HVgEG.

If f€ C(H), then f' € C°(H, H) since we identify H with its dual, and if f is
T-invariant f” is T,-equivariant. A subset A C H is said to be T-invariant if

T,A=A4 VgEG.

F={u€ H|T,u=u Vg€ G} will denote the linear space of the T, -invariant
points of H.

We recall (cf. e.g. [18]) that, by virtue of the Peter-Weyl theorem, a Hilbert space
on which the representation of a compact Lie group acts may be decomposed in the
following way:

[o¢]
(1) H= D H, where Hjis finite dimensional and invariant V; € N.
Jj=0

V'* will denote a k-dimensional T,-invariant subspace of H.
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Moreover we set
E(Tg) = {A C H| A is closed and T-invariant},
M(T,) = {h € C(H, H) | his T-equivariant}.

We shall say that an index theory {Z, 9, i} is related to the representation 7 if
2 = 3(T,) and I = IM(T)).

In this paper we shall consider only index theories related to some group
representations.

In particular we shall consider only index theories which have an important
property described by the following definition.

DEFINITION 2.1. An index theory is said to satisfy the dimension property if there
is a positive integer d such that

(2-2) i(V¥* N S,) = k for all dk-dimensional subspaces V4% € = such that V4% N
F={0}.

If an index theory has the dimension property, it is not difficult to prove that (cf.
e.g. [4])

2-2)i(A)<k ifACV%andAd N F= Fand

(2-2")i(K) < 400 if Kiscompactand K N F = &.
It is not difficult to realize that any index theory with the dimension property has
the further property that

(2-3) i(A) = +o0 whenever A N F #* J.
In fact, if # € F, the constant map y,: H — {u} belongs to 9. Then, if # € 4, by
(i-5) and (2-2), we have that

i{u})=i(y,(HN S,)))=i(HNS,) =>d"dim H.

Since, in general, dim H = +o0, (2-3) follows.

The property (2-3) causes some problems when multiplicity results need to be
proved. This difficulty sometimes may be overcome by constructing appropriate
pseudoindex theories and using some further tricks. All these remarks will become
clear in the next sections.

We shall give three examples of index theories related to the representations of
some Lie group which satisfy the dimension property with d = 1,2 and 4 respec-
tively. The first two examples will be used in the applications in the last sections.

I ExampLE. Consider the group Z, = {0, 1} and the unitary representation of this
group on a real Hilbert space H defined as follows

Tou=u, Twu=-u, u€eEH.
If A € 2(T,) = {closed subsets of H symmetric with respect to the origin} we set
v(4) =k
if k is the smallest integer such that there exists a continuous odd map
®: 4 - R\ {0}.

If such a map does not exist we set i(4) = +oo and we set y(&) = 0. This set
function called “genus” has been introduced by Krasnoselskii in an equivalent form
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(see [11]) and used by many authors (cf. e.g. [3, 4, 8, 13]). In [11] and in [13] it has
been proved that {2(7;,), @]L(Tg),y} is an index theory and that it satisfies the
dimension property with d = 1.

Actually in the papers mentioned above the genus has been defined only for those
sets A € 3 such that 0 & A, but it can be extended to all . In fact if 0 € 4, (2-3)
shows i(A) = +oo and that all the required properties are satisfied.

I1 ExampLE. Consider the group S' = {z € C||z|= 1} and a unitary represen-
tation T, of this group on a real Hilbert space H. To simplify the notation we shall
write 7, instead of 7, if z = e” (s € [0,27)). If A € Z(T,) = {closed T.-invariant
subsets of H} we set 7(4) = k if k is the smallest integer for which there exist a
number n € N* and a continuous map

®: 4 - Ck\{0)
such that
O(Tu) =e™®(u) Vu€A,Vse[0,27].

If such a map does not exist we set 7(A) = +oo; moreover we set 7() = 0. In [6] it
has been proved that {2(7,), 9W(T,), i} is an index theory.

If V¥ € X is an invariant subspace of H, and V¥ N F = {0} it is not difficult to
see that its dimension is even i.e. k" = 2k, k € N. In [6] it has been proved that the
above index theory satisfies the dimension property with d = 2. Since all the
invariant spaces are even dimensional this makes sense.

III ExAMPLE. Let H be the set of all sequences of quaternions {a;},cn (a; € H)
such that

oo
2 la; < +oo.
j=1

Clearly H has the natural structure of Hilbert space on the real field if we identify H
with R,
A unitary representation of

S*={weH]||w|=1)}
defined in the natural way acts on H:
TW({aj}jeN) = {waj}jeN'

In [10] it has been proved that there exists an index theory related to the above
representation with d = 4. The index theories y and 7 will be used in the applications
of §85 and 6. In the literature there are many other ones, perhaps with different
names. We mention only the index of Fadell and Rabinowitz [10] and we refer to
their paper for further information on this topic.

Our program now is to construct two pseudoindex theories I+ and 75 related to
any index theory which satisfies the dimension property. As has already been
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observed these pseudoindex theories will permit us to deal with indefinite function-
als. To begin this program, we define the following families of maps. For X is a
Banach space, we set

Io(X)={h€C(X, X)|h= U+ ¢ where Uis linear and ¢ is compact},
I'(X)={h=U+ ¢ €I,|hand U are homeomorphisms}.
LEMMA 2.2. Let h = U + ¢ € I'|(X). Then
‘P — h—l _ U—l
is compact.
PROOF. Set v = h(u), so that
u=h"(v) = U"(v) +¢(v) = U o h(u) + y(v)
= U Uu+g(u)) +¥(v) =u+ U op(u) + 4(v).
Then
Y(v)=-Uleg(u)=-U"eogeoh(v)
and since ¢ is compact, it follows that ¢ is compact. O
The pseudoindex theories we are going to construct are related to a linear
T,-invariant subspace H * CH, H' € . The most interesting case occurs when
both the dimension and the codimension of H™ are infinite. Otherwise, our
pseudoindex theories would give results for semidefinite functionals, but these

functionals could be treated in a simpler and more general way (cf. [4, 13]).
Let QU be a group of linear homeomorphisms such that

{(a) TU=UT, YUe,

2-4
(2-4) (b) UH*=H* VYUe.

In our applications to the functional (0-1), we shall suppose that H™ is L-invariant
and we shall set

(2-5) = {e'|t ER].

However, in the construction of our pseudoindex theory, every family Q which
satisfies (2-4) works as well.
Let 9L* denote a class of mappings 4 such that

(a) h €Mie. his Tequivariant,
(2-6) (b) heT,(H)i.e.hisahomeomorphism of the

form U + ¢ where ¢ is compact, and
(¢) Ue.

By Lemma 2.2, the following corollary is straightforward.
COROLLARY 2.3. 9IL* is a group of homeomorphisms.

If we suppose that F C H* we set
(2-7) Ir = {On*, it} whereif(A) = hrm'mrll i(h(A) N H").
ev *



542 VIERI BENCI

Then by virtue of Corollary 2.3 and proof 1.6, I} is a pseudoindex theory. In order
that this pseudoindex theory be useful it is necessary to show that it is not trivial, i.e.
that there are sets of any pseudoindex.

We shall prove the following theorem.

THEOREM 2.4. Let H™, H" € = be linear subspaces of H such that cod(H +H™)
< 400, dim(H" NH") < 400 and F C H* . Then
1
d

Before proving Theorem 2.4, we shall introduce another pseudoindex theory which
will be useful in different situations.
If we suppose that H* NF = {0}, we fix a constant p > 0, and we set

(2-8) IF = {9*,i%) wherei} = min i(h(A)NS,NH").
heIM*

i#(H"NS,) = = [dim(H* NH") — cod(H* +H")].

Also in this case, Corollary 2.3 and Proposition 1.6 show that (2-8) defines a
pseudoindex theory. The following nontriviality theorem holds.

THEOREM 2.5. Let H~, H" € = be a linear subspace of H. Suppose that FN H* =
{0}, FC H ,dim(H*" NH") < +o0; cod(H" +H") < +oo and that H" is invariant
for every U € Q. Then

i*(H) = %[dim(H* NH~) —cod(H" +H")].
In order to prove Theorem 2.4 and Theorem 2.5 some work is necessary.

LEMMA 2.6. Let V, W € X be two invariant subspaces of H such that
FCVCW and cody V< +oo.

If A € 2 is a bounded subset of W, then

1

d

PROOF. In order to simplify the notation we set k = i(A); k, = d ' dim V| where
V, is the orthogonal complement of V'in W.
Now we argue indirectly and we suppose that

(ANV)<k—k, —1.
By (i-4) there exists a neighborhood N = Ng(A4 N V') such that
i(N)<k—k, — 1.

i(ANV)=i(Ad) — 5cod, V.

We set

A, =ANN, A, = A\N.
Then we have
dist(4,,V) =8> 0.

If P denotes the orthogonal projector on V|, by (i-5), (2.2'), and the above
inequality,

i(A,) <i(PA4,) <%dimVl = k.
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Then using (i-3), (i-2) and the above inequalities, we get
i(A)<i(4,)) +i(4,)<i(N)+i(4,)<(k—k,— 1)+ k =k—1

and this contradicts our assumptions. Thus the lemma is proved. [

LeEMMA 2.7. Suppose that H = @®* | H, where H, (i = 1,...,4) are four mutually
orthogonal subspaces of H. Moreover suppose that dim H; < +oo for i = 2,4 and that
F C H;. Let

G = {® €| ®=1d + g where g has finite dimensional range }

then
(2.9) i(®(4,) N (H,® H,)) >$[dim H, — dim H,]

where
A4,=S,N(H ®H,).

PrOOF. Given ® =1Id + g, let W, be a finite dimensional space such that
Wy D g(A4,) and we set

V,= W,N H,
and
W=V ®H,®H,® H,.
Then we have
(2-10) ®(A4,) N (H,® Hy) D ®(4,N W) N (H,® H,)
o[@(4,nw) N W] N (H,® H,).
By the definition of W
(A4, NW)CWw
so by the above formula, (i-5) and (2-2)
o i(®(4,nw)nw) j t.'(CI)(Ap nw)) >i(Alpr.1 W) -
=i(S,N(V, ® Hy)) = Zdim ¥V, + < dim H,.
On the other hand we have that
(2-12) cod, (H, ® Hy) = dimV, + dim H,.
Using Lemma 2.6, (2-10), (2-11) and (2-12) we get
1

(®(4,) 0 (H, ® 1)) = i(@(4,0 W) 0 W) — -

cod,, (H, ® H;)

1

1. 1. . 1.
= (-gdmel +Ed1m Hz) - (ddlmVI +Ed1m H4)

= ‘—li(dim H, —dim H;). O
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LEMMA 2.8. Let H, H, (i = 1,2,3,4) and A, be as in Lemma 2.7 and set
K= {®€M|®=1d + ¢ where ¢ is compact and ® is a homeomorphism }

then
i(®(4,) N (H,® H;)) >$[dim H, — dim H,].
PROOE. First of all we shall prove that the set
(2-13) K=®(4,) N (H,® Hy) = {[S, N (H, ® H,)] + ®(4,)} N (H, ® H;)
is compact. Consider the sequence u,, € K. Then we can write
(2-14) u,=v,t+w,+z,

with v, € H\, w, € H,, z, = ¢(w, + v,) and v, + w, € §,. Since H, is finite dimen-
sional and w, is bounded then we can suppose that w, converges (possibly consider-
ing a subsequence). Since ¢ is a compact map we can suppose that z, converges. Let
P, be the orthogonal projector on H,. Applying P, to (2-14) we get 0 = v, + P,z,,.
Thus, since P, z, converges, we deduce that v, converges too. Therefore u, converges
and K is compact.

By virtue of (i-4) there is a constant §, > 0 such that

(2-15) i(9,,) = i(®(4,) N (H, ® Hy))
where
N, = N(®(4,) N (H, ® Hy)).
Weset B = ®7'(9;, ). Clearly we have that
(2-16) o(4B)N(H,®H,) = 2.
We claim that there exists a constant §, > 0 such that
(2-17) P, 4ull =8,Vu € ®(A,\B) whereP,,= P, + P,

In order to prove (2-17) we argue indirectly and we suppose that there exists a
sequence {u,} C ®(4,\ B) such that P, ,u, — 0. As in (2-14) we set u,, = v, + w, +
z, withv, € H, w, € H, and z, = ¢(u, + w,). Then we have

Pyu,=v, t P4z,

Since P, ,u, and P, ,z, are convergent sequences (possibly considering subsequences)
then also v, converges, and since w, converges, u,, converges to a point u € ®(4,\ B)
(we recall that ®(4,\B) is a closed set since ® is a homeomorphism). Since
P, u = lim P, 4u, =0, thenu € H, ® H,. Therefore

#€®(4,\B) N (H,®H,)

n— oo

and this fact contradicts (2-16). Then (2-17) is proved. Now let g be a finite
dimensional equivariant map such that

lg(u) — @(u)l <86 Vu€ A, whered = ;min($,, 3,).



CRITICAL POINT THEORY FOR INDEFINITE FUNCTIONALS 545

Such a map can be easily constructed by virtue of (2-1). If we set & = Id + g, then
® € 5 (Fis defined in Lemma 2.7) and

(2-18) I®(u) — d(u)l <8 Vued,.
It is easy to see that
(2-19) ®(4\B)N(H,®H,) = 2.
In fact, if z € 4,\ B, by (2-17) and (2-18), we get
1P, @ (2)l = 11P @(2)Il = 1P, 4(@(2) — ®(2))ll
=5, — 1®(z) — ®(2)l >% ~0.
Using (2-19), we have that
(2-20) ®(4,) N (H,® Hy) = ®(4, N B) N (H, ® H,).
Also by (2-18) we have that
®(B) C N, -
By the above formula and (2-20), we get
®(4,) N (H,® Hy) C I .
Therefore using (2-15), (i-2) and Lemma 2.7 we have that
i(®(4,) N (H,® Hy)) = i(N, ) =i(®(4,) N (H,® H,))
=>d7'(dim H, — dim H,). O
PrOOF OF THEOREM 2.4. If H™NF #* {0} then, since F is h-invariant
h(H™NS,) N F# & Vh € .

Therefore, by (i-2), i(h(H™NS,) N HY)= i(h(H"NS,) N F)= +oo and Theo-
rem 2.4 is proved. If H-NF = {0}, then we set

H,=H'*NH",

H, = orthogonal complement of H, in H~,

H, = orthogonal complement of H, in H™,

H, = orthogonal complement of H, ® H, ® H, in H.
Because of our assumptions F C H,. Then the assumptions of Lemma 2.8 are
satisfied. For every h = U + ¢ € 9IL*, we have

i(h(HnS,)nH")=i(U"oh(H NS,) N U'H") by (i-5)
=i(([d+ U o@)(H NS,) NH") by (24)(b)
=i((1ld+ U o 9)((H, ® Hy) N'S,) N (H, ® Hy)).

Since Id + U~ o ¢ € K, by Lemma 2.8, we have that

i(h(H NS,) N H") >‘—11[dim H, — dim H,] Vh € 9*,
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Since dim H, = dim H* NH "~ and dim H, = cod H" + H ", by the definition of i}
the conclusion follows. O

PROOF OF THEOREM 2.5. We set

H,=H"NH",

H, = orthogonal complement of H, in H,

H, = orthogonal complement of H, in H",

H, = orthogonal complement of H, ® H, ©® H; in H.
Since FN H* = {0} and F C H", then F C H,. Then the assumptions of Lemma
2.8 are satisfied.

Forevery h = U + ¢ € 9L*, we have
i(h(H)ns,nH")=i(H nr'(S,n H")) by (i-5).
By Lemma 2.2, ™! = U~' + ¢ with ¢ compact. Since UH = H~ we have
i(W(H)ynS,nH*)=i(Hn (U +y)(S,NH"))
=i(UH N (Id+ Uey)(S,NnH)) by(i-5)
=i(H,® H;n (Id + Uo y)(S, N H, ® H,)).
Since Id + U o ¢ € K, by Lemma 2.8, we have that
i(h(H)yNnS,NH") >é[dim H, — dim H,]

_1

d
Since for & = 1d, we get the equality, the conclusion follows from the definition of
. 0O

[dim(H" NH") — cod(H* +H")] Vh € ON*.

3. A deformation theorem. In §2 we have constructed two pseudoindex theories. If
we want to apply Theorem 1.4, we need to characterize the functions f € C'(H)
which satisfy the property (P) with respect to such pseudoindex theories. This is the
aim of this section. Clearly the main difficulty is to find a function 5 as in (1-9)(b).
As usual this function will be a deformation, i.e. n(«) = U(z,, u) where QU is a flow
on H and ¢, a fixed real number. This flow will be related to a vector field which is a
suitable approximation of the vector field —f’. In our case, the main difficulty in
carrying out this program is the fact that n must belong to 9*; therefore the
construction of the flow QU(z, u) will involve some technicalities which will be
treated in this section. We shall start by proving some lemmas to be used later in the
construction of QU.

LEMMA 3.1. Let X and Y be two Banach spaces and let f: X - Y be a locally
Lipschitz continuous function. Then any compact set K C X has a neighborhood 9 such
that f|e is (uniform) Lipschitz continuous.

PRrOOF. For each u € K, there exist an open ball B(u, 8(u)) and a constant /(u)
such that

Hf(v) — f(w)ll < l(u)llv—wll, Vo,w € B(u,d(u)).
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The family of sets {B(u, 38(u))},ck is an open covering of K. Therefore we can
extract a finite covering

{B(u;,48(u;))},c; where I s a finite set of indices.

We now set
= U B(u;,48(v;)) and M= sup |ull.
iel uEf(N)
M is less than infinity by the compactness of K and the construction of 9. We set

= max{4—M, axl(u,)} where 8§ = mind(u,).
8 7 ier =y

1

We claim that

Il f(v) = f(w)ll <lllvo —wll foreachov,w € 9.
In order to prove the above inequality we distinguish two cases
First case. ||lv — wll = 8 /2. Then we have
4aM
I f(0) —fwl <l f(o)ll + I fw)l <2M < >
Second case. |lv — wll < 8/2. Suppose that v € B(u;, 38(«,)). Then w and v €
B(u;, 6(u,)). Therefore we have
I f(0) = f(W)Il < U(u)llo —wl <Illo—wll. O

LEMMA 3.2. Let o: H — H be a compact operator. Then, given y > 0, there exists an
operator ¢: H — H which satisfies the following assumptions:

</|lo—wl.

N o

(a) ¢ is compact,
(3-1) (b) @ is locally Lipschitz continuous,
(©) llo(u) = ¢(u)ll <v.

Moreover, if ¢ is T,-equivariant, ¢ can be chosen to be equivariant.

PrOOF. For eachw € H, weset 0, = {u € H|llp(u) — o(w)ll <y and [lu — wl|
<1}. {0, },en is an open covering of H. Therefore there exist a locally finite
refinement 9, and points w; such that 9, C 9N, . Let p,(#) denote the distance of u

to the complement of 9(,. Then p; is Lipschitz continuous and vanishes outside of
N,. Let

Bi(u) = p,(u)/ 2 pj(“)-
jer
Since {9, },<, is a locally finite covering, for each u € H the denominator of B,(u) is

a finite sum and the above formula makes sense. Moreover the B,’s are Lipschitz
continuous and

E:Bi(u) =L

By the definition of the 9, ’s and the 9 ;’s, we have that
(p(u) — @(w,), v)<vyloll, Vu€N,Vo€EH.
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Thus, since the B;’s vanish outside of the 9,’s, we get
B(u){e(u) — @(w,), v)<¥B(u)llvll Vu,0€H.
If we sum the above expression over the i’s, we get

(o) = SA()e(n). )< yllol, Va0 H

If we set ¢(u) = Z,B,(u)p(w,), by the above formula we get
lp(u) —¢(u)ll <y, Vu€EH.

Thus ¢ satisfies (3-1)(c). To prove that ¢ satisfies (3-1)(a) and (3-1)(b), observe that
for each bounded ball B, C H

@ (Bg) C {convex hull of (Bg,,)}.

Indeed, for u € By, ¢(u) is a convex combination of elements w;, € By, ,. Since
@( Bz, ) is relatively compact, so is its convex hull. Therefore ¢(By) is relatively
compact and this proves (3-1)(a). Moreover ¢ is locally Lipschitz continuous since in
each point it is the finite sum of locally Lipschitz continuous functions. Thus also
(3-1)(b) holds.

It remains to prove that ¢ may be chosen T, -equivariant whenever ¢ is T -equi-
variant. Suppose we have constructed ¢, which satisfies the (3-1) but it is not
necessarily equivariant. We set

¢ (u) = fGT;‘%(Tgu)du

where p is the Haar measure on the group G. Clearly ¢ is T,-equivariant. We claim
that it satisfies the (3-1). First of all, let us prove the compactness. For any R > 0 we
set K = @,(T,Bz) = @,(Bg), Vg € G.(T,Bg = By because T, is unitary.) Clearly

¢(Bg) = /;;Tg_Ide,: {0: LTg_luduquK}.

Since the map uw [; Tg"u dup is continuous, ¢ (Bg) is compact and this proves
(3-1)(a). Now let us prove (3-1)(b). Take u € H; the set {T,u}, . is compact since G
is a compact group. Therefore by Lemma 3.1, there exist a neighborhood 9 =
N,({T,u},c ) and a constant / > 0 such that

(3-2) g (v) —@(w)ll <Illv—wl Vu,o€N.

For each u € 9U there exists a neighborhood 9, such that T,o and T,w € 9
whenever v and w € 9. Then for each v and w € 9, we have

16(0) — & (w)I =” L1 [9(70) = o0(T0)] du”
< fGH%(Tg(v)) — @ (T(w))| du

< [/G“Tg(v —w)|de by (3-2)

=1llv—wll.
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Finally we prove (3-1)(c): using the fact that ¢ is equivariant

1) = 91 =| [ 1, (T) e~ [ 7 0(T)

:“forg-n[(pl(zjgu) — o(T,u)] duH < fcu(pl(rgu) —o(Tu)ll<vy.
This completes the proof. O
LEMMA 3.3. Suppose that L + ¢ € Iy(H) and that the following Cauchy problem
1(t) = Lq(t) + t)),
(3.4) {n( ) = Ln(r) + o(n(1))
1(0) = u

has a unique solution AU (t, u) (U(1, -) € C'(R, C°(H, H))). We suppose that for every
t, QU(t,+) maps bounded sets into bounded sets. Then for every t € R, AU(t, u) has the
following form

WAL, u) =etu—g(t,u)

where g(t,-) is a compact operator for each t € R.

PrOOF. Without loss of generality, we suppose ¢ > 0. The operator QU(t, u)
satisfies the following identity which is the Volterra form of the equation (3-4):

W(t,u) =elu+ fle(’"S’LqJ(GZL(s, u))ds.
0

We have to show that the operator
gt u) = = [ p(U(s, w) ds
is compact. By our assumptions, for every R > 0, there exists R = R such that
(s, Bg) C Bx Vs € [0, 1]
then
¢(U(s, Bg)) C ¢(Bg)
where @( By ) is a precompact subset of H. Now we set

k= | U e rg(87)|.

sE(0, 1]

K is a compact subset of H. In fact let {v,} be a sequence in K then there exist
two sequences {s,} C [0, t] and {w,} C @(Bg) such that

0, = e lg(w,).
Now let {s, } and {w, } be two subsequences such that

{Sru} - § and (p(w,,k)—>z_€ o(BR)

then
v, — eI EK.

Therefore K is compact. Now set
K, = {convex hull of K} .
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By a well-known theorem K, is compact. Since for every u € By,
fe"“s)Lq)(GlL(s, u))ds € K,

-g(t, u) € K. Therefore g(¢,-) is compact. U

THEOREM 3.4 (DEFORMATION THEOREM). Let f € C\(H) be a function which
satisfies the following assumptions

(f,) f(u) = 3(Lu, u)+ ®(u) where L is a bounded selfadjoint operator and q)dzef(b’
is compact.

(f,) f satisfies P.S. in [c,y, ] i.e. any sequence {u,,} C H such that f(u,,) = ¢ €
ey, el and f'(u,,) —» 0 as m — +oo, has a convergent subsequence.

Then ¢ € [cy, ¢, ), VIU= Ny(K,), 3¢ > 0 and In = &°* + { (where § >0 is a
constant and  a compact operator) such that

(3-6) n(@c+e\%) c Qc-‘e
where K ., & are defined by (1.8).

Moreover, if '

(fy) f is T-invariant
then n is T-equivariant, i.e. n € IMN*.

PROOF. Because of (f,), K, is a compact set. Then 9Uis bounded. Let p; > 0 be a
constant such that 9% C B, . We set
d

§= —— |
4(1+ 2l Lllp,)

Because of (f,), there exists ¢ > 0 such that

4
(3-7) Il =5 foru€Z A%,

where Z,, = f"'([c — &, c + e)) and I, ,, = N, »(K).

In fact suppose that (3-7) does not hold. Then there exist a sequence {u,} C H
and a sequence ¢, |0 such that u, € Z_, \9, , and || f'(u,)Il < /4e,/5. Thus we
have that f(u,) — c and || f'(u,)ll = 0, and by (f,), {u,} converges to some point .
Then we have that f(#) = ¢ and f’(#) = 0 and this contradicts the fact that u &€ K.
Thus (3-7) holds. Also we can suppose that

(3-8) e<§/s5.
We now set
(3-9) y = min(e/26; $/e/23 ).

Now, by virtue of Lemma 3.2, there exists a compact, locally Lipschitz continuous
operator ¢ such that

(3-10) le(u) —¢(u)l<y, Vu€H.
By the above inequality we get

lp(u)l® — 2(@(u), ¢ (u)y+ 1§ (u)lI> < y2.



CRITICAL POINT THEORY FOR INDEFINITE FUNCTIONALS 551

Then
(3-11) (p(u), @ (u)y=1(lo(u)I* + g (u)I?) —v?/2
= llg(u)ll - 11¢ ()l = ¥?/2.
Now set x(¢) = min(1,1/7) and
_ g (u)ll .
V(u) - X( 1+ IILuH q)(u)‘
It is easy to check that V' is a compact, locally Lipschitz continuous operator and
that

(3-12) W (u)ll <1+ [Lull, Vu€EH.
We now claim that
3
(3-13) (), Lut V()= 5 Vu€Z N,

In order to prove (3-13) we distinguish two cases.
First case. Suppose that || ¢(u)ll < 1 + || L(u)ll. Then we have

(S'(u), Lu+ V(u)y= (f'(u), Lu+ ¢ (u))
= (), Lu+ @(u)) = (f'(u), o(u) — ¢ (u))
= ()2 =yl f/(u)ll by (3-10)
=3¢/8 by (3-7) and (3-9).
Second case. Suppose that
(3-14) g (u)ll =1+ [IL(u)ll.
By the definition of V' we get

, _ 1+ [ Lull .
(f(u), Lu+ V(u)y= (Lu + ¢(u), Lu + __Hq"a(u)ll (p(u)>

= || Lull® + lnf(”L)’,‘]”@ @ (u))+ (p(u), Luy

1+ ([ Lull
ey (P @)

= (| Lull> = (1 + | Lull) - | Lull = Il Lull - llp(u)ll

1+ | Lull v?
+(1+ L -—=. X .
(1 + [ Lull)ll@(u)ll S 2 by (3-11)

= || Lull® = | Lull = | Lull® = Il Lull - ll¢(u)l]

2
o)l I Lull + lp(u)l = L= by (3-14)

2
> [lg(u)ll — Il Lull — 77

=g (u)ll =y — I Lull — ¥2/2 by (3-10)

=>1—-vy—y?/2 by(3-14)

>5¢/8 —e/28 — 1/4-¢/26 =3¢/ by (3-8) and (3-9).
Then (3-13) is proved.
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Now consider the following Cauchy problem in the Hilbert space H

1
519 LE() = ~LE(1) = V(E(1)).
£(0) = u.
Since V is locally Lipschitz continuous, (3-15) has a unique local solution. Moreover,
by (3-12), we have that
(3-16) WLu+ V(u)ll <1+ 20LI- llull.

Then by standard results on O.D.E.’s it follows that £(¢) is defined for all € R.

We shall denote by (¢, u) the flow relative to the Cauchy problem (3-15). Now
we shall prove that

(3-17)  AU(z,u) € H\N, ,, for each u € H\ N, and for each ¢ € [0, 8].

In order to prove this we argue indirectly.
Suppose that there are points ¢, ¢, € [0, 8] (¢, < ¢,) such that

W(ty, u) €3Ny WAty u) EIN,,, and W(r,u) € N NN, ,,

for allt € [¢,, ¢,]. Then we have

4/2 <191y, w) = Wt )l = | [ L (1, u) a

o

JUHALA 1 w) = V(U ) d,”

)

s/"HL%(r,u) + V(U(t, u))ll dt

= /['(1 + 20 LI 12, u)ll) dt - by (3-16)

<(1+20LIp, )1, — 1,) < (1 +2ILlIp,)d.

The last inequalities have been possible since 9, C B, . Then using the definition of
4 we get
d

d/2< —— - (1 +2|IL =d/4.
2= da Ty (L ALEe) =d/

This is a contradiction, then (3-17) is proved.
Next we shall prove that

(3-18) W, u)ed._,, Yue@ N,
First of all, we remark that, by virtue of (3-13), we have
d d
(3-19) 4 e ) = <f’(%(t, w). Lau(e, u)>< 3ess.

In order to prove (3-18), we have to show that

there exists ¢, € [0, 8] such that f(U(zy, u)) <c — ¢

(3-20) Vued, AN,
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and
if 3¢, € R such that f(W (¢, u)) = ¢ — ¢, then f(AU(¢t, u))

(3-21) <c—e Vi=1,.
First we prove (3-20). We argue indirectly and we suppose that for each ¢ € [0, 8],
f(U(t, u)) > ¢ — & then we have

(22) 26> [A(UBw) ~ (O] = - [ ZAOU w) e

By (3-17), U(t, u) & Ny ,,. Moreover, by (3-19), the function > f(U(z, u)) is
decreasing. Then we have that U(¢, u) € Z, N, ,,. Therefore, using again (3-19)
and by (3-22), it follows that

2e > /8(38/6) dt = 3e.
0

This is a contradiction, thus (3-20) is proved. (3-21) follows directly from (3-19).
Then (3-18) is proved. By Lemma 3.3, we have

W(t,u) =e '+ g(t,u)

where g(¢,-) is a compact operator for each r € R.
If we set

n(u) = WS, u)
we see that 7 has the desired form with y(u) = g(é, u). Moreover, by (3-18), (3-6)
follows. Then the first part of the theorem is proved.
If f is T-invariant, then L and ¢ are T,-equivariant. Then by the last part of

Lemma 3.2, ¢ can be chosen equivariant. Since 7 is a unitary representation, the
functional

1+ || Lull

X( 1 (u)ll )

is Tg-invariant. In fact

1 (T,u)l )

1+ LT ull

X =X

T, (u)l ): ( Il (u)ll )

U+ IT,Lull |~ X\ T+ I Lull

Then V is a T, -equivariant operator. Therefore the operator QL(t,-) and conse-
quently n are T,-equivariant. [J
By the deformation theorem the following corollary follows.

COROLLARY 3.5. If f satisfies (f)), (f,) and (f;) then { f, ¢y, c,,} satisfy the property
(P) with respect to {Z, DM*}.

ProOF. By (f;) it follows that @, and K. € 2. By (f,), it follows that K, is
compact. Then (1-9)(a) is satisfied. (1-9)(b) follows directly by Theorem 3.4. O

4. Some abstract multiplicity theorems. In this section we shall use the theory
developed in the previous sections to give a lower bound for the number of critical
values of the functional (0.1) in several different situations.
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THEOREM 4.1. Let H be a Hilbert space with an index theory I related to a
representation T, which satisfies the dimension property.
Let f be a functional which satisfies (f,) (f,) (f5) of Theorem 3.4. Moreover suppose
that there are two invariant spaces H *, H™ € Z and a constant p > 0 such that
(a) FCHY, LH"=H",
(fa) (b) flu)>c, VueH",
() flu)<c, Yu€H™NS,.

Then, if I} is the pseudoindex theory (2-7) and if the integer
L]
d

is well defined and positive, the numbers

(4-1) k= =[dim(H* NH") — cod(H" +H")],

¢, = inf supf(u) fork=1,....k
A=K e

are critical values of fand ¢y < ¢, < - -+ < ¢ < c,,. Moreover if
C=C= " = Cpyy
(4-2) then

i(K,)=r+1.

ProOF. We apply Theorem 1.4. By (f,) (f,) (f;) and Corollary 3.5, the triplet
{f, ¢ps ¢, ) satisfies the property (P). Now take 4 € = with 4 C @, ; then by (f, )(b),
AN H" = @. Therefore i¥(A4) = i(A N H") = 0 and (1-10)(b) is satisfied. Setting
A= S, N H~, by (f;)(c) we have AC GECOC, then by Theorem 2.4 i’l"(/f) = k. This
shows that (1-10)(c) holds and the conclusion follows. [J

We now give a theorem analogous to Theorem 4.1 which makes use of the
pseudoindex I3.

THEOREM 4.2. Suppose that all the assumptions of Theorem 4.1, but (f,) are
satisfied. Instead suppose that
(a) FNH*={0}; FCH ,LH =H",
(f¥) (b) f(u)>c, YuEH" NS,
(c) flu)<ec, YueEH".

Then, if I¥ is the pseudoindex theory (2-8), and k is well defined by (4-1) and positive,
the numbers
(4-3) ¢, = inf sup f(u)

3(A)=k e 4

are critical values of fand ¢y < ¢, < -+ - < ¢, < c,,. Moreover (4-2) holds.

PrOOF. We apply again Theorem 1.4. By (f,), (f,) and (f;) and Corollary 3.5, the
triplet { f, c,, ¢} satisfies the property (P).

Now take 4 € X such that 4 C @, ; then by (f§)(b), 4 " H™ NS, = &. There-
fore min, cop+i(h(A) N H NS,) = 0 and (1-10)(b) is satisfiec& Moreover, by (f%)(a),
the assumptions of Theorem 2.5 are satisfied. Then i%(H ") = k.
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Therefore setting 4 = H -, (1-10)(c) follows. [

REMARK 4.3. If f satisfies the assumptions of Theorem 4.1, thus —f essentially
satisfies the assumptions of Theorem 4.2 if we interchange H* and H ", and ¢, and
Coo-

Those two theorems are related to Theorem 2.19 of [3] and Theorem 12 of [8] for
indefinite functionals. Actually in [3] and in [8] only even functionals have been
considered, and of course (f,) is not required since the functionals are semidefinite.
Even if those theorems sound different, in a deeper analysis the similarity is evident
(also cf. Theorem 2.19 of [3] with Corollary 4.5). While Theorems 2.19 of [3] and 12
of [8] apply to two completely different classes of problems we see that in Theorems
4.1 and 4.2, those two different situations are unified.

REMARK 4.4. Theorems 4.1 and 4.2 are not sufficient to guarantee the existence of
at least k (orbits of) critical points. In fact it might happen that K, N F # @. Then
i(K,) = +oo but it might contain only one fixed point (cf. (2.3) and the following
remarks). Thus to have a multiplicity result we must add some assumptions
depending on the nature of F and f. For example in Theorem 4.1, we could assume

inf f(u) =»>c,
uEF

and this, of course, implies K, N F = @& and the multiplicity result. A similar
argument is used in the proof of Theorem 0.1 given below and Theorems 5.1 and 5.3.
More subtle arguments for proving K. N F = @ are given in the applications to
Hamiltonian systems in §5.

PrROOF OF THEOREM 0.1. We shall use Theorem 4.1 (but we could use as well
Theorem 4.2).

(fl) is equal to (f,) and (fz) implies (f,).

(f3) implies (f;) where the group representation is the one described in Example I
of §2.

For such representation F = {0}, thus (f,)(a) is satisfied.

(f,)(b) and (c) follow by (f,).

Thus Theorem 4.1 can be applied.

Then in order to get the conclusion of Theorem 0.1, it is necessary to prove that
K, N F= & but this follows from Remark 4.4. [J

By Theorem 4.2, the following corollary follows.

COROLLARY 4.5. Suppose that f satisfies all the assumptions of Theorem 4.2, except
(f3)(c). Moreover suppose that
(a) dim(H*)" = +oo,
(4-3) (b)  f(u) is upper bounded on (H* )™ @ V4
for every V¥* € =, VIk C HY .
Then (4-3) defines a critical value for each k € N, ¢, < ¢, ., and (4-2) holds.

PRrROOF. It is enough_to choose k € N arbitrarily and to show that the ¢,’s are
critical values for k < k. In order to do this, we set H-= (H " )* @ V% and apply
Theorem 4.2. O
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From Theorem 4.1, we shall deduce another theorem which is less general, but it
can be applied more directly to some concrete problems we shall consider later. First
of all we make the following assumption on L:

0 & o,(L) where o,(L) denotes the essential spectrum of L
(f5) (this means that O is either an isolated eigenvalue of finite
multiplicity or it belongs to the resolvent).

Then we can decompose H in the following way
H=Vevloyt
where
VO =kerL;
(4-4) (Lu,u)<allull*> YueV-,
(Lu,u)= Bllull*> Yue v,
where a < 0 < f are suitable constants.

If Q is a compact operator, by well-known theorems, (see e.g. [17]) o (L) =
o, (L + Q). Therefore H has the following decomposition:

H=wew'e w"
where
W =ker(L + Q),
(4-4) (L+ Q)u,uy<«llull® Vue w-,
(L+ Q)u,uy=pllull®> Yue W,
where a’ < 0 < B’ are suitable constants.

The following theorem holds.

THEOREM 4.6. Suppose that f satisfies (f,), (f5), (f5) and

(a) @(0)=0.

(b) every sequence {u,} such that f(u,) — ¢ <0 and
Il f'(u,)ll > 0asn— +co is bounded.

(4-5) (c) there exists a compact operator Q such that
o(u) = Qu + o(llull) where p = @’.

gl
@ m T =
(e) FCV*'.

Ifweset H* = V' and H~= W ", then the same conclusion of Theorem 4.1 holds with
¢, and c,, suitable negative constants. In particular we have

k= 5dim(V+ NW-) — %cod(VJ' +W")

= %dim(V* nNw-) — %dim[(V‘EB voyn (wrew?)]

where the above spaces are defined by (4-4) and (4-4').
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REMARK 4.7. If L has discrete spectrum and it commutes with Q, then k is easy to
compute.

In fact, let {e,},cn be a common set of eigenvectors of L and Q corresponding to
the eigenvalues {A,} of L and {g,} of Q.

Then
VENW = Sp{e | A, >0; A, + ¢, <0}
= Sple |0 <A, < —q,}
and
(V-ev)n (W ®w®) =Sp{e, |\, <0; A, + g, =0}
=Sp{e,|0=A, = —q,}.
Therefore

k=#{k€Z|0<A,<—gq)— #{kEZ|0=)\,> —q,).
Before proving the Theorem 4.6 we need the following lemma.
LemMA 4.8. If f satisfies (f,), (fs) and (4-5)(b) then it satisfies (f,) in [cy, c..]
(co <c)-
ProOF. Let {u,} be a sequence such that f(u,) — ¢ and
(4-6) [(u,) = 0.

By (4-5)(b) it is bounded.
By (f5) there is a compact operator K, such that

0¢o(L+K,).

By (4-6) we have that the sequence

def
(4-7) 0, = (L + Ko)u, — Kou, + ¢(u,)

is converging to 0.
Since {u, } is bounded, -K,u,, + ¢(u,) is pre-compact, then the set

D = {Kou, — ¢(u,) +v,[n €N}

is compact.

By (4-7), (L + Ky)u, € D, then u, € (L + K,)™'D. Since (L + K,)™'D is a
compact set, {u,} has a converging subsequence. [J

PROOF OF THEOREM 4.6. We shall check all the assumptions of Theorem 4.1 with
H'=V' H =W, c,=v,/2and ¢, =7y, — 1 where y, <y, <0 are constants
to be determined later. Because of Lemma 4.8, (f,) holds. Then (f,) (f,) and (f;) are
satisfied. Let us prove (f,). (f,)(a) follows by (4.5)(e). Before proving (f,)(b), we
shall prove (f,)(c). We use the Taylor formula for f at 0:

f(u) = 3(Lu, uy+ 5{Qu,u)+ o(llull?) for [lull - 0.

Then for u € W~ we have f(u) < a'llull®> + o(llull?*) where & is the constant
appearing in (4-4'). Since &’ < 0, there exists a constant p > 0 and y, < 0 such that

flu) <y, Yue W™nNS,.
Setting ¢, = v, /2, (f,)(c) is satisfied.
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In order to prove (f,)(b) we first observe that, by virtue of (4-5)(d), there is r > 0
such that
lo(u)ll < (B/2)lull* whenever llull > r

where B is the constant appearing in (4-4).
Moreover, since ¢ is compact, there is M > 0 such that

le(u)ll <M ifllull <r
thus
lo(u)ll <M+ B/2llull Yu€E H.

Using the above formula we get
1
@) |=| [ (o (). ) e
0

<

fol{M-llulI+£2£I|qu}dt

< Mllull + iBllull> Vu € H.
Then by (4-4) and the above inequality, for every u € V', we get
f(u) = 5(Lu, uy+ ®(u)
= (B/2Q)lull?> — | @(u)|= (B/Mull> = M - |lul.
This implies that f is bounded from below on ¥'* and we can set

v, = inf f(u)andc, =y, — wwithw >0 suchthaty, —w<c,_.
ue v

Then by Theorem 4.1 the conclusion follows. [
REMARK 4.9. Under the assumptions of Theorem 4.6, we could equally well have
used the pseudoindex theory 75 and Theorem 4.2 in order to get similar results.
REMARK 4.10. If we strengthen (fs) in the following way

(f5) 0&o(L)
then, by (4-5)(d), we can easily deduce (4-5)(b).

(f*) is a nonresonance condition at co.
Using this remark we have the following corollary.

COROLLARY 4.11. If f satisfies (f)), (f;), (f¥), (4-5)(a) (c) (d) (e), then the same
conclusion of Theorem 4.6 holds.

REMARK 4.12. If (f,)(a) (or equivalently (f%)(a) or (4-5)(c)) does not hold, then the
pseudoindex theories studied in §2 cannot be applied directly, and a general way to
deal with such problems has not yet been developed. However, in [6], a method has
been introduced which permits us to treat semidefinite functionals even when (f,)(a)
does not hold (cf. Remark 6.9).

5. Applications to asymptotic linear Hamiltonian systems. Let H € C?(R?",R) and

consider the Hamiltonian system of ordinary differential equations

I —c
(5-1) p=-%g (P a=75,(p.q)
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where p and g are n-tuples and” denotes d/dt. Setting z = (p, q) and J = (3,

where Id denotes the identity matrix in R”, (6-1) becomes
(5-2) :=JH(z)

where H, = 0H /0z. We are concerned in periodic solutions of fixed period of (5-2).
We suppose that H satisfies the following properties

(H,) H(z)=A4z+o(z]) forz- +co,
(H,) H,((z)=Bz+o(z|) forz-0,

where 4, B: R>" > R?" are two linear symmetric operators. Our aim is to give a
lower bound for the number of nontrivial 7-periodic solutions of (5-2) by ap-
propriately comparing the operators 4 and B and the period 7.

More precisely we are going to define an even integer number #(7B /27, 74 /2)
which will give this lower bound. Given two hermitian operators 4, B: C?" — C2”
we set

N(A4) = {number of negative eigenvalues of A},
N(A) = {number of nonpositive eigenvalues of 4},

%,(B, A) = N(ijJ + B) — N(ijiJ + A),

9(B, 4) = +2°° 9,(B, A).

j=-w

We observe that ¥(B, A) is a finite number. In fact, for j big enough N(ijJ + B) =
N(ijJ + A) = n and this implies that 4,( B, 4) = 0 except for a finite number of ;’s.
Now we can state the main theorems of this section.

THEOREM 5.1. Suppose that H satisfies (H,), (H,) and

(H;) (4z,z) > 0Vz € R*"\ {0},

(H,) H(z) = 0Vz € R*",

Hs) o(JA/27) N IZ = O.
Then equation (5-2) has at least 5 3(1A /2w, TB/2m) nonconstant t-periodic solutions
whenever 3(1A /27w, 71B/27) = 0.

(H;) is a technical assumption which will be discussed in Remark 5.9.

(H,) is a condition which assures us that the periodic solutions we shall find are
not constant (cf. the proof of Lemma 5.8).

If (H,) is dropped, then we conclude that there are nonzero periodic solutions but
they could be constant; therefore we lose information about their number (cf.
Remark 4.4).

(Hs) is a “nonresonance condition at oo” and it expresses the fact that the
linearized equation at oo, i.e. Z = JAz has no 7-periodic solutions. If (Hs) does not
hold, Theorem 5.1 is not any longer true unless we add some other conditions on H.
For example we can add a condition which corresponds, roughly speaking, to the
Landezman-Lazer condition for elliptic equations as is shown by the following
theorem:
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THEOREM 5.2. Suppose that H satisfies (H,), (H,), (H5), (H,) and
(Hg) V,(z) is bounded where V(z) = H(z) — 3(Az, z).
(H,) V(z) - +o0 as | z|» +o0.

Then the conclusion of Theorem 5.1 holds.

Other assumptions can replace (Hs) as the theorem below shows.

THEOREM 5.3. Suppose that H satisfies (H,),(H,), (H,),(H,) and

(Hy) thereis R > 0 and p € (1,2) such that pH(z) = (z, H(z)) > 0 for | z|= R.

(Ho) lim, o | 2| |H(2)|< v <13

(H,,) there are constants a;, > 0 and a, > 0 such that H(z) = a, |z — a,.
Then the same conclusion of Theorem 5.1 holds.

REMARK 5.4. In order to give a feeling for the meaning of {#(-,-) we shall indicate
some of its properties even if they will not be used in the proofs of the theorems.
First of all, we observe that ¢ corresponds to the number 3k defined by (4.1) as it
will be shown in Lemma 6.6.

Moreover it satisfies the following properties:

(%) if #(AB,AA4) =0, then #(AA4, AB) < 0.

(9,) ¥(AA4,AA4) < 0.

() if B and A satisfy the nonresonance condition i.e.

o(AJA) NiZ=0(AJB)NiZ= & (cf.(Hs))
then
#(AB,AA4) = -9(AA4, AB).
(9;)if a(JA) N iR =0(JB) N iR = Jthen }(AB, A4) = 3(AA,AB) = 0.
() ¥(-,-) is a symplectic invariant in both its arguments i.e.
9(ASTAS,, AS/BS,) = #(A4,AB) VS, S, € 5,(2n).

Amann and Zehnder in [1] have introduced a symplectic invariant Ind( A4, B, a) with
a real number. We have
() if AB and A A4 satisfy (Hs) then

Ind(B, 4,X') = 3(AB,AA)
and in general we have
| Ind(B, 4, X") |= #(AB, A 4).

PROOF. (#,) and (#,) follow directly from the definition.
Let us prove (95). Since J? = —Id we have that

ker(iiJ + A4) = {v € C¥"|NJA4v = jv}.
Therefore if (H) holds,
ker(iiJ + AA) = {0} and N(ijiJ +AA) = N(ijiJ + AA).

For the same reason N(ijJ + AB) = N(ijJ + AB).
Then (¥,) follows from the definition.
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If 6(JA4) N iR = &, then ker(iiJ + AA) = {0} VA € R. Then, since the operator

ijJ + A A is not singular for any A € R, the function
A> N(iJ +XA) = N(iJ + AA)

is constant. In particular it equals n since for A = 0 we have that N(iJ) = n. Arguing
in the same manner we get that N(iJ + AB) = N(iJ + AB) = n. Then (43,) follows.

Let us prove (95). It is known that if Q: C*" - C?" is any hermitian operator and
S is any nonsingular operator

N(Q) = N(s*QS) and N(Q) = N(S*0S)

where S* is the adjoint of S.

If S € Sp(2n), then ST = §* (the transpose is equal to the adjoint since S has real
coefficients). Then using the above formula with Q = i/ + A4 and Q = ijJ + AB,
we get

N(ijJ + AA) = N(ijSIS, + ASTAS,) = N (ijJ + ASTAS,) VS, € Sp(2n)
and
N(iiJ + AB) = N(ijJ + ASJBS,) VS, € Sp(2n).

By the definition of 9(-,-) the conclusion follows.
() follows from the characterization (5-16) of the eigenvalues of i/ + A4 and

easy computations.
REMARK 5.4. If A and B commute with J the number 3(A B, A A) is expressible in
a form which is easy to compute. In fact let p, - - - u,, be the set of eigenvalues of 4
corresponding to the eigenvectors vy,...,0,,. Then the vectors v, + iJv, are eigen-
vectors of the operator iiJ + AA and they correspond to the eigenvalues j + Ap,
(k =1,...,2n). Then setting $ = {1,...,2n} we get
N(ijJ + NA) = #{k € B |j + Ap, <0}.
If the »,’s are the eigenvalues of B, arguing in the same manner we get
N(ijiJ + AB) = #{k € B|j + Av, <0}.
Then, for A > 0, we have
{(keB|Ay, <} = {(kE€EB|r <pps Ap, =< )
U kEB|v <pusAr, < o <Ap)
U keB|v,=p Ar, < )

and
(k€B|Ap <} ={kE€EB|v,=p Ay, <}
Uk EB|ve=ps Ap, < 5 <Ar}
Uk EB v, <pAp,<-j}.
Thus

%, (AB,\4) = #{k EB |y, <prand Ay, < - < Apy)
—#{k€B|p,<vrandAp, < - <Ay, }.
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Therefore we have that
YAB,ANA) = #{(j, k) EZXB|v, <prand Ay, <j<Ap,}
—#{(j,k) EZXB|v,=p,and Ap, <j <Ar.}.
We remark that the number #(A A, AB) does not depend on the order of the u,’s

and the »,’s. If it is possible to order them in such a way that v, <pu, for each
k € %, then

3(AB,A4)=0 and lim (AB,AA) = +o0.
A= +oo

This fact has an obvious interpretation in terms of the number of periodic solutions
of (5-2).

In order to prove Theorems 5.1, 5.2, 5.3 we shall use Theorem 4.6 (or Corollary
4.11). Before doing this some work is necessary.

First of all, making the change of variable

(5-3) L %711 =X't, (5-2) transformsto 7z = AJH,(z)

and we seek 27-periodic solutions of (5-3) which, of course, correspond to the
7-periodic solutions of (5-2). We shall treat (5-3) in the Hilbert space H =
H'/?(S',R?"), i.e. the space of 2n-ples of 27-periodic functions which possess
square integrable “derivative of order 1”. Perhaps the simplest way to introduce this
space is as follows. Let C*(S!, R?") be the space of 2#-periodic n-ples of €*-func-
tions. If z € @*(S', R*") it has the following Fourier expansion

1 +oo
(5-4) 2(t) =—== (ajcos jt + B;sin jr), o« BER",

\F J=0

which in complex notation becomes

(5-5) z(t)—— 2 ae’" witha,=a, € C*".

o -

H'72(S',R?") is the closure of (S, R?") with respect to the Hilbert space norm

+o0 1/2
(5-6) Izl =[lao|2+ > +|J‘|)(|a,-l2+lﬁflz>}

Jj=0

+o0 1,2
[ 2 (1_+|jD|ajP} .

j=-

H'*(S'R?") can also be obtained by interpolation from the Sobolev spaces
H'(S',R*") and L*(S',R*"). From now on H'!/2(S',R*") will be denoted by H. On
H a “canonical” representation of the group S' acts. If s € S' (s is thought of as a
real number in [0, 27)) we have the representation

T.z(t) = z(t + 5)

here the “ + is the operation of the group S'; i.e. the sum modulo 2.
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In terms of the Fourier expansion (5-5), the representation 7, has the following
form:
+o0

T,z(t) = (ajeif‘)e’f’

j=-w

i.e. the Fourier expansion is a decomposition of T; in its irreducible components (see
e.g. Weyl [18)).

We shall denote by I = {Z, 9, i} the index theory relative to the representation
T, described in II Example of §2. The 2#-periodic solutions of (5-3) correspond to
the critical points in H of the functional of the action:

f(z) = —fo”{(p, e — NH(2)} dt

(5-7) 2
:/0 (4(J2, z)gen + NH(z)) dt.

(We have put the minus sign in front of the functional in order to make the notation
consistent with the abstract theorems of §4.) If we set

(5-8) V(z) = H(z) — 1(4z,z) and @(z) :Afoz”V(z)dt

then we can write

(5-9) f(z) = 5/02”(12 + Az, 2)geedt + 0(2).

Let L, p: H — H be the operators defined by the following formulas:
(Lz, )= fz”(./z + Nz, v)gndi Vo € H,
0

(p(2),0)= AfOz”(Vz(z), v)dt Vv € H,

then we have
f(u) =3(Lu,u)+ ®(u) and f'(u)= Lu+ ¢(u).
The following lemma holds.
LEMMA 5.5. If the Hamiltonian function H satisfies (H,) and (H,) then f (defined by
(5-7)) satisfies (f,), (f5), (f5) (4-5) (a),(d) and (4-5)(c) where Q is defined by the

formula
(5-9) <Qz,o>:>\f2”(Bz — Az, ) dr.
0

ProOF. By the Sobolev inequalities and standard arguments, it follows that
@ = @’ is compact (see e.g. [7]). Then f satisfies (f,) and since L and ¢ are
equivariant with respect to T, f satisfies (f;).

In order to prove (fs), it is enough to observe that the essential spectrum of the
operator defined by the bilinear form

(z,v) »—-»foh(J%z, v) dt
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is just {+1,-1}. Since L is a compact perturbation of such operator, by well-known
theorems (see e.g. [17]), it follows that

o(L) = {+1,-1}.

(4-5)(a) follows by the definition of ®.
Let us prove (4-5)(d). By (H,), for every ¢ > 0, 3M > 0 such that

|H,(z) — Az|<e|z| + M.
Then, by (5-8), using the Holder inequality we get

fzﬂ(Vz(z),u) dtl: fZﬂ(Hz(z) — Az, v) dt‘

0 0
<¢ [7)z] -|v|dtl+2'rer[v||

0

<elizll - lloll + 2aM|loll

thus

T2 [ . |{e(2), v)|
Izl = 4oo ”Z” |zl = 400 loll=1 ”Z”

[ (vz).v)

. A
= lim sup m

izl = oo jjpli=1
< lim ()\£+M):>\£.
llzll > +o0 Izl

By the arbitrariness of ¢, (4-5)(d) follows.
It remains to prove (4-5)(c). By (H,) we have that Ve > 0, 3§, € (0, 1) such that

|H(z) — Bz|<e|z| if|z|<3§,.
On the other hand, by (H,), 38, > 1, such that
|H(z) = Bz|< (|| +| B[ +1)|z| for|z|>3,
and by the continuity of H,(z) there is a constant a, > 0 such that
|H,(z) — Bz|<a, ford, <|z|<39,.
By the above inequality we get
|H.(z) — Bz|<e|z| +ay|z|? witha, = max(a,8;2,|4| +|B| +1)
for all z € R*".

Then we have
lfzn(Hz(z) — Bz,v) dt\szWIHz(z) — Bz||v]|dt
0 0
27 27
<eg z|-lv|dt + a z|?| o] dt
[T1z1 ol d+an [Tz P o]
2 172
<e||z||-||ou+a2(f [z{“dt) ol
0

<ellzll - lloll + ayllzl7« - lloll
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where || - || ;« is the norm in L*(S', R?"). By the Sobolev inequalities || z || ;+ < a5l z||.
Then we get

2

f (H,(z) — Bz, v) dt'< ellzll - lloll + aya3llzl® - lloll.
0

Then using the above formula we have

| (p(u) — Qu, v)|= >\|f02"(lc(z) — (B—A4)z,0) dt’

<A fzw(Hz(z) — Bz,v)dt' by (6-8)
0
< Xellzll - lloll + Aayadlizll? - lloll.
Then
mm e -l g (o) =0z 0)
Izl-0 Izl Iz1-0 lloll=1 Izl

By the arbitrariness of ¢, (4-5)(c) follows. O
In order to apply Theorem 4.6 or Corollary 4.11, we need the following lemma.

LeMMA 5.6. If H satisfies (H,) and (H,), using the notation (5-8), (5-9), (5-9), (4-4),
and (4-4") we have
dim(V* NW~) —cod(V" +W~) = 3(AB,AA).
In order to prove Lemma 5.6, we shall study the structure of the spaces defined by
(4-4) and (4-4').
We start this program by studying the spectrum of the differential operators
Lz= ( J 4 + A4 ) z
dt
and
Pz = ( J 4 + AB ) z
dt
regarded as (unbounded) selfadjoint operators in L%(S', R?") since we have

(a) (Lz,v)ZIZW(Bz,v)dt Vz € D(£),Vv € H,
0

(5-10) 27, ~ >
(b) ((L+0Q)z, u)zfo (Bz,v)dt VzeD(R), Vo€ H.

Let us consider the following eigenvalue problem

(5-11 ueC,
-11) (=] + AA)u=pu, i=/-1,j€Z.

The operator i/ is a Hermitian operator, so there exists an orthonormal basis {u, }
‘( k= l,.'. 2n j €Z)of eigen}/ectors corres'ponding to real eigenv?llues {wj} Muy
is an eigenvector, then u;, is also an eigenvector corresponding to the same
eigenvalue.
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We claim that 4, cannot have all real components for j # 0. In fact we have
lj(‘,ujk’ ujk) + (Aujk’ “jk) = (e, up ).
In the above equality, the second term and the right-hand side term are real;
therefore ij(Ju., u;) is real. Therefore, for j # 0, (Ju;, u;,) must be a purely
imaginary number, and this contradicts the fact that all the components of u;, are

real. Then it follows that u; and u;, are linearly independent. Therefore every
eigenvalue has even multiplicity (for j # 0). Also we can order the u;,’s in such a

way that u;, corresponds to the same eigenvalue u asu; ;. , fork = 1,...,n.
Also we can suppose that
(5-12) U, = —it; 4., forj#0.
Fork =1,...,2nandj € Z we set
(5-13) Uy = 0+ iw,.
Then by (5-12),
@) g, =w
(5-14) Sk Tk for j # 0.
(b) Winvk — U

For j = 0, we choose all the u , real, then we have
(5-15) Uo k= Vo s» Wo.x = 0.
Using elementary linear algebra we have

LEMMA 5.7. The v; ,’s are an orthonormal basis for R?" for each j € Z. Similarly the
W, xS are an orthonormal basis for R*" for each j € Z.\ {0}.

PrOOF. For j # 0 take a vector a € R*". In particular « € C*", so there are
numbers a, = B, + iy, € C (B, v, € R) such that
2n 2n 2n

o= 2 Uy = 2 (Bkvjk - kajk) +i E Yty t Bkwjk'
k=1 k=1 k=1

Since we have assumed a real, the last term vanishes and using (5-14) we have

n n
o= 2 Bkvjk =Yk ke T 2 :Bk+nvj,n+k = Yn+iVk
k=1 k=1
This proves that the v; ,’s are a basis in R*".
The same argument shows that also the w;, form a basis in R*" forj # 0. Forj =0
the conclusion follows by (5-15). O
Using (5-11) and (5-13) we can write a formula which involves only real compo-
nents:
(5-16) { FIWe + N Avy = 1y

S0+ NAWy = .

The above formula could give an alternative definition of the v; ;,’s and the w; ;’s. We
now set

(5-17) v, o8 jt + wysin jt),  k=1,...2nandj € Z.

1
€k — '\/?—77—(
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It is easy to check that the e, ,’s are eigenfunctions of £, i.e.
Ce y =pyey fork=1,....2nandj € Z.

It is easy to see that the eigenspace
H, . =Sp{e € 4+n)s k=1,....,n,j EZL\{0},

is T,-invariant.
Forj = 0, we get that

Sp{eqs- - €02a) = F
Since the u; ,’s have been chosen normalized in C?, all the e .« 8 are normalized in
L*(S',R?"). Using the Fourier expansion (5-5) and the fact that the v,’s and the w,’s
form a basis in R*” (Lemma 5.7), it is not difficult to show that the e; s form an
orthonormal basis in L2(S'!, R?").
Using (5-10) and (5-6") it is easy to see that the functions

A+ "eus JEZk=1,..2n,

are the normalized eigenvectors of L corresponding to the eigenvalues (1 + |j[)~'p ik
and that they form an orthonormal basis in H = H'/%(S', R?*").

Next we consider the eigenvalue problem
{u € C?",

(5-18) (if] + AB)u = fiu.

Using the same arguments used for the eigenvalue problem (5-11) we can find a
basis of normalized eigenfunctions of £

€; k = U COS jt + Wy sin ji
where ¢ + i, = i, are the eigenvectors of the problem (5-18). These eigenfunc-
tions correspond to the eigenvalues fi ; of the problem (5-18).

Then the functions (1 + |j|)'é .« are normalized in H. They are the eigenvectors
of L + Q and they correspond to the eigenvalues (1 + | [)'u ;.

Finally we are able to characterize the spaces of the formulas (4-4) and (4-4").

In fact we have

Sp{ jk’ jn+k|jEZ k = N, and“’jk

e Sp{ej k> ej n+klj€ Z,k = 1,...,n,andujk20}
e Sp{ej k’ej,n+k|j ez’k = ,h, andujk20},

_Sp{jk’ ijEZ,kZI,.,n,andyjk 0)
(the closures are taken in H).

Now we are able to prove Lemma 5.6.
PROOF OF LEMMA 5.6. We set

=Sp{eys €, pinlk=1....,n}, JEL,
B s W W
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By our construction we get
(a) dimW, = N(ijJ + AB),

5-19 —
(5-19) (b) dimV;" =2n— N(4iJ +AA).

By elementary linear algebra, we have
(5-20) dim(V;t + W) = dim V' +dim W, —dim(¥;" N W)
and, since V;r and W,"C H,

dim(V;" +W,") = dim H, — cod , (V;* + W")

(5-21) =2n— code( vi+wo).

Combining (5-20) and (5-21) and using (5-19) we get:
dim(V;* NW,") = cody (V" +W,") = dim¥}* +dim W, —2n
= N(ijiJ + AB) — N(ijJ +XA4) = 8,(AB; AA4).
Since H = ©, ., H; we get
dim(V* NW-) — cod ,(V* + W) = X 8,(AB; A4) = $(AB, AA).
J
Thus Lemma 5.6 is proved. O

LEMMA 5.8. If the Hamiltonian function satisfies (H,),(H,),(H;),H,) and the
functional (5-7) satisfies (4-5)(b), then the equation (5-3) has at least 33(AB, AA)
nontrivial 2m-periodic solutions.

PrOOF. By our assumptions and Lemma 5.6, f satisfies all the hypotheses of
Theorem 4.6 except (4-5)(¢). F in our case is the space of the constants. By (H;),
o> 0,50 FC V* . Now we can apply Theorem 4.6 and we can define k critical
values with kK = {3(AB, AA) via Lemma 5.6. It remains to prove that they do not
correspond to constant functions (cf. Remark 4.4). We argue indirectly and we

suppose that z, € F is a critical point of f. Then, since all the critical values defined
by Theorem 4.6 are negative we have

f(z,) = ¢, <O.
By the definition of f (6-7), we get
f(z,) =27\H(z,)
and
H(z,) = (27\) "¢, <0

which contradicts (H,). Thus the lemma is proved. O
PROOF OF THEOREM 5.1. We claim that if (Hs) holds, then 0 & o(L).
We have proved that

o(L) = {(1+1j)"mxlj € Zand k = 1,...,2n}.
Thus it is sufficient to show that

g iy T
0&o(ijiJ +AA4) withA = P
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We argue indirectly and we suppose there is a v € C2” such that
ijJo+AAv =0
Then, applying J. ,‘ we get
AJAv = jju.

Thus ij € 6(AJA) = o(7JA /27) which contradicts (Hj). Then, from easy computa-
tions, (4-5)(b) follows (cf. Remark 4.10). Therefore we get the conclusion from
Lemma 5.8. O

PrROOF OF THEOREM 5.2. Because of Lemma 5.8, it is enough to prove that the
functional (5-7) satisfies (4-5)(b). We let M|, M,,... be positive constants. Let z,, be
a sequence such that

(5-22) f(z,)~0.
We shall write z,, =z}, + 20 + 2z, e VT @V ® V-
By (5-22), for m large enough, we get

(Lo 234 A [T 20 ] < 125 .
0

By (Hy), | V,(z) |< M,. Then by the above inequality and (4-4)
Bz 12 <|(Lz,, z2 Y| <2aAM,liz; | + izl (B> 0).

This gives a uniform bound for z; . In the same manner, we can get a uniform
bound for z,,. Moreover, since f(z,,) is supposed to converge, it is bounded and

My=[(z,) =M [V(z,) dt = | (L, 2,)]
0
> Aﬁ”v(zg)dz + x/z”(v(zm) —¥(22)) de —
/)\f ) dt — )\Mf |z, — 28| dt —
27
=2 )dt — 2aAM, Iz} +z; 1 — M=\ [TV(22
/ t T Nz +z, |l j(; (z

Therefore ["V(z2)dt is uniformly bounded by a constant M. Because of (H,)
there is a function x: R* - R* such that

(a) x(0)=0; lim x(z) = +o0; x'(z) >0,
£— +o00

(b) V(z)=x(|z]) — M.

Since ¥ ° s a finite dimensional space, if || z2 || - o0, then

[x(1251) de = +co.

0

On the other hand, by (5-23)(b), we have

fzwx(|22,|) dt < fzﬂV(z,?l) dt + 27 < Mg + 2.
0 0

(5-23)

Therefore also the z° are uniformly bounded and the theorem is proved.
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PROOF OF THEOREM 5.3. Because of Lemma 5.8, it is enough to show that the
functional (5-7) satisfies (4-5)(b). This fact is shown in [7] in the proof of Corollary
4.11. O

REMARK 5.9. Amann and Zehnder [2] have estimated the number of T-periodic
solutions for uniformly convex Hamiltonians which satisfy H,, H, and other techni-
cal assumptions. Under (Hj) (cf. (¥;)), this number is greater or equal to

max{Ind(B, 4,\™"); Ind(4, B, \™")) (>\ - %)

which, by (d;) and (9;), equals [#(AB, AA4)| .

Their proof reduces the problem to a finite dimensional one with no fixed points.
Our proof works directly in infinite dimensional setting. Moreover we have treated
more general Hamiltonians, at the expense of the condition
(5-24) 3(AB,AA) >0
which we needed to control F and get meaningful results in Theorems 5.1, 5.2 and
5.3.

Adding the further symmetry property H(z) = H(-z) to the Hamiltonian the
space of fixed points F reduces to {0} and the previous theorem can be improved as
is shown in Theorem 5.10.

In addition to the result of Amann and Zehnder and Theorem 5.10, other results
are available when 3(A B, A 4) < 0. If the Hamiltonian function has the form

H(p,q) = 3p*+ V(q),

an estimate of the number of 7-periodic solution given in [6] using the fact that the
corresponding variational problem was semidefinite. For example, under (H,), (H,),
(H,) and 7(q) < 0 for every g € R" such that d¥(q)/dq = 0 it was shown (Theo-
rem 4.4) that (5.2) possesses at least 3 #(A A4, AB) nonconstant periodic solutions
(actually the number of solutions was estimated by comparing the eigenvalues of
0%V /dq* at 0 and at oo; but it is not difficult to show that this number equals
19(AA, AB)).

We conclude this section with

THEOREM 5.10. Suppose that H satisfies (H,), (H,), (Hs) and
(Hy) H(z) = H(-z).
Then the equation (5-2) has at least k nonzero independent T-periodic solutions where

— 1 T T T T
£ gmax{9( 508, 5a):0( 504, 708) |
ProOF. We consider the space
H]/Z(SI’RZn)

with the action of the antipodal mapping described in the examples of §2.

If %(AB,AA) =3(AA,AB) (A = 1/27) then we argue in the same manner we
have done for proving Lemma 5.8 and Theorem 5.1. We do not need (H;) since it
was used only to prove that F C V" while here F = {0}. Also we do not need (H,)

since it has been used only for proving that the critical values do not correspond to
constant functions.
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Therefore we get the same conclusion as Theorem 4.6 and since in this case d = 1,
we get $(AB, AA) critical values. However, if they correspond to nonconstant
periodic solutions, they are degenerate, i.e. i(K_.) = 2 (or a multiple of 2). If we want
to count the independent periodic solutions (i.e. if we identify the solutions obtained
from each other by a time translation) we have to divide this number by 2.

If 3(AA4, AB) > 3(AB, AA) we argue in the same way replacing the functional
(6-7) with its negative. O

REMARK 5.11. We have not used (H,), which was used in the proof of Lemma 5.8
to show that we did not get constant solutions. In fact the conclusion of Theorem
5.10 is about nonzero periodic solutions, but it might happen that there are some
constant solutions.

REMARK 5.12. Theorem 5.10 could have been applied also to the nonautonomous
case for a 7-periodic Hamiltonian function since we have exploited only the evenness
and not the time translation invariancy. Then, instead of getting k independent
families of T-periodic solutions we would just get 2k pairs of periodic solutions.

6. Remarks on superquadratic Hamiltonian systems. The Hamiltonian system (5-2)

is called superquadratic if
(6-1) there is a constant p € (2, +o0) and R >0 such that 0 <
i pH(z) < (H/z),z) when |z|> R.

In [16] the existence of at least one periodic solution for any 7 > 0 was established
for superquadratic Hamiltonian systems.

This fact of course implies that (5-2) possesses infinitely many r-periodic solutions
since a 7 /[-periodic solution is also a 7-periodic solution for any / € N* . Thus if we
apply our abstract theorems, we do not improve such known results for autonomous
superquadratic Hamiltonian systems.

However, when H is even and time dependent Theorem 4.6 can be applied to get a
new result:

THEOREM 6.1. Suppose H(t, z) = $(Az, z) + H(t, z) with A: R" > R*" is a
symmetric operator and H satisfies
(a) H(t,z)=0V:ER,Vz €R.

(b) H(t,z)=o0(z*)as|z|~ 0.
(c) thereisp € (2, +oo) and R > 0 such that
0<pH(t,2z) <(H,(z),z),Vt ERand|z|>R.
(6-2) (d) thereist >0 such that H(t + 7, z)
= H(t,z)Vt ER,Vz € R*",
(e)  there are constants a, R, > 0 such that
|H.(t,z)|<a(z, H(t, z)),Vt ER,|z|> R,.
(f) H(t,z)=H(t,-z2).

Moreover suppose that the eigenvalue problem
(6-3) A§ = A J¢
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has 2n purely imaginary eigenvalues different from 0. Then the Hamiltonian system
(6-4) :=JH/(t,z)
has infinitely many t-periodic solutions.

In [14] Rabinowitz proved that the system (6-4) has at least one T-periodic solution
without requiring (6-2)(f). Adding the symmetry property (6-2)(f) to H, we can prove
that (6-4) has infinitely many periodic solutions. The proof is a straightforward
application of Corollary 6.5, Lemma 4.8 and the estimates of [14]; so we shall not
carry out the details.
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