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We consider an elliptic system with linear part depending on two param-
eters and a sublinear perturbation. We obtain the existence of at least two
solutions when the linear part is near resonance. The system is associated to
a strongly indefinite functional and the solutions are obtained through saddle
point theorem and Galerkin approximation.  May, 2014 ICMC-USP

1. INTRODUCTION

In this paper we consider the following system of elliptic equations:

—Au=au+bv+ (fi(z,v) + hi(z)) in Q,
—Av=bu+ av £ (fa(z,u) + ho(z)) in Q, (1.1)
u(z) =v(z) =0 on 09Q,

where Q C R" is a bounded domain, hy, he € L?(Q) and fi, fo are sublinear nonlinearities,
in particular, they satisfy

fi : 2 xR — R is a Carathodory function and there exist constants S > 0

1.2
and ¢ € (1,2), such that |fi(z,t)] < S(1+ [t|71), for i = 1,2. 1-2)
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102 E. MASSA AND R. A. ROSSATO

We will also assume one of the following two sets of hypotheses on the functions f; 2 and
h1722

. li$ fi(z,t) = £oo, uniformly with respect to z € , i = 1,2, (f)
—+oco

or

(F)

(i) limpy 0 Fi(w,t) = +o00, uniformly with respect to x € Q, i = 1,2,
(i7) fQ hi¢ + hotp =0, for every (¢,7) € Z,

where F;(z,t) = fg fi(x, s)ds and Z is a space which will be defined in the statements of
the theorems.

We will refer to problem (1.1) as (1.14) or (1.1—), depending on the sign preceding the
two nonlinearities. Our purpose is to obtain a multiplicity result when the linear part of
(1.1) is near resonance (this situation is often called “almost-resonance” in literature).

Throughout the paper we denote by o(—A) the spectrum of the Laplacian in H}(Q),
that is the set of the eigenvalues Ay where 0 < Ay < Ao < A3 < ... < M\ < ..., and
by ¢r (k= 1,2,..) the corresponding eigenfunctions, which will be taken orthogonal and
normalized with ||¢x|| = 1. Finally, we denote by H), the eigenspace corresponding to
the eigenvalue \;.

The main motivation for this paper is [dPMO08], where a similar result was proven in the
scalar case, in particular, it was considered the problem

—Au =X = f(z,u) + h(z) in Q,
u=0 on 0%

(1.3)

(again, we will refer to this problem as (1.34) or (1.3—), based on the sign before the
nonlinearity f). The main result stated that given an eigenvalue A\ and h € L?(Q), if f
satisfies conditions analogous to (1.2) and (f) (or (F)), then

a) there exists g9 > 0, such that for A € (A — &9, Ax) there exist two solutions of (1.3+);
b) there exists €; > 0, such that for A € (Ag, A\, +¢€1) there exist two solutions of (1.3—).

As remarked in [dPMO08], the possibility to find two solutions is suggested by the following
observation: for A ¢ o(—A) there always exists a solution of problem (1.3), which (for A >
A1) may be obtained through the saddle point theorem, however, in the saddle geometry,
the dimension of the negative space is different if we are above or below the eigenvalue A.
This means that the geometry of the quadratic part of the functional changes when A
passes from below to above an eigenvalue \;, and then it is possible to have both saddle
point geometries at the same time, if A\ is near to Ax and the perturbation f makes the
functional change sign in the eigenspace H},. In order to achieve this, the term =+ f needs
to have the appropriate sing (different if we are above or below to A;) and to be “large
enough”, in the sense of the hypotheses (f) or (F).

In the case of system (1.1), the non-resonance condition reads a £b ¢ o(—A). Our
aim is to guarantee the existence of at least two solutions when a + b or a — b are near
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MULTIPLE SOLUTIONS FOR AN ELLIPTIC SYSTEM NEAR RESONANCE 103

to an eigenvalue of the Laplacian. We will first obtain a result in the case where one of
the values a & b is near resonance, while the other one is at a certain distance from the
spectrum o(—A) (see the Theorems 1.1-1.2). Then we will consider the case in which both
values are near resonance (see the Theorems 1.3-1.4).

The following theorem guarantees the existence of two distinct solutions when a + b is
almost-resonant, while a — b is far from the spectrum o(—A).

THEOREM 1.1. Let \; be an eigenvalue of (—A), A; the first eigenvalue above a —b and

Z = span{(¢,9): ¢ € Hy, }.

Suppose hi, hy € L?(Y), f1, fa satisfy hypotheses (1.2) and (f) (or (F)). Then

(a)given & > 0, there exists g > 0 such that, if dist(a —b,0(—=A)) > 6 and a +b €
(Ak — €0, Ak), then problem (1.1+) has two distinct solutions,

(b)given & > 0, there exists e1 > 0 such that, if dist(a — b,0(—A)) > § and a+b €
(Mg, Ak + €1), then problem (1.1—) has two distinct solutions.

As a consequence of Theorem 1.1, it is simple to prove the corresponding result in the
case where a — b is almost-resonant, while a + b is far from o(—A).

THEOREM 1.2. Let A\, be an eigenvalue of (—A), N\; the first eigenvalue above a+b and

Z = Span{((bv _¢) : (b S H)\k} .
Suppose hyi,ha € L*(Q), f1, f2 satisfy hypotheses (1.2) and (f) (or (F)). Then

(c)given & > 0, there exists g > 0 such that, if dist(a + b,0(—=A)) > § and a — b €
(Ak — €0, Ak), then problem (1.1—) has two distinct solutions,

(d)given 6 > 0, there exists e1 > 0 such that, if dist(a +b,0(—=A)) > § and a —b €
(A, Ak + €1), then problem (1.1+) has two distinct solutions.

By comparing item (a) of Theorem 1.1 with item (d) of Theorem 1.2, we observe that
problem (1.14) has two solutions when a+b is almost-resonant from below of the eigenvalue,
and when a — b is almost-resonant from above of the eigenvalue. In the following theorem
we show the existence of two solutions also when both resonances happen at the same time.

THEOREM 1.3. Let A, and A, be two eigenvalues (not necessarily distinct) of (—A), and

Z =span{(¢,0): ¢ € Hy,, (¢,—0¢): ¢ € Hy}.

Suppose hi,hy € L?(2), f1, fo satisfy hypotheses (1.2) and (f) (or (F)). Then

(e)there exists o > 0 such that, if a —b € (N, A\ +e2) and a+ b € (A — €2, \;), then
problem (1.1+) has two distinct solutions.
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104 E. MASSA AND R. A. ROSSATO

The case when problem (1.1—) has, at the same time, a + b almost-resonant from above
of the eigenvalue and a — b almost-resonant from below of the eigenvalue, follows again
easily from Theorem 1.3.

THEOREM 1.4. Let A\, and A, be two eigenvalues (not necessarily distinct) of (—A), and

Z =span{(¢,—¢): ¢ € Hy,, (4,¢): ¢ € Hy}.

Suppose hi,hy € L?(Y), f1, fo satisfy hypotheses (1.2) and (f) (or (F)). Then

(f )there exists e > 0 such that, if a — b € (A\x — €2, \x) and a +b € (A, \j + €2), then
problem (1.1—) has two distinct solutions.

Joining the theorems from 1.1 to 1.4, it is possible to infer a qualitative sketch of the
regions, in the plane (a + b,a — b), where one can guarantee the existence of at least
two solutions for problem (1.1—): see Figure 1. The sketch for problem (1.14) would be
analogous, with the axes switched.

A3

A2

A

i

Figure 1: Sketch of the regions of two solutions for problem (1.1-)

The paper is structured as follows: in section 2 we discuss the techniques we use and the
bibliography related to our problem, in section 3 we set the notation and we prove some
preliminary lemmas, while in section 4 we will prove the main results.

2. TECHNIQUES, BIBLIOGRAPHY AND REMARKS

The result in [dPMO08] was obtained by finding two saddle point geometries, once with a
linking of order k — 1, and another time with a linking of order £ +m — 1, where m is the
multiplicity of the eigenvalue )y ); then one proved that these solutions were distinct since
they lay at different levels.
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MULTIPLE SOLUTIONS FOR AN ELLIPTIC SYSTEM NEAR RESONANCE 105

In the case of our system, we will always deal with a functional (see the definition in (3.1))
which is strongly indefinite, in the sense that there exist two infinite dimensional subspaces
of its space of definition, such that the principal part of the functional is unbounded
from above in one and from below in the other (see the estimates in Lemma 4.1). This
implies that the standard linking theorems are no more available in order to find critical
points. Some of the techniques used in approaching this kind of problems may be seen in
[BR79, dFF94, HvdV93, dFdOR04, Mas06, Mas07]. Here, we will use an approximation
technique (Galerkin procedure), namely, we will solve finite dimensional problems, where
we can use the standard linking theorems, then take limit on the dimension of such problems
and prove that the limit is actually the critical point we were looking for.

It is interesting to point out that, in [dPMO8], the authors had to consider different kinds
of saddle point geometries when the parameter A in (1.3) was approaching the eigenvalue
from below or from above. This was due to the fact that the situation was asymmetric in
the sense that the resonant subspace was part of the (finite-dimensional) negative subspace
of the quadratic part of the functional in one case, while it was in the (infinite-dimensional)
positive one in the other case. Since in this paper we use the Galerkin technique in order
to deal with the lack of compactness in both subspaces, there is no more this difference
and then the saddle point geometries turn out to be the same in the two cases (compare
section 4.1 with section 4.3).

Multiplicity results like those in [dPMO08] were known for the first eigenvalue and were
studied by many authors since the work of Mawhin and Schmitt [MS90], where the problem
in dimension one is considered, using bifurcation from infinity and degree theory; we cite
[BL89, LR90], which also consider the one dimensional case, and [CMN92, CdF93], which
deal with the higher dimension problems; these works are all based on bifurcation theory.
Results for higher eigenvalues were obtained in [LR90], again using bifurcation from infinity
and degree theory, but only for the one dimensional case and making use of the fact that
in this case all the eigenvalues are simple. In [RS97, MRS97], the same kind of problems
were analyzed from a variational point of view and at least three solutions were found
when approaching the first eigenvalue from below and from above, under conditions which
are basically our set of hypotheses (F). The variational approach was later exploited in
[MPO02] to obtain a similar result for the p-Laplacian operator (see also [DNMO01]).

After [dPMO08], some improvements were obtained in [KT11b], in the sense of considering
a somewhat weaker condition on the nonlinearity f and the forcing term h: instead of the
condition [, hu = 0 (which corresponds to (F-ii) here), a Landesman-Lazer type condition
is imposed, which in some cases allows the functions h to have a bounded (instead of
necessarily zero) component in the almost-resonant eigenspace.

Regarding almost-resonant problems in the case of systems, we cite [ST10, OT09, AS12,
KT11a]. The first three consider variational systems in gradient form, which means that
the principal part of the functional associated to the problem has a finite dimensional
negative space, so that many techniques used in the scalar case can be used directly in this
case.

On the other hand, in [KT1la] the authors consider a system which is different from
problem (1.1) but, like in our case, the associated functional is strongly indefinite. They
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106 E. MASSA AND R. A. ROSSATO

obtain two solutions near resonance under a condition similar to the one they used in
[KT11b], by using generalized linking theorems for the case of strongly indefinite functionals
(see [Rab86, MMP94]). We remark that they consider a single variable parameter p which
takes the system near resonance, while here we study the behavior of our system (1.1) with
respect to both parameters a,b (see also Remark 2.2, where we discuss why we have only
two parameters in system (1.1)). It is also worth saying that in their approach they still
need two different proofs for the case above and below the eigenvalue, like in [dPMOS],
which we could avoid in this paper, as explained above.
We end this section with some remarks on our hypotheses and some model functions.

Remark 2. 1. Hypothesis (f) is stronger than (F-7), but it does not require to impose the
additional “nonresonance” condition on hj 2 contained in (F-i¢). For this reason we consider
both sets of hypotheses. Observe that our hypotheses only deal with the asymptotical
behavior of f: no condition in the origin is required for our multiplicity result.

Model functions for hypothesis (f) could be

filz,u) = |u|" 2w, or fi(z,u) = 1n(1 + |u]) arctan(u) .
For the case (F), one could consider, for example,

u if |ul <1,
i(x,u) = arctan(u or (T, u) = -
Observe that the last example would fit in the hypotheses used in [KT11b, KT11a], but
not even a null forcing term would satisfy their Landesman-Lazer type condition, while it
satisfies our (F-i).

Remark 2. 2. We observe that one could think of a more general system than (1.1),
having four different coefficient for the linear part:

—Au=au+cv=+ (fi(z,v) + hi(z)) in Q
—Av =du+ ev £ (fao(x,u) + ho(x)) in Q, (2.1)
u(z) =v(z) =0 on Of.

However, since we aim to use variational methods, we are forced to take a = e in (2.1).
Moreover, we need the eigenvalues of the matrix of the coefficients to be real, and for this
we impose cd > 0. If we also suppose cd # 0 then we may always transform (2.1) into
(1.1) with b = v/ed, by the change of unknowns (U, V) = (\/d/cu,v), which preserves the
hypotheses (f) and (F) (see for example in [Mas07]).

As a consequence, if a = e and cd > 0, it is no loss of generality, to consider the system
(2.1) in the form (1.1).
The case ¢ = d = 0 has no interest in this paper since it would never satisfy the hypotheses
of our Theorems 1.1 to 1.4.
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MULTIPLE SOLUTIONS FOR AN ELLIPTIC SYSTEM NEAR RESONANCE 107

3. NOTATION AND PRELIMINARY LEMMAS

Throughout the paper we will use the notation H = H}(Q), E = H x H and we will use
the following norms: if u € H and u = (u,v) € E, then

2 2
lulle =/ Jo u?, lallzzpz = o/ llullze + llollz
2 2
lullyy =/ Jq [Vul?, allg = /el + 1ol -

The internal products in L2(2) x L?(Q) and in E, associated to the above norms, will
be denoted by (-,-)iz2> and (-,-)g, respectively. Observe that, by Poincar inequality,
llul| 2 < S||ully for some positive constant S, but we will assume throughout the paper
that S =1 in order to simplify the estimates.

We will define the applications 7 : E — R and H : £ — R, given by

F(u,v) = | Fi(z,v)+ | Fa(z,u), H(u,v) = / hw—i—/ hou.
Q Q Q Q

Moreover, we define the bilinear form B : E x E — R:
B((u0).(6.0)) = [ Vuvu+ [ Fovo—a [ (ws+v0) b [ (o +v0),
Q Q Q Q

We will consider the functionals J* : E — R, associated to the problems (1.14), given
by

JE (u,v) = :I:%B((u,v), (u,v)) = F(u,v) — H(u,v), (3.1)

actually, one can prove in a standard way that J* are C' functionals and their critical
points are solutions for the problems (1.1+), respectively.
Denoting u = (u,v), ¢ = (¢,v) and ¢ = (¢, ¢), we have that

B(“v ¢) = <u7 ¢>E - CL<11, ¢>[L2]2 - b<ua ¢>[L2]2 ) (32)
JE(u) = £1/2B(u,u) — (F(u) + H(u)) , (3.3)
(J5) (u)[¢] = +B(u,¢) — (F'(0)[¢] + H'(0)[¢]) . (3.4)

We collect in the following lemma several estimates that will be used in the rest of the
paper.
We will denote by C, Cy, Cs, ... positive constants whose value is not important and which
may be different from line to line.

Publicado pelo ICMC-USP
Sob a supervisao CPq/ICMC



108 E. MASSA AND R. A. ROSSATO

LEMMA 3.1. Given fi, fo satisfying (1.2) and hyi,hy € L*(Q), there exist constants So
and H such that

H(w)| < H [[ullepe H (W]l < H llee - (3.5)

F] < So (1+ [l ) F @[]l < So (1+ alfaf: ) llape o (36)

for every u = (u,v) € E and ¢ = (¢,v) € E.

Proof. These estimates are rather standard. By Holder inequality,

/ hl’U
Q

Then for a suitable H > 0, depending on h; and hs, we get

< llhallpa llullgs - (3.7)

< Il oll and | [ hau
Q

H H
(R < 5 llullpe + 5 lvllpe < Hlulzz. . (3-8)

The second estimate in (3.5) follows immediately, since H'(u)[¢p] = H ().
Now, by (1.2), we have

/QFl (z,v)

and an analogous estimate holds for [, F5(z,u). Then

s/o&+M%:mmum%asau+Mm> (3.9)
Q

IF)] < Cr(1 +[vll72) + Cr(1 + [lull7) < 2C1 (1 + [ul[fp2p), (3.10)

where we used that [[ullz2 + [[v][72 < 2max ([Jullpz, [[v]l72) < 2[[ull{zz)2. On the other

handv |]:/(11)[¢]| = ‘fﬂfl(iﬂ,v)1/)+f2($,u)¢‘ < ’fo1(fE,’U)1/)’ =+ ‘foQ(Iau)Q/)’ ’ where
|fo i@, v)y] < [o S0+ |[v]27Y)[¢]. Using Holder inequality with r = 525 < 2, we
get,

t/h@wASOOMm+</WW”%)2HMU>SGOWMHWW%WWH%
Q Q
(3.11)

again, an analogous estimate holds for ‘ Jq fo(z, u)¢| and then

F @]l < Cr1+ ol ) Il s + Cull+ lul 5 1]l < Co (1+ Il ) 1] g
|
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MULTIPLE SOLUTIONS FOR AN ELLIPTIC SYSTEM NEAR RESONANCE 109

In order to study the functional J*, we define, as in [Mas07], an orthogonal basis for E
which diagonalizes B: let us consider the eigenvalue problem to find x4 € R and (u,v) € F
such that

B((u,v), (0571/))) = u((u,v), (¢7¢)>E7 V(¢ﬂ/’) €FE. (312)
We write u = ch¢j and v = Zdj(bj. By using (¢,v) = (0, ;) and (¢,¢) = (¢:,0) in
JEN JEN

(3.12), since the eigenfunctions ¢; are mutually orthogonal, we get that (3.12) is equivalent
to

a—N HA+b ci
/L)\i—f'b a—/\i di

=0, VieN, (3.13)

which has nontrivial solutions when p is such that the determinant of the above matrix is
zero for some i € N, that is, (@ — ;)2 — (uX\; + b)? = 0.
In view of the above computations, we define the two sequences of eigenvalues

- —b:l:()\i—a)

;= , 1 €N
H4i )\1

and the corresponding eigenfunctions (normalized in E)

i T¢;)
@bii_%, i €N.

As a consequence we have
IYillp =1, (i ¥)e =701y, B,v;) = wdij, (¥, = )\ﬁ\l&',j, (3.14)

for i,j € Zo := Z \ {0}. Moreover, if we write u = Z ¢, then
iezo

a2 =3¢ Buw =3 . Julfa. = 3 Al (3.15)

1€2° 1€2° 1€2°

4. PROOF OF THE MAIN RESULTS

In this section we will give the proofs of the main theorems, in particular, we give in
full details the proof of point (a) in Theorem 1.1. We find two saddle point geometries in
section 4.1, from which we obtain (in section 4.2) two sequences of critical points of finite
dimensional approximations of the functional J= and we show, in section 4.4, how to obtain
two distinct solutions of problem (1.1) from these sequences. In section 4.3 we explain what
has to be adapted when dealing with the case (b) of Theorem 1.1, while Theorem 1.2 is
proved at the end of section 4.4. Finally, in section 4.5, we prove the Theorems 1.3 and
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110 E. MASSA AND R. A. ROSSATO

1.4. Section 4.6, is devoted to the proof of two technical lemmas (a kind of PS condition)
used in the proofs of the main results.

4.1. Two saddle point geometries when a + b is almost-resonant from below

In this section we build the saddle point geometries that will provide critical points for
the functional JT, when a + b is sufficiently near to A\, from below and a — b is far from
a(=A).

Let us fix A\; (of multiplicity m € N, in particular let Ay = Ag4m—1) and A;, the eigen-
values stated in Theorem 1.1. We define the subspaces of E

V= Spa/n{,l/)i S ZOa i < 0 and i # 273 }7
Z = span{; : i € Lo, pi = Pk }, (4.1)
W = span{tp, : i € Zo, p; > 0 and p; # px },

and we denote by By, Byz, By and Bzwy the unitary closed balls, with respect to the
norm ||-|| g, in the spaces V, V@& Z, W and Z @ W respectively, and by Sy, Sy z, Sw and
Szw their relative boundaries. We also define the sets of indexes

Zy ={i €Zo: pi <0and p; # px},

Ly ={i€ Zy: pi = pur},

Zyy ={i € Zo : p; >0 and p; # pg} -
Observe that if a + b € (A, — €, A) for some € > 0, then

Ao — (a+b
o<uk:%<i, (4.2)

We start by proving a lemma which provides estimates is the subspaces V, Z and W.

LEMMA 4.1. Suppose a+b & o(—A) and fix Ay being the first eigenvalue above a + b,
of multiplicity m, and \; the first eigenvalue above a — b.

If dist(a —b,0(—=A)) > § > 0, then there exists a constant K,y > 0, depending on the
sum a + b and on §, such that

B(uu) < —Kupslullz, YueV, (4.3)

B(u,u) > Koppsllully,,  YueZaWw. (4.4)

Moreover, if a+b is near enough to A\, (in particular, if a+b > 0 and dist(a+b,c(—A)\
{Ag}) > a > 0), then there exists G5 > 0, depending on o and §, such that

B(u,u) < =G ||u||2E ) YuelV, (4.5)
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MULTIPLE SOLUTIONS FOR AN ELLIPTIC SYSTEM NEAR RESONANCE 111

B(u,u) > Guslullz, YueWw. (4.6)

Remark 4. 1. As will become clear from the proof below, the constants K, yp 5 and Gq s
also depend on k and [, but we do not include this dependence in the notation since we
are considering them fixed along the proofs.

Proof (Proof of Lemma 4.1). By hypothesis, A is the first eigenvalue above a + b, then

a+be (M1, M), if >2 or a+b< A (4.7

If £ > 2, then the sequence {,ul- =1- “;_b} is increasing, with ux—1 < 0 and pg > 0,
i JieN
thus

b b
rl%il\rll|ui| = min {pg, —pr—1} —min{l - a;}; 7(;\::1 - 1} >0.

If a4+ b < A1, then

a+b
inf |p;| > min< 1,1 — > 0.
%2N|“|—mm{ A }

In both cases, there exists a constant K,4+4 > 0, depending on a + b (and on k), such that
|iil > Koto, for every i € N. (4.8)

In the same way, since A; is the first eigenvalue above a—b and dist(a—b,o(—A)) > § > 0,
we have

a—be N1+, N=09), if1>2 or a—b< M\ —6. (4.9)

If [ > 2, the sequence {u_i =-1+ “)\—_b} is decreasing, with p_g_1) > 0 and p_; <0,

ieN
then

. . . a—b a-b>
IZ_Iéll\IIlLu,” = min {,u_(l_l),—u,l} = mln{—l + NN + 1} >—>0.

If a—b< A\ — 4, then

—b
111611§|u,i| zmin{l,l— a}\l } zmin{l,%} > 0.

In both cases, there exists a constant K5 > 0, depending on ¢ (and on 1), such that

lp—i| > Ks, for every i € N. (4.10)
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From (4.8) and (4.10) we conclude that there exists a constant Kq4p s > 0, depending
on a + b and &, such that

lpsil > Kotbss for every i € N. (4.11)

If u eV, we can write u = Z cjth;, but py < —Kayps for j € Zy, implying, by (3.15),

JGZV
that B(u,u) Z wic Karb.6 ||lull3, which proves (4.3).
JELy
In the same way, if u = Z ch/Jj € Z@ W, since pu; > Kqqp,5 for every j € Zz U Zy
JE€LZUZw
(actually ug > 0), we get B(u,u) = Z ,ch > Kotbs ||uH2E, proving (4.4).

JEL 7 UZLw
In order to obtain (4.5) and (4.6) we observe that if a + b > 0 and dist(a + b,0(—A) \
{Ar}) > a > 0 we have, if k > 2,

. ] in { ) e +b a+b 1
min ;| = min my —Mk—1); = min — —
ieN\{k,...,k+m—1} H Hie+ Hie—1

Nem Ak—1
« « o
min , = >0. (4.12
{)\k+m )\k—l} Aktm (4.12)
If k =1, one gets
a+b «
min il=1- >—>0.
ieN\{1} il = A2 A2

In both cases, we get that |u;| is bounded from below, uniformly with respect to a + b, for
i € N\ {k,...,k+m —1}. Then there exists Go,s > 0, depending on « and § (and on
k,1), such that

lpil > Gas, for every i € Zo \ {k,...,k+m — 1}, (4.13)

from which it follows that B(u,u) < —Ggu,s ||u||2E for every u € V and that B(u,u) >
G5 |lul3, for every u e W. |

Remark 4. 2. By comparing the estimates (4.10) and (4.13) with (4.2), we observe that,
once that a and § have been fixed, for € small enough, p; = pr only fori =k, ... k+m—1,

then the Z defined in (4.1) is exactly the same as the one defined in the statement of
Theorem 1.1.

Lemma 4.1 is what we need in order to obtain the two saddle point geometries described
in the following propositions.

PROPOSITION 4.1.  Under the hypotheses of Theorem 1.1, if dist(a —b,0(—A)) > 6 > 0,
suppose a+b & o(—A) and Ay, is the first eigenvalue above a+b, then there exist Doatp5 € R
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and pa+v,s > 0, such that

Jt(u) > Dayss, YueZaoW, (4.14)

Jt(u) < Dayos, VuepSy, p> patb,s- (4.15)

Proof. Letue Z®W. By (4.4) and (3.5-3.6), we have
JH() > Ko [[ully = So (1+ [[ullg) — H |[ul| - (4.16)

Since Kq4p,5 > 0 and g € (1,2), the function of |jul|, above is bounded from below, then
there exists Dyyp,6 € R satisfying (4.14).
On the other hand, if u € V, by (4.3) and (3.5-3.6), we get

T () < ~Kapos ulf +So (L4 [[ullp) + H ul 5 (4.17)

and then the above function goes to —oco when |lu|l; — +oo, implying that there exists
Pa+b,s > 0 satisfying (4.15). |

Remark 4. 3. We observe that the hypotheses (f) and (F) have not been used in the
above proof, actually, they are required only in the next proposition.

PROPOSITION 4.2. Under the hypotheses of Theorem 1.1, if dist(a —b,0(—=A)) >§ >0
and N\ is the first eigenvalue above a + b, then there exists g > 0, depending on §, such
that for a +b € (A, — €0, Ak), there exist Es, Dotbs € R, patbs > Rs > 0, such that
(4.14), (4.15) hold and

Jt(u) > Es, YueW, (4.18)
Jt(u) < Es — 1, Vue Rs;Svz, (4.19)
Jt(u) < E5 — 1, VueV wih ||ul|lp > Rs. (4.20)

Proof. Set a = 3dist(Ag,0(—A) \ {A\i}) and let a +b € (Ay — 0, Ay), where initially
we only impose €9 < «, which implies dist(a + b, 0(—A) \ {\x}) > a.

e Let u e W. By (4.6) and (3.5-3.6), we have
T*(w) = Gaysl[ullz = So (1+ |[ulf) = H |[ul ;- (4.21)

Since G4, > 0 and ¢ € (1,2), there exists Fs € R, satisfying (4.18). We observe that the
constant Es depends also on «, which we omit in the notation since at this point we may
consider it fixed.
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e Let now u € V. By (4.5) and (3.5-3.6), we have
JH) < —=Gasllully + So (1+[[u]|%) + H [Ju]| 5 - (4.22)

The estimate (4.20) will hold true provided Rs > INE, where R > 0 may be chosen depending
only on ¢ and «, but independent from a, b. B
e In order to prove that there exists R; > R satisfying (4.19) for some g9 € (0,«),

assume for sake of contradiction that, for any sequences €; — 0 and {R;}, where R; > R
for every j € N, there exist u; € R;Syz and a;,b; € R such that a; +b; € (A — €5, Ax),
dist(a; — bj,0(—A)) > 6 and

Ji(u;) > Es — 1.

Here and below we denote by .J J+ (resp. B;) the functional J* (resp. the form B) computed
with a = a; and b = b;. Moreover {Mf} will be the eigenvalues of B;, while the
i€Z

corresponding eigenfunctions do not depend ori) j.

Without loss of generality, we may assume that R; — oo and szJQ- — 0. We write
u; = v; +z;, where v; € V and z; € Z, for every j € N.

By (4.2), the k-th eigenvalue of the form B; satisfies 0 < ui < i—i, then B;(zj,z;) <

i—i ||Zj||2E. Using also (4.5), we have

&j 2 2
Bj(uj,uy) = Bj(2j,2) + B;(vj, v;) < 3o lI2ilp = Gos 1V (4.23)
and then, for every j € N; it follows that
€j 2 2
Es—1<Jf(w) < )\—; 25l — Gas Vil — Fu;) = H(u;). (4.24)
Dividing equation (4.24) by Rf and reordering, we get
Go”; 2 €j 2 E(;— 1 ‘/—"(UJ‘)‘FH(UJ‘)
5 Vil < 55 1Zills — —F5— — 5 : (4.25)
R2 B2 R? R2
. . So(1+]luy]|? +Hl|luy +RY
We note that @M@ o Hujnuzgg) Pl COLRER) g ey s oo,
J J J
since ¢ € (1,2). Moreover £251 — 0 and S ;|5 < 5= — 0. Thus it follows that
1villg
50, (4.26)

and since HV]HQE =R} - szH%E, we also get

”Zj”E
—= 1. 4.27
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Now, for every j € N, we define z; = %, v = }‘%—]J'_ and U; = z; + V;. Then, by (4.26) and
(4.27), there exists zg € Z with ||Zo||; = 1, such that (up to a subsequence) z; — Zo in
E and uniformly (since the dimension of Z is finite) and ¥; — 0 in E, when j — co. We
denote by Pyu and Pyu the components of a vector u € E, that is, u = (Pyu, Pou). Since
|Zo|| p = 1, it follows that at least one of the components, Piui; or P>u;, does not converge
to zero in E. Without loss of generality, we suppose that P;U; does not converge to zero
in E. Then we have

{P@- =% Pizo # 0, uniformly in ©, (4.28)

Pv; 22250, in L2(Q).

As a consequence, there exist x > 0 and jo € N such that, for j > jo, the sets ; :=
{x € Q: |Piu;(z)| > x} satisfy |Q;] > x. Actually, by (4.28), there exists x > 0 such
that, for j large enough, there exist sets €; with |€2;] > x such that |P,Z;(z)| > 2x and
|Pyv;(2)] < X, a-e. in €, so that [PyGi;(z)| > x a.e. in ;.

At this point we need to consider separately the hypotheses (f) and (F).

If hypotheses (1.2) and (f) hold, then given M > 0, there exists Cpy € R such that

Fi2(z,t) > MJt| — Cpr. Then, by taking M = 1;2H, we obtain, for j > jg, the estimate

Fy(x, Rj(Pyy)) > MRj/ |Pil;| — Dy > MRjx* — Da, (4.29)
Q Q

where Dy = [, Car. Moreover, since F(z, Pyuj) > —Cly,
| e Ry(Pa) = ~Dar. (4.30)
Q

It follows from the last two estimates and from (3.5), that

F(R;u;) + H(R;u;) > MRjx* — 2Dy — R;H = R; — 2Dy (4.31)

Inserting (4.31) in (4.24), we get

Ej ~ ~
Es—1< )\—; IRZ;1 3 — Gavs IRV, |3 — R + 2D (4.32)
and then
e R?
GasR2 V|5 +R; < 22 +2Dy — Es +1 (4.33)
a,6 141, il j > )\k M 5 )

which gives rise to a contradiction, since the right hand side of the inequality is bounded,
while the left hand side tends to +o0o0, when j — oc.

We conclude that there exist Rs > R and &¢ € (0, a) which satisfy (4.19).
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We consider now the case in which hypotheses (1.2) and (F) hold. We first show that

lim inf [ Fy(z, RPi(U;)) = 4o0. (4.34)

R—o00j>jo Jo

In fact, we show that given M > 0, there exists Ry large enough, such that
/ FQ(&L‘,RPl(ﬁ])) Z M, V_] 2 jo and R Z Ro. (435)
Q

First observe that there exists C'r > 0, such that
Fi(z,t) > —Cp, for every (z,t) € Q x Rand i = 1,2;

actually, by (F-i) there exists t¢ > 0 such that Fj(z,t) > 0 for |t| > to and by (1.2)
Fi(z,t) > —S(to + t3/q) for |t| < to.

Then we define My = % By point (F-i), there exists sg > 0 such that,
FQ(I,t) > My, V|t| > 8. (436)

Also, for every R > %2, we have ; C {x € Q: |[RP1(u;(x))| > so}. Then, since [€;] > x,
it follows that

Py, RPy(3,)) > Fz(x,Rpl(aj))Jr/ Op >
Q Q; Q\Q;

> / My = Cpl] > Myy — CplQ = M. (4.37)
Q;

Thus, (4.34) is satisfied, since [, F1(z, RP2(1;)) is bounded from below; it follows that
F(u;) = F(R;ju;) — 400, when j — 4o0. (4.38)
Moreover, by Remark 4.2 and (F-ii), we have that H(u;) = H(v;), then we may estimate
Gos V)l +H W) = Gas 1vil 5 +H ;) > Gas Vil — HIIvll5- (4.39)

As a consequence, there exists d2 > 0 such that Gq.s ||VJ||J2E + H(u;) > —0o.
Then, from (4.24), we get

2
&5 112l

F(uy) < "

— Es + 1+ 09, (4.40)

which gives rise to a contradiction, as in the previous case, since the right hand side is
bounded, while the left hand side tends to +o0.

We conclude again that there exist R; > R and ¢ € (0, ) which satisfy (4.19).
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The constants in the statement of the proposition can be obtained as follows: we first
get Es € R satisfying (4.18), then we obtain €9 > 0 and Rs > 0 satisfying (4.19) and
(4.20). These estimates hold uniformly for a + b € (A — €0, Ag). Then, fixing a + b
in this interval, we can obtain a constant Dg4p 5 € R satisfying (4.14). Finally, we get

Pa+b,s > 0 satisfying (4.15); observe that we may also choose pq+p6 > Rs, as desired. |

Remark 4. 4. Proposition 4.1 holds for any fixed value of a+b in the interval (Ag_1, Ag).
This geometry will produce a solution of problem (1.14). On the other hand, the geometry
from Proposition 4.2 holds for a + b near to the eigenvalue A\g, from below. This other
geometry will also give a solution of problem (1.14). As a result, for such values of a + b,
both geometries hold, so that we will have two solutions of problem (1.14). However, we
will still need to prove that they are not the same.

4.2. Obtaining two sequences of critical points

As observed in the introduction, the functional J* defined in (3.1) is strongly indefinite.
In order to overcome this difficulty, we will define a sequence of finite dimensional problems,
where we can apply the classical saddle point theorem, and then we will take limit to obtain
the solutions of problem (1.1).

We define, for every n > k + m,

E, =span[p_,,,...,¥, ] CE,

Vo =VNE, and W, =WnE,.

By Remark 4.2, we may assume that Z C E,, for every n > k+m. We will denote by By,
By, and B7%y;, the closed unitary balls, with respect to the norm of E, in the subspaces
Vo, Vo © Z and Z @ W, respectively, and by Sy, S7;, and S%;, their relative boundaries.
Finally, let J© be the functional J¥ restricted to the subspace E,,.

Under the hypotheses of Theorem 1.1, the claims in Proposition 4.2 hold. Then, fixed
a,b such that dist(a — b,0(—A)) > 46 > 0 and a +b € (A — €0, Ax), the functional J
satisfies the same estimates in the subespaces V,,, Z and W,.

Moreover, the following lemma (whose proof is given in section 4.6) implies that the func-
tionals J;I satisfy the PS condition.

LEMMA 4.2. Suppose a £b & o(=A), fi,f2 satisfy (1.2) and hi,hy € L*(Q). Fix
n > k+m and suppose {u;} C E,, is a sequence such that

|(JE) (w)[@]| <eill@llg.  for every ¢ € B, (4.41)

where €; — 0. Then {w;} admits a subsequence which converges in E,,.

In these conditions, for every n > k + m, we can apply the saddle point theorem two
times: in fact, equations (4.14) and (4.15) define a saddle point geometry between the
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subspaces V,, and Z @ W,,, while equations (4.18) and (4.19) define a second saddle point
geometry, between the subspaces V,, 7 and W,,. As a consequence, we obtain the existence
of the critical points ul, v}l € E,, of the functionals J;/, at the critical levels

¢l = inf sup  J(v(u)) > Dayos, (4.42)
VELY  u€patssBY
df = inf sup  JI(y(v)) > Es, (4.43)
YE€Yz  veERsBY,
where
IV = {7 € Clpa+s.sBv, En) : () = wif |lullg = pates}, (4.44)
IV y = {7 €C(RsBY 2, En) : 7(v) =vif |[vlg = Rs}. (4.45)

Since u;, viI" are just critical points of the functional JT restricted to certain subspaces,
they are not solutions of our problem. The solutions that we will find, in section 4.4, will
be critical points of J* whose critical levels will be the limit of subsequences of ¢, and d;' .
Thus, we need estimates on ¢;l, d” that guarantee the existence of convergent subsequences
and also that the limit levels are distinct. Such estimates are given in the next lemma.

LEMMA 4.3.  Under the conditions of Proposition 4.2, fixred a,b such that
dist(a — b,0(—=A)) > 6 > 0 and a +b € (A — €0, M), there exists Ts > 0 such that
¢ € [Datbs, Es — 1] and df € [Es,Ts|, for every n > k + m.

Proof. The estimates from below come from (4.42-4.43), as a direct consequence of the
saddle point theorem.

In order to obtain the estimates from above, we first note that it is possible to build a map
Yo € I'l such that v (pa+s,6B7;) is the union of the annulus {u € V,, : ||ul|z € [R5, patb,5]}
with a hemisphere contained in RsS7{;,, having R;S7 as boundary: for instance, we may
take

if Rs < |pllg < pa+b.s,

D,
Yo(p) = .
{p+ V(RBs)2 = lplls i, if lIpllp < Rs-

Then, by (4.19) and (4.20), we get ~ sup  J,/ (70(u)) < Es — 1, and then ¢, < E5 — 1.
u€pa+tb,5 By
On the other hand, since the identity belongs to I'%,, one has d} < sup J1(v).
v€R5B‘T}Z
IfueVa@Z letze Zand v €V be such that u=z+ v. Since a+b € (A — €0, Ax), one
has

€0

_Ka+b,6 <0<p < N
k

(4.46)
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Then by (4.46), (4.3) and (3.5-3.6), we have

J*(u)

IN

2 2
ezl = Katos [Vl + So(1+ [[ullp) + H [[ullg
2
< 32l + So(1+ [ullf) + H lJull g,

implying that JT is bounded from above (uniformly with respect to n), in the bounded
sets RsBi,,. As a consequence there exist T5 > 0 which bounds dj{ from above. |

4.3. The saddle point geometries when a + b is almost-resonant from above
In this section we will show how to obtain critical levels analogous to (4.42) and (4.43),
in the case (b) of Theorem 1.1, by adapting the arguments used in the previous sections
for the case (a).
We consider the functional J~ defined in (3.1), which is the same as the functional J¥,
except for the fact that it has the form (—B) in the place of the original form B. Thus,
we define the two sequences of eigenvalues of (—B):

~ —b:l: /\i—a .
Pti = —Hti = — ()\ )7Z€Na

which correspond to the same eigenfunctions ¥ ,; = Lf;”, 1 €N
Then we define the subspaces \7, Z and W in the same manner as in (4.1), but using the
eigenvalues [i; : @ € Zg in the place of p; : i € Zyo.
We observe that if a + b € (Mg, A\;, + €), for some £ > 0, then
(a+b)—Ap €

0<fipy= -t D" = 4.47
< Jig " <5 (4.47)

analogous to (4.2).
We only need to show that Lemma 4.1 holds for (—B) with the new definition of the
subspaces: the rest of the arguments will follow as in section 4.1.

LEMMA 4.4. Suppose a+b & o(—A) and fix A\, being the largest eigenvalue below a + b,
of multiplicity m, and X\ the first eigenvalue above de a — b.

If dist(a —b,0(—A)) > 0 > 0, then there exists a constant K,1p5 > 0, depending on the
sum a + b and on §, such that

—B(u,u) < —Karps ullz VueV, (4.48)

~B(u,u) > Kogpsluly, VYueZoW. (4.49)

Moreover, if a + b is near enough to A\ (in particular, if dist(a + b,o(—=A) \ { \}) >
a > 0), then there exists Go s > 0, depending on o and &, such that

—B(u,u) < —Gu s lul% , VueV, (4.50)
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—B(u,u) > G ull? , VueW. (4.51)

Proof. The proof of this lemma follows as in Lemma 4.1.

In fact, since we are considering the eigenvalues of the form (—B), the sequence i;, with
i € N, is decreasing while the sequence ji_;, with ¢ € N| is increasing. However, one can
prove as before that an estimate like (4.11) holds for these new eigenvalues. Then (4.48)
and (4.49) hold true, by the definition of V, Z and w.

Considering a + b near enough to \i, we also get, as in the proof of Lemma 4.1, the exis-

tence of the constant G, s satisfying (4.50) and (4.51). |

Reasoning as in Remark 4.2, we observe that for £ small enough, Z is exactly the same
as the Z defined in the statement of Theorem 1.1.
Thus, Lemma 4.4 and estimate (4.47) allow us to show an analogous of the Propositions

4.1 and 4.2 for the functional J—, with the new subspaces XN/, Z and W.

PROPOSITION 4.3. Under the hypotheses of Theorem 1.1, if dist(a —b,0(—A)) > >0,
suppose a + b & o(—A) and M\ is the largest eigenvalue below a + b, then there exist
Dyivs € R and pgts,s > 0, such that J— satisfies (4.14) and (4.15) in the subspaces V,Z
and W.

PROPOSITION 4.4. Under the hypotheses of Theorem 1.1, if dist(a —b,0(—=A)) >§ >0
and A is the largest eigenvalue below a + b, then there exists e1 > 0, depending on 6, such
that for a +b € (Mg, A\p +€1), there exist Es, Datps € R, patv,s > R(; > 0, such that J~

satisfies (4.14), (4.15), (4.18), (4.19) and (4.20) in the subspaces V,Z and w.

The Propositions 4.3 and 4.4 are enough to guarantee, as in section 4.2, the existence of
two sequences of critical points {u;, } and {v;, }, of the functionals J, = J|g,, at critical
levels ¢;,,d,,, analogous to (4.42) and (4.43).

n»-n?

4.4. Existence of solutions in the limit

In this section we conclude the proof of Theorem 1.1, by showing that, up to subse-
quences, the sequences of critical points {u,} and {v;}'} obtained in section 4.1 converge
to distinct solutions of (1.1+), while {u,, } and {v,, }, from section 4.3, converge to distinct
solutions of (1.1—). At the end of the section we also prove Theorem 1.2.

We first state a lemma, which will be proven in section 4.6.

LEMMA 4.5. Suppose a £b & o(—A), fi1, f2 satisfy (1.2) and hy, hy € L?*(Q). Suppose
{w;} C E is a sequence such that u; € E;, for every i € N, and

() ()] <eilldllp,  for every ¢ € Ei, (452)
where g; — 0. Then {w;} is bounded in E.
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Now we are in the position to prove Theorem 1.1.

Proof (Proof of Theorem 1.1). We will only prove item (a), since item (b) follows by
the same argument when applied to the sequences obtained in section 4.3.

First, we note that, by Lemma 4.3, there exist ¢t € [Dyyps, Es — 1] and dt € [Es, Ts]
such that, passing to a subsequence, ¢ — ¢t and df — d* for n — co.

We claim that there exists ut € FE, critical point of the functional J*, such that
JT(ut) = ¢*. By the saddle point theorem, we know that, for every n > k + m,
JH(uh) =¢f, (4.53)

n n

(I (uh)[p] =0,  forevery ¢ € E,. (4.54)

As a consequence, we may apply Lemma 4.5, to deduce that the sequence {u;"'} is bounded
in F and then there exists u™ € E such that, passing to a further subsequence,

+ — RN + — ]
{un (Un,vn) =1 (u,v) inE, (4.55)

ul = (up,v,) > ut = (u,v) in L? x L2

Let h > k + m. By testing (4.54) with (0,) € E;, and (¢,0) € E}, we get, for n > h,

/QVunVL/J—a/Quni/J—b/Qvnw—/Qfl(x,vn)q/)_ Q}m/,:o7
/QanV¢—a/Qvn¢—b/Qunqﬁ—/sz(x’un)(b_/QhQ(b:0.

By (4.55) and the continuity of the Nemytskii operators associated to f; and f2 (see for
example in [dF89]), we have, in the limit,

/V’U,Vl/}—&/lﬂ/}—b/’()l/} /flzz:vw hiyp =0,
/VUV(;S—@/U(;S b/uqﬁ /fgxu(b /hg(b—O

that is, (J*)’(u*)[q&] = 0, for every ¢ = (¢,9) € Ej. Since J,cy En is dense in E, it

follows that (J*) (ut) =0, and then u™ = (u,v) is a critical point of the functional J+
We show now that u;” — u™, strongly in E, which implies that J*(u®) = ¢*.

Let P, : H — span{¢i,...,¢n} be the orthogonal projection. Then P,u — u, P,v — v

in H and since (v, — P,v,u,, — Pyu) € E,, we can use it as a test function in in (4.54) to

obtain

(4.56)

(4.57)

(Y (s v0) [on — Ppv,uy — Pou] = 0, for every n > k + m. (4.58)
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Since u, — Pu, v, — P,v — 0in L? and u,,, v, are bounded in L2, by using (1.2), we get
the following convergences:

a/ U (U —an)—i—/ un(un—Pnu)—i—b/ un(vn—an)—i—/ Un (Uy, — Ppu) = 0,
Q Q Q

Q
/ fi(z,v)(uy — Pou) —|—/ fa(x,un) (Vs — Pyv) — 0,
Q Q

/ hi(w, — Pou) + / ha (v, — Pyv) — 0.
Q Q
(4.59)

Then it follows by (4.58) that

/ Vo,V (vn, — Ppov) —i—/ Vu,V(up — Pou) — 0, (4.60)
Q Q

which implies

/ |an|2—/ VUnVU—i—/ |Vun|2—/ VunVu—i—/ anV(v—an)—i—/ Vu,V(u—Pyu) — 0.
Q Q Q Q Q Q

(4.61)
The last two terms in (4.61) go to zero because (P,v, Pou) = (v,u) in E and (vy, uy,) is
bounded in E. It follows that

/|wn|2—/wnw+/ |Vun|2—/VunVu—>0,
Q Q Q Q

that is, ||(un,vn)||g = ||(u,v)||z and then (up,v,) — (u,v) strongly in E.
We then conclude that J*(u}) — JT(u™) and then J*(u™) = c*.
By the same argument, there exists vt € E, critical point of JT, such that v;" — vt in E
and JT(v*t) = dT. Moreover, u™ # v* since J(ut) =c¢t < Es —1 and J(v*) =d* > Ej.
We have then proved point (a) of Theorem 1.1. |

Theorem 1.2 follows now easily by a change of variables.

Proof (Proof of Theorem 1.2). This result is a direct consequence of Theorem 1.1: let
(u,v) be one of the solutions of (1.14+) and define (u,?) = (u, —v). Then

—Au=au—bv—[—fi(z,—v) — hi(z)] in Q, (4.62)
—AT = —bu+av — [ fo(z,u) + ha(z)] in Q, '
that is, (u,7) is a solution of problem (1.1—) with the new coefficients @ = a and b = —b,

the new nonlinearities fi(z,v) = — fi(z, —v), fa(xz,u) = fa(z,u), which still satisfy (1.2)
and (f) (resp. (F-i)), and the new L?(Q) functions h; = —hy, ha = ha.
If we are considering hypothesis (F), the condition fQ hi¢ + hatp = 0 for (¢,9) € Z

which appears in Theorem 1.1, becomes fQ 7L1¢ +7L2w =0 for (¢, —) € Z, as in Theorem
1.2.
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The proof of item (d) follows in the same way from item (b) of Theorem 1.1. |

4.5. Double almost-resonance

In this section we outline the proof of the multiplicity results stated in the Theorems
1.3-1.4, which deal with two cases of double almost-resonance, that is, when the values
a+ b and a — b are near to eigenvalues of the Laplacian operator, at the same time.

The proof will follow the same lines as that of Theorem 1.1 item (a).

Let us fix Ag (of multiplicity m € N, in particular A = Agym—1) and A; (of multiplicity
t € N, in particular \; = Ajy¢—1) the eigenvalues stated in Theorem 1.3.

Observe that if a —b € (M, A\ +¢) and a +b € (A — €, \g), for some € > 0, then

e =1— a)\—tb and p_; = “)\—*lb — 1 satisfy

0 < pg,p—; < (4.63)

€
min { g, A/}

In order to reproduce once more the geometry of Proposition 4.2, we define the spaces
V,Z,W in the following way:

V = span{; : i € Lo, p; <0, p; # p—y and p; # py },
Z = span{v; : i € Lo, p; = g O p; = pi—y }, (4.64)
W = spanf{a; : i € Zo, pi >0, p; # p—y and p; # . }.

We describe below how to build the geometry which guarantees the existence of critical
levels analogous to (4.42) and (4.43), stressing the main differences in the proofs.
We start with a lemma, similar to Lemma 4.1, which gives estimates in the subspaces V,
Z and W.

LEMMA 4.6. Suppose a+b & o(—A) and fix Ay being the first eigenvalue above a + b,
of multiplicity m, and X\; the largest eigenvalue below a — b, of multiplicity t. Then there
exists a constant B, > 0, depending on a and b, such that

B(u,u) < =B |lul3 , VueV, (4.65)

B(u,u) > fay ullz , YVueZoW. (4.66)

Moreover, if a + b > 0 is near enough to Ay and a — b to N (in particular, if
dist(a+b,0(=A)\{ x}) > a >0 and dist(a —b,0(—A)\{N}) > a > 0), then there exists
Na > 0, depending on «, such that

B(u,u) < —14 Hu||2E , YueV, (4.67)

B(u,u) > 7, |lul/3, YueW. (4.68)
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Remark 4. 5. As observed in Remark 4.1, about Lemma 4.1, here the constants G,
and 7, also depend on k and [, which we are considering fixed along the proofs.

Proof (Proof of Lemma 4.6). The proof of this lemma follows by the same argu-
ment as that of Lemma 4.1, however, here a — b is not bounded away from the spectrum
o(—A), as a consequence, the constant in the first two estimates depends also on the
difference @ — b. In particular, we can set B, = inf {|p;|, i € Zo} (the nfimum is posi-

tive since p; — 1 when ¢ — £00) and 7 = {inf |pi], ¢ € Zy UZw } > rrrepyews v el |

Again, for € small enough, the space Z defined in (4.64) is exactly the same as the Z
defined in the statement of Theorem 1.3.
Thus, in view of Lemma 4.6, we obtain the geometries in the propositions below.

PROPOSITION 4.5. Under the hypotheses of Theorem 1.3, suppose a b & o(—A), Mg is
the first eigenvalue above a+0b and X\; is the first below a — b, then there exist A, p € R and
wa,b > 0, such that

J(u) > A, Yue ZaW, (4.69)

JH(u) < A, Yu € wSy, w> wep. (4.70)

Proof. The existence of A, € R satisfying (4.69), follows from (4.66) as in Proposition
4.1, while the existence of w, > 0 satisfying (4.70), follows from (4.65). |

PROPOSITION 4.6. Under the hypotheses of Theorem 1.8, suppose A is the first eigen-
value above a + b and N\ is the first below a —b. Then there exists ea > 0, such that for
a+be (A —e2, ) and a —b € (A, \j + €2), there exist O, Agp € R, wep > 19 > 0, such
that (4.69), (4.70) hold and

Jt(u) >0, YueW, (4.71)
J+(u) <(“)—17 Vuerosvz, (472)
Jt(u) <0 -1, Yu € V with |lullz > ro. (4.73)

Proof. Set
o= % min { dist( Ag,0(—A) \ {Ag}), dist(N,o(=A)\ {\})}

and let a+b € (A\y —e2, \¢) and a—b € (A, \; +¢e2), where we initially only impose €2 < a,
which implies dist(a + b,0(—A) \ {M\x}) > @ and dist(a — b, 0(—A) \ {\}) > a.

e The existence of O satisfying (4.71) follows directly from (4.68) as in Proposition 4.2.
Since we fixed a we omit its dependence in the notation for the constant ©.
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e Let ue V. By (4.67) and (3.5-3.6),
JH(u) < = ullz + So(1 + |[u|%) + H |lu - (4.74)

Since 7, > 0 and ¢ € (1,2) the estimate (4.73) will be satisfied provided ro > 7, where
7 > 0 can be chosen depending only on «, not on a or b.

e In order to prove that there exists rg > 7 satisfying (4.72) for some €3 € (0, ),
reasoning as in Proposition 4.2, we suppose by sake of contradiction that for any sequences
g; — 0% and {r;}, with r; > 7 for every j € N, there exist u; € r;Syz and a;,b; € R such
that a; +b; € (A — &5, M), a; — bj € (A, A +¢5) and JJ (n;) > © — 1.

Without loss of generality we may assume that r; — oo and sjrjz — 0. We write u; =

vj +2z;, where v; € V and z; € Z, for every j € N. By (4.63) and (4.67), we have

.
Bj(uj,u;) = Bj(vj,v;) + Bj(zj,2;) < m 2115 — 0 a7 (4.75)
Then, for every j € N, it follows
€; 2 2
0—-1<J () < m 125l % — 1 lullz — F(u;) — H(uwy). (4.76)

Now, proceeding as in the proof of Proposition 4.2, we reach a contradiction analogous to
(4.33) or to (4.40).

The constants in the statement of the proposition can be obtained as follows: we first
get © € R satisfying (4.71), then we obtain £2 > 0 and 7o > 0 satisfying (4.72) and (4.73).
These estimates hold uniformly for a+b € (A —e2, A) and a—b € (N, \j+€2). Then, fixing
a, b respecting these conditions, we can obtain a constant A, € R satisfying (4.69). Finally,

we get wq p > 0 satisfying (4.70); observe that we may also choose wq, > 79, as desired. |

With the geometries obtained above and the estimate (4.63) in the place of (4.46), by
repeating the same arguments from sections 4.2 and 4.4, we conclude that the functional
JT has two distinct critical points in E, corresponding to solutions of problem (1.1+), and
then proving Theorem 1.3.

Theorem 1.4 follows from Theorem 1.3 by the same argument used to prove Theorem
1.2.

4.6. The PS-conditions

In this section we give the proof of the Lemmas 4.2 and 4.5, which show that the
functionals J¥ satisfy the PS-condition in the finite dimensional space E,,, for every n >
k + m, and that the sequences of constrained critical points obtained in the sections 4.2
and 4.3 are bounded.

Proof (Proof of Lemma 4.2 and Lemma 4.5). The two lemmas have different statements
but the proof in quite similar.
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By the hypothesis a £ b & o(—A), the eigenvalues p; : i € Zg are all different from zero,
then we may divide the space F in the two orthogonal components

E~ = span{vy, : i € Zo, p; < 0} and ET = span{, : i € Zo, p; > 0},
and for every j > k + m, we set E;r = FE"NE; and E; = E~ NE;. Since u; — £1 when

i — o0, we may set & := inf {|u;| : i € Zo} > 0 and we have

(4.77)

B(u,u) < —¢|ull3, for every u € £,
B(u,u) > €|, for every u € ET.

Obviously € depends on a, b, but this in of no importance in this proof.
We write u; = z; + p;, where z; € E~ and p; € ET. We will show that z; and p; are
bounded in E.
Actually, by testing (4.41) (resp. (4.52)) with ¢ = z; we get
1B(u;,zi) F F'(wi)[zi] F H'(w)[z:]| < eil|zill s - (4.78)
By (3.14), we have B(u;,2;) = B(zi, %), then
~1
—cillzill s < Blzi, ) + So (14 [willy ) il + H [l (4.79)
Using (4.77), it follows that
2 —1
—cillzillp < —€llzilly + So (1+ il ) Izill o + H 1zl (4.80)
dividing by ||z;||; and reordering, we get
Ellzillp < 2 So il + (So + H). (4.81)

On the other hand, by testing (4.41) (resp. (4.52)) with ¢ = p; and reasoning as above,
we get

B(p: )~ o (14 s ) Ipilly — 2 1pill s < <ol (1.8
by using (4.77), reordering and dividing by ||p;|| 5, it follows that
Elpillp < e+ So il + (S0 + H). (4.83)
From (4.81) and (4.83), we get
€ il < 260+ 280 |l )% " +2(So + H), (4.84)
implying that {u;} is bounded in E, since ¢ — 1 < 1.
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This concludes the proof of Lemma 4.5. In the case of Lemma 4.2, since {u;} C E,,, which

is finite dimensional, it follows that it has a convergent subsequence. |
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