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MULTIPLE SOLUTIONS FOR
PERTURBED QUASILINEAR ELLIPTIC PROBLEMS

R. BARTOLO, A.M. CANDELA, A. SALVATORE

Dedicated to the memory of Edward Fadell and Sufian Husseini

ABSTRACT. We investigate the existence of multiple solutions for the (p,q)—
quasilinear elliptic problem

—Apu — Agqu = g(z,u) +€ h(z,u) inQ,

u=20 on 012,
where 1 < p < g < 400, Q is an open bounded domain of RN, the nonlinearity
g(z,u) behaves at infinity as |u|771, ¢ € R and h € C(Q x R, R).

In spite of the possible lack of a variational structure of this problem, from

suitable assumptions on g(z,u) and appropriate procedures and estimates, the
existence of multiple solutions can be proved for small perturbations.

1. INTRODUCTION

In the last years an increasing interest has been devoted to the study of the
(p, 9)—quasilinear elliptic problem

—Apu— Agu = g(z,u) +¢€ h(z,u) inQ,
u=0 on 0,

where  is an open bounded domain of RV (N > 2) with Lipschitz boundary 052,
1<p<q<+oo, Apu=div(|Vu|[""2Vu) if r € {p,q}, ¢ € R, g(z,u) and h(z,u)
are given continuous functions on Q x R.

Usually, multiple solutions of variational problems are obtained by means of topo-
logical tools such as, for example, the Krasnoselskii genus (see [11]), the Ljusternik—
Schnirelman category (see [35]) or the Fadell-Husseini relative cohomological index
(see [17]), if a symmetry group acts on the related functional. Unluckily, for our
setting such approaches are not allowed for two main reasons: solutions of (FP;)
may not be critical points of a functional and if g # 2 the spectral properties of the
g-Laplacian operator —A, in the Sobolev space VVO1 1(£2) are still mostly unknown.

More precisely, if on the growth of the perturbation term h(x,u) no hypothesis
is assumed, problem (P.) may lose its variational structure on the Sobolev space
Wy 9(Q); so, it is useful the notion of essential values as introduced in [13, 14] for
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perturbations of nonsmooth functionals. On the other hand, a complete descrip-
tion of the spectrum o(A,) of —A, in Wy 9(Q) does not exist even if in [32] a
sequence of eigenvalues is introduced by means of the pseudo—index theory related
to the cohomological index of Fadell and Rabinowitz (see [18]) or other definitions
of eigenvalues are given (see [10, 19, 27, 31]). In particular, if N > 2 we are not
aware of whether the unbounded and increasing sequences of the known eigenval-
ues cover the whole spectrum o(—A,) or not; moreover, the eigenvalues do not
provide a decomposition of the Banach space WO1 1(Q2). In order to overcome such
difficulties, sequences of so—called quasi—eigenvalues (7%, )m, (2)m and (v )m can
be introduced so that they satisfy “good” properties and, when g = 2, they agree
with the sequence of standard eigenvalues of —A in W, *(Q) (see Subsection 2.1
for more details).

Anyway, results about problem (Fy) have been obtained in [9, 29, 30]. Further-
more, some multiplicity results have been proved at least for some particular models
of the perturbed elliptic problem (F.) if ¢ # 0. More precisely, if p = ¢ = 2 multiple
solutions of (P:) exist when g(z, ) is odd and superlinear at infinity but subcritical
(see [23]) and, if both g(x,-) and h(z,-) are odd, also when g(z,-) is asymptotically
linear at infinity (see [5, 24]). On the other hand, if p = ¢ # 2, problem (P:) has
been studied if both g(z,-) and h(z,) are odd when g(z,-) is “superlinear” but
subcritical (see [24]).

In the general case p # ¢, for the perturbed equation (P.) only recently an
existence theorem has been proved if g(z,u) behaves as |u|9~! at infinity (see [6])
and, to our knowledge, no multiplicity result has been stated so far.

In this paper, we assume that

g(x,t) = Aolt|92t + f(x,t) forall (1) € QxR

for some \po € R and f: Q xR — R.
Thus, problem (P:) can be written as

(P.) —Apu— Agu = Ao |u|??u+ f(z,u) + & h(z,u) inQ
& u=0 on 0

and for the nonlinear term f(x,t) we consider the following hypotheses:

(f1) feCOQxRR);
(f2) there exists

f(z,1)

[¢| =400 |t]972¢

= 0 uniformly in Q;

(f3) there exists
f(=,1)

50 [t|a—2¢t

(f1) f(x,-) is odd for all x € Q.

=X € R\ {0} uniformly in Q;

Then, our main multiplicity result can be stated as follows.

Theorem 1.1. Assume that f(x,t) satisfies hypotheses (f1)—(fa) and the pertur-
bation term h(x,t) is such that

(h1) h € C(l xR, R); B

(ha) h(z,-) is odd for all x € Q.
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Moreover, suppose that two integers n, k € N exist such that k > n and one of the
following assumptions hold:

(1) Ao+ro< nY, V) <A,

(44) Moo < 772 , %I/k < Ap + Aso,
where (1) m, (V2)m, (Vm)m are quasi—eigenvalues (see Subsection 2.1). Then, if
Ao & 0(—Ay), a constant € > 0 exists such that for all |e| < & problem (P o) has
at least k —n + 1 distinct pairs of nontrivial solutions.

It is worth to point out that ¢ > p is not an assumption, indeed the roles of p
and ¢ are interchangeable. Moreover, it is understood that by a solution we mean
a weak solution, i.e., a function u € W, %(Q) solving problem (P. ) in the sense
of distributions. We note also that, under our assumptions, such weak solutions
belong to C*#(Q) for some 3 €]0, 1] (see, e.g., [21, Remark 1.3]).

Direct consequence of Theorem 1.1 is the following new result about the single

q—Laplacian problem.

Corollary 1.2. Assume that (f1)—(f1) and (hi)—(h2) hold. If Aooc & o(—Ay) and
n, k € N exist such that k > n and
min{ Ao + Aoo, Ao} < 70 < vp < max{ Ao + Aoo, Moo}
then &€ > 0 exists such that for all || < & problem
—Agu = Ao |u|!?u+ f(z,u) + & h(z,u) inQ
u=0 on 0f)

has at least kK —n + 1 distinct pairs of nontrivial solutions.

Remark 1.3. From the monotonicity of both the sequences (v2,)m, (Vm)m and the

estimates in [4, Proposition 2.9], [6, Proposition 2.1] (see also (2.6) and (2.12) in
the next section), it follows that

772 < Vg, 772 <vg, Nn g for all £k > n.

Therefore, since p < ¢, the two conditions (¢) and (4¢) stated in Theorem 1.1 can
be written, respectively, as the chains of inequalities
Mo+ Ao < 70 <) < Ao

and

Moo < 12 <%uk < Ao+ Ao,

while the inequality 72 < v in Corollary 1.2 is not an assumption.

Remark 1.4. In the assumptions of Theorem 1.1 the unperturbed problem (P o)
has been studied in [3] if p = 2 and in [12] if p # 2. In these settings assumption
(f1) can be replaced by the weaker hypothesis
(f1)" f(z,t) is a Carathéodory function (i.e., f(-,t) is measurable in Q2 for all
t € R and f(z,-) is continuous in R for a.e. z € Q) such that

sup |f(-,t)| € L>=(Q) for all » > 0.
t|<r

At last, we note that the theses in Theorem 1.1 and Corollary 1.2 hold also when
the limit in (f3) is infinite. In fact, the following results can be stated.

Proposition 1.5. Assume that f(x,t) satisfies hypotheses (f1)—(f2), (f4) and
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(f3)' there exists
f(z,t)

+30 |12t

= —oo uniformly in .

Moreover, assume that Moo & o(—A,), the perturbation term h(xz,t) is such that
(h1)—(h2) are verified and k € N exists such that

(i) V) < Aeo-
Then, € > 0 exists such that for all || < & problem (P: ) has at least k distinct
pairs of nontrivial solutions.

Proposition 1.6. Assume that f(x,t) satisfies hypotheses (f1)—(f2), (fa) and
(f3)" there exists
ey
150 [

If Ao & 0(—A,) and the perturbation term h(z,t) verifies conditions (h1)—(ha),
then &€ > 0 exists such that for all |e| < € problem (P: ) has infinitely many pairs
of nontrivial solutions.

= +oo0  uniformly in €.

Here, we deal with problem (P: ) if € # 0 and go further the results in [3, 5, 12]
in different ways. Indeed, now the problem is non—homogeneonus, perturbed and
can be set on a Banach (not Hilbert) space, requiring so greater effort both in the
use of critical point theorems and in the procedures for the WO1 "1(2)-norm estimates
on the solutions, since orthogonal decompositions are not available anymore. We
point out that our approach requires continuous odd perturbations: actually, our
technique works also when the symmetry is broken, but leads to more restrictive
results (cf. [5]). More precisely, our strategy is the following: we start from a
multiplicity result concerning nontrivial solutions of the symmetric unperturbed
problem (Pp ) by using the pseudo—index theory (see Theorem 3.2); then, by
means of cut functions, for £ small we introduce perturbations of the functional
associated to (Pp,oc) which have essential values near to the critical levels of the
solutions. Such essential values turn out to be critical ones and suitable procedures
- deeply different from those ones in [5] where the decomposition of W'*(€2) by
means of eigenvalues is exploited - allow us to prove that the L°°—norm of the family
of critical points of the cut—perturbed functionals is bounded thanks to the results
in Section 4. Hence, finally, solutions of (P: ) can be found.

This paper is organized as follows: in Section 2 we present the variational and
topological tools we are going to use, in Section 3 we state a multiplicity result
for the unperturbed problem (Pp ), in Section 4 we present a regularity result
for solutions of problems which involve the (p, q)-Laplacian operator and, finally,
Theorem 1.1 and its variants are proved in Section 5.

2. PRELIMINARY MATERIAL

Throughout this paper, we will use the following notations:
e R=RU{+oo};
e (X,| - |lx) Banach space, (X', || - ||x/) its dual, I C'—functional on X;
o I"={uec X :I(u) <b} sublevel of I corresponding to b € R;
o I ={u € X : I(u) > b} superlevel of I corresponding to b € R;
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o Ky ={ueX: I(u)=>b, dI(u) = 0} set of the critical points of I in X at
the critical level b € R;

| - |s norm in the Lebesgue space L(Q2), 1 < s < +o0;

|- [l norm in Wy 9(Q), i.e., |[ully = |Vul, for all u € W, 9(Q);

o ¢ = ]\‘}—ij if ¢ < N, ¢* = 400 otherwise;

Br = {ue Wr(Q) : ull, < B}, Br = {u € W) : [lull, < R} and
Sp={ueW;9Q) : ||lul|l, = R} for any R > 0;

e (U is any positive real number, possibly different from line to line.

Moreover, for simplicity, by (8 )m we denote any infinitesimal sequence which
depends only on a given sequence of functions and by (8,,(¢))m any infinitesimal
sequence which depends also on a fixed function .

2.1. Sequences of quasi—eigenvalues. Firstly, we want to introduce sequences of
quasi—eigenvalues which have the “right” properties for investigating the existence
of solutions of problem (P; o).

To this aim, starting point is Ag’”, first eigenvalue of operator —A, in WO1 1(Q),
which is characterized by

/\§q) = 1iglf |qu|g.
uewy @)\ {0} [ulg
It is well known that it is positive, simple, isolated and has a unique positive
eigenfunction gogq) having unitary L%norm (see [1, 27]). Then, taking n) = )\(fI)
and ) = gogq), an increasing diverging sequence (n9,),, of positive real numbers
can be defined as in [8, Section 5] so that for each m € N a corresponding function
Y0 € W,9(Q) exists which has the following properties:

Wolg=1,  [V5|T=nd (2.1)

and ¥0, # % if m # n. Moreover, (),) generates the whole space Wol’q (Q) and
is such that
Wyi(Q)=Y2 @ 2% forallmeN, (2.2)
where Y,0 = span{¢?,...,%% } and its closed infinite dimensional topological com-
plement Z9 can be explicitely described. Notice that, for all m € N, the following
inequality holds:
n9n|u|g < |Vuld forallue AN (2.3)
(cf. [8, Lemma 5.4]).
On the other hand, in order to deal with finite dimensional subspaces, another
sequence of quasi-eigenvalues (v/9,),, can be introduced as in [25]. More precisely,
taking any m € N and setting

WO = {Y c WyU(Q) : Y subspace, wgq) €Y and dimY > m}, (2.4)
we define S
u
V0 = inf  sup | ‘q. (2.5)

YeWS, uev\{o} |ulg

By definition, it is 1) = )\gq)’ moreover it can be proved that (v/2,),, is an increasing
diverging sequence such that

nd, < vl forallmeN (2.6)

(see [4, Proposition 2.9]).
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Following similar ideas, the previous constructions can be extended to the (p, q)—
Laplacian operator —A, — A, in W;%(Q) (see [12, Subsection 2.3]). In fact, over-
coming the lack of homogeneity of such an operator, if

= inf Vull + |Vul|l) > )\(q),
o= (Vv > X
lulq=1

a first function ¢, € Wy'?(€2) can be found so that
lv1lg =1, (Vipalp + [Vipi[§ = m.

Then, we can define an increasing diverging sequence (1, )., of positive real numbers
and a corresponding sequence of functions (¢, ), such that ¥, # 1, if m # n and

[Ymlqg = 1, IVom|b + [V L = nm for all m € N. (2.7)

As proved in [12, Lemma 2.6], these functions generate W, ?(Q) and are such that
Wyl () =Yy, @ Z,, for all m € N, (2.8)

with Y, = span{¢1,..., ¥} and Z,, its topological complement. In particular,
the following inequalities hold:

Dmluld < |Vulp + |Vul?  forall u € Zy—1 N{ue Wyd(Q) : |ul, <1} (2.9)
and
Nmlulh < [Vulb +[Vul|l  forallue Z, 1 \{ue W) : |ul, < 1}.
Furthermore, taking any m € N and setting
W,, = {Y c W) : Y subspace, ¢y €Y and dimY > m}, (2.10)

we define

Vulb 4 |Vul|l
Vpp, = Inf  sup M (2.11)
YEWm uey\ {0} |ulg
Again, (Vi )m is an increasing diverging sequence such that
7%, < Vmy N < Ui for all m € N (2.12)

(see [6, Proposition 2.1]).

2.2. Variational tools. As pointed out in Section 1, our first step is proving the
existence of multiple solutions for the unperturbed problem (Pp ). To this aim,
since such a problem has a variational structure, we need the “right” variational
framework that we present here even if it consists essentially of widely known defi-
nitions and results.

Firstly, we recall that a C! functional I : X — R satisfies the Palais-Smale
condition at level ¢, ¢ € R, briefly (PS)., if any sequence (um,)m C X such that

lim I(w,)=c and lim || d(upm)||x =0
m—+00 m—400

converges in X, up to subsequences.

Taking —oo < a < b < +00, we say that I satisfies (PS) in ]a, b[ if so is at each
level ¢ €]a, b[.

When dealing with symmetric functionals, multiple solutions can be found not
only by means of the genus theory (see, e.g., [34, 36] and references therein) but
also by using the pseudo—-index related to the genus (see [2, Theorem 2.9] which has
been applied on Banach spaces in [4, Theorem 2.6]). Thus, we recall some notions
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of the index theory on a Banach space X for an even functional, i.e., when the
symmetry group Zo = {id, —id} acts (see, e.g., [33]).
Let us define
= {A C X : A closed and symmetric w.r.t. the origin,

ie, —uecAifuec A}
and
H=1{heC(X,X): hodd}.
Taking A € 3, A # (), the genus of A is defined as
Y(A) =inf{m e N: Fp € C(4A,R™\ {0}) s.t. (—u) = —p(u) for all u € A},

if such an infimum exists, otherwise y(A4) = +oco. Assume (0) = 0.

The index theory (2, H, ) related to Zs is also called genus on X and satisfies
the following properties (for more details, we refer to [33, Section 1] and [36, Section
IL.5]).

Proposition 2.1. Taking A, B € ¥, we have that:
(7;1) Y(A)=0& A= 0;
(ia) AC B = v(A) <~(B) (monotonicity property);
(i3) Y(AU B) < y(A4) +~(B) (subadditivity property);
(is) ¥(A) < v(h(A)) for all h € H (supervariancy property);
(i5) if A is compact, § > 0 exists such that v(N5(A)) = ~v(A), where

Ns(A) = {z € X : d(z,A) <5}

is the closed §—neighbourhood of A (continuity property);

(ig) if h : X — X s an odd homeomorphism, B C X is an open bounded
symmetric neighbourhood of 0 and V' is a finite dimensional subspace of X,
then

14
5

~y(VNh(0B)) =dimV;
(i7) if W is a closed subspace of X with codimW < 400 and A € ¥ is such
that v(A) > codim W, then ANW # ().

Let (3,H,~) be the genus on X and consider an even functional I : X — R.
Then, taking any m € N and setting

by, = inf supI(u),
s
with
Yn={AecX: y(A) >m}, (2.13)

the following characterization holds (for more details, see [34, Remarks 8.7(i)] and
[4, Lemma 2.5]).

Lemma 2.2. If m € N is such that ¥,, # 0 and b,, € R, then
by, = inf{bER: ’y([b) Zm}.

Now, if we consider (,H,~) the genus on X = W;?(€) and for any m € N the
corresponding set X, as in (2.13), then we can define the sequence of mini-max
levels (gt )m such as

Vulb + |Vu|i
tm = inf  sup M, (2.14)
AEXm ye A\ {0} |ulg
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which generalizes the sequence of eigenvalues of —A, in W,¢(Q) introduced in [28].
Then, the following estimates hold.

Proposition 2.3. We have that

T < fm < VUn for allm € N, (2.15)
with sequences (Nm)m ond (Vm)m as in Subsection 2.1.
Proof. In order to prove the first inequality in (2.15), as in the proof of [4, Propo-

sition 2.9] we argue by contradiction and assume that an integer m € N exists such
that p,, < . Hence, we can take o > 0 so that

i + 0 < Ny (2.16)
Then, we consider the even C! functional
Uue Wy(Q) = () = |Vulb + [Vull € R
and the manifold S, = {u € W, %(Q) : |u|, = 1}. Since from (2.7) and (2.8) with
m — 1 it follows that
m = i v )
=g )
lulq=1
with Z,,—1 such that (2.9) holds, we have that
Zm-1NS, C (\If|3q)nm
which implies
{ueS;: U(u) <nm} TS\ Zm-1. (2.17)
On the other hand, taking Z(u) = Tu(‘lf,) in W, %(Q) \ {0}, we have that

I‘Sq :\P’Sq and b, = inf{be]R: V(Ib) Zm}.
Then, b € R exists such that
P < b <y + 0 and 5 (IE> >m. (2.18)
Thus, (2.16) and (2.18) imply that
Ib C gHmte C Iim,

where from (2.17) it results that Z8 N Z,,_; = (). Hence, from property (i) and
(2.8) with m — 1, it has to be

v((\v\sq)b) < m-1,

in contradiction with (2.18).
Moreover, since Proposition 2.1 implies that W,,, C 3,,, the second inequality in
(2.15) follows from definitions (2.11) and (2.14). O O

Now, back to the abstract setting and following [7], we say that the pseudo—
index related to the genus (¥, #H,v) on a Banach space X, to an even functional
I:X — RandtoasetS € X isthe triplet (S, H*,v*) such that H* C H is a group
of odd homeomorphisms on X and v* : ¥ — N U {400} is the map defined by

v (A) = Jmin v(h(A)NS) forall AeX.

The following mini-max theorem holds (for the proof, see [2, Theorem 2.9]).
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Theorem 2.4. Let a,b, co, coo € R be such that
—00 < a << Coo <b< 40

and consider a C' even functional I, the genus (X,H,7v) on X, a set S € ¥ and
take (S, H*,v*) pseudo—index theory related to the genus, I and S such that

H*={hcH: h bounded homeomorphism s.t. h(u) =u if u ¢ I"*(Ja,b[)}.
Assume that:
(i) functional I satisfies (PS) in |a,bl;
(i) S C I_l([cQ, +oof); . o
(i1i) an integer k € N and A € ¥ exist such that A C I° and v*(A) > k.

Then, for everyi € {1,..., l}} the mini—-mazx level
¢; = inf sup I(u), with £f = {A € X : y*(4) > i}, (2.19)
Aexy ucA

is a critical value for I. Moreover, we have that

co<cp <. <S¢ S

and, ifc=c¢; = ... = ciyr with 1 <i<i+r <k, then v(K.) > r+ 1.

Remark 2.5. In Theorem 2.4(iii) a lower bound for the pseudo-index of a suitable
set A is required. In order to have such a bound at least in our setting, we consider
(X,H,7) genus on X and two closed subspaces V and W of X so that

dimV < +o00 and codim W < +oc0.

Then, for every open bounded symmetric neighbourhood B of 0 in X, taking every
odd bounded homeomorphism h : X — X it results

YV Nh(OBNW)) > dimV — codim W
(for more details, see [2, Theorem A.2] and [4, Theorem 2.7]).

2.3. Essential values. As pointed out in Section 1, problem (P ) may not have
a variational structure on W'?(€2). Hence, as in [23], we use the auxiliary no-
tion of essential value as introduced in the study of perturbations of nonsmooth
functionals (see [13, 14]) and, in particular, the definition of odd—essential value
introduced in [5, Section 2]. Even if the notion of essential value is topological, an
essential value is candidate to be a critical level and is stable under small perturba-
tions. Furthermore, critical levels arising from standard mini—-max procedures are
essential.

Definition 2.6. Let I : X — R be a continuous even functional and consider
a,b € R such that a < b. The pair (I, 1%) is odd-trivial if for each neighbourhood
[a/,a"] of a and [8', "] of b in R, an odd continuous map ¢ : I?" x [0,1] — 17"
exists such that
(i) o(x,0) =z for all z € I?";

(i) @I x {1}) C I*";

(iii) p(I* % [0,1]) C I*".
Definition 2.7. Let I : X — R be even and continuous. A number ¢ € R is an

odd-essential value of I if for each £ > 0 some values a,b €]c—¢,c+¢€[, a < b, exist
such that the pair (I, 1%) is not odd-trivial.
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The following theorem states that small perturbations of a continuous even func-
tional preserve the odd—essential values (for the proof, see [14, Theorem 3.1] or also
[13, Theorem 2.6]).

Theorem 2.8. Let ¢ € R be an odd—essential value of a continuous even functional
I: X — R. Then, for every n > 0 a radius § > 0 exists such that every even
functional G € C(X,R) with

sup{|I(u) — G(u)|: ue X} < §
admits an odd—essential value in Jc —n,c+ 1]

Now, we focus on smooth functionals and recall some results which link critical
and essential values, stating in particular that the critical values arising from mini—
max procedures are essential if all the involved deformations are of the “same kind”
(cf. [14, Theorems 3.7 and 3.9]).

Theorem 2.9. Let I : X — R be a C! even functional. If c € R is an odd—essential
value of I such that (PS). holds, then c is a critical value of I in X.

Remark 2.10. In general, the reverse implication does not hold. In fact, a critical
value ¢ is not necessarily an essential one even when (PS). is satisfied (cf., e.g., [14,
Example 3.12)).

Theorem 2.11. Consider I' non empty family of non empty symmetric subsets of
X, I € CYX,R) even functional and d € RU {—o0}. Assume that

p(Cx{1}) el
for every C € T and for every odd deformation ¢ : X x[0,1] — X with p(u,t) = u
on I x [0,1].
Then, setting

= inf sup I(u
T A

if d < ¢ < 400 the level ¢ is an odd—essential value of I in X.

Remark 2.12. Theorem 2.11 implies that the critical levels found in Theorem 2.4
are also odd—essential values of I.

Indeed, taking ' = %;, with ¢ € {1,..., l;}, as defined in Theorem 2.4, and assuming
d = 0, for any odd homeomorphism ¢ : X x [0,1] — X such that ¢(u,t) = v if
I(u) <0, we have that for each C € %; the set ¢(C x {1}) is close and symmetric.
Moreover, from the supervariancy property of v*, we have that

v (f@x11D) =" (¢ (€xT1T)) =7 (Cx 1) =7"(©) 2 s
hence, W{l}) € Y; and Theorem 2.11 applies.

3. THE UNPERTURBED PROBLEM

In order to investigate the existence of solutions of the perturbed problem (P: o),
the starting point is studying the unperturbed problem (FPp o).

To this aim, firstly we recognize the variational structure of the equation in
(Po.x)- In fact, if assumption (f;) is satisfied, we can define the C* real function

/fxs ds forall (z,t) € QxR
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which is so that F'(z,0) = 0 for all x € Q. Then, (f1) and (f2) imply that taking
any o > 0 a constant C, > 0 exists such that

If(z,t)| < ot|Tt +C, forall (v,t) € QxR (3.1)

and so o
|F(z,t)] < =[t|7+ Cylt| for all (x,t) € Q x R. (3.2)
q

Hence, from a classical variational principle we have that the weak solutions of
problem (P o) are the critical points of the C'-functional J : W, 9(Q) — R
defined as

1 1 Aco
J(u) = f/ |Vul|P dz + f/ |Vu|? de — —/ |ul? do — / F(z,u)dz (3.3)
b Ja qJa q Ja Q

with
(dJ(u),v) z/ |Vu[P~2Vu - Vo dz + / |Vu|72Vu - Vo do
Q Q

— Ao / |u|9"%u v dz — / f(z,u)v dz
Q Q

for all u, v € W,(Q) (see, e.g., [16, Theorem 9 and p. 355)).
Now, we are ready to state that the functional J satisfies the (PS) condition
(for the proof, see [6, Proposition 3.1]).

Proposition 3.1. Assume that (f1)-(f2) hold and Ao & o(—Ag). Then, the
functional J in (3.3) satisfies (PS) in R.

We note that such a statement does not need the behaviour of f(z,t) near the
origin, so it holds independently of the chosen hypothesis (f3) or (f3)" or (f3)”. On
the other hand, such an information will be crucial in order to obtain the geometric
assumptions required in Theorem 2.4 and then in the following multiplicity result
which is stated in [12, Theorem 1.1].

Theorem 3.2. Assume that f(x,t) satisfies hypotheses (f1)—(f1) and that two
integers n, k € N exist such that k > n and either (i) or (ii) in Theorem 1.1 holds.
Then, if Aoo & 0(—Ay), problem (Po.o) admits at least k —n + 1 distinct pairs of
nontrivial solutions.

Proof. The proof is essentially in [12] but, neverthless, we give it here with slight
different details since we need some of its steps later on.

From assumption (f4) and Proposition 3.1 it follows that the functional J in (3.3)
is even and satisfies (PS) in R. Moreover, we have that J(0) = 0, so critical levels
different from zero give nontrivial solutions.

First of all, we note that taking every o > 0 and s > 0 hypotheses (f1)—(f3) and
[6, Lemma 3.2] imply the existence of k, > 0, k, = k,(s), such that

Ao — A

ot 2T e < Flat) < 05T e gkt (3.4
q q

for all (z,t) € Q x R.

Now, we have to prove our statement in two different ways according to assuming

hypothesis (¢) or (ii).

Firstly, let condition (¢) be satisfied and fix o9 > 0 such that

Ao+ Ao + 00 <00 <V <1+ 200 < Ao (3.5)
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(see Remark 1.3).

Step 1 Let n0 be as in (i) and consider Z0_; so that both (2.2) is true with
m =n—1 and (2.3) holds with m = n. We claim that two constants p = p(og) > 0
and ¢y = ¢p(0p) > 0 can be found so that

Ju)>cy forallueS,NZ0_,. (3.6)
Indeed, taking any s € [0, ¢* — ¢[ from (3.4) with o = oy it follows that
Ao + oo

F(z,u) dz <
Q

and then, from the Sobolev inequalities, we obtain that
Ao + Ao + 00

\uIZ + koo\uﬁig for all u € WOI"J(Q)

1
J(u) > 5||u\|g - [uld = Cllull3*? forall u e Wy (). (3.7)

Thus, (2.3) with m = n and (3.7) imply that

) > - (1— 20 Ao 1 70
q n

Hence, from (3.5) a suitable couple of real numbers p(og) > 0 and c¢o(og) > 0 exist

such that (3.6) holds.

Step 2 Let v} be as in (i), 0o as in (3.5) and consider WY as in (2.4) with m = k.

We claim that a k-dimensional space Y,° € WY and a constant ¢, > co exist such

that

) lullg = Clluflste for all u e Z0_,.

J(u) < oo forallu e Y, ". (3.8)
Indeed, (3.2) and direct computations imply that a constant C' > 0 exists such that

1 1 A
J(w) < S|Vulp + < |Vuli - j"wu\g + %mg +Clul,  for all u e Wh(Q).

Thus, from definition (2.5) with m = k a subspace Y,’° € WY exists, which can be
chosen with dimY,”® = k, and is such that

lulld < (V) + oo)|ull for all u € Y,7°.

Notice that, as p < g and 2 bounded imply that [Vu[b < C|Vul?, then from (3.9)
and direct computations we obtain that

1
J(u) < p (vp + 200 — Axo) luld + C1lulf + Ca|uly for all uw € ¥}7°

for suitable Cy, C3 > 0. Thus, from ¢ > p and (3.5) it follows that J(u) — —oco if
lullq = 400 with w € Y}7. Hence, coo = coo(0) exists, with coe > ¢y and ¢g as in
Step 1, such that (3.8) holds.
Step 8 Taking Z0_,, p, co as in (3.6) and Y,7°, coo as in (3.8), we can consider the
pseudo-index theory (S, N Z%_;, H*,v*) related to the genus, S, N Z2_; and J in
W, %(Q). Then, from Remark 2.5 applied to V = Y7°, W = Z9_, and B = S,,,
we get

Y (Y Nh(S,NZ)_)) = dimY,° — codim Zy_, for all h € H*,
which implies

YY) >k —n+1

Hence, if we apply Theorem 2.4 to J in Wol’q(Q) with § = S,NZ%_, and A= Y.,
it follows that J has at least k —n+ 1 distinct pairs of critical points corresponding
to at most k —n + 1 distinct critical values ¢;, where ¢; is as in (2.19). We note
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that ¢; > ¢o > 0 for all ¢ € {1,...,k —n + 1}; hence all the corresponding critical
points are nontrivial.
Now, assume that (4¢) holds and fix o; > 0 such that

Ao + 01 <10 < g(vk +201) < Ao + Ao (3.10)

(see Remark 1.3).
Step 1 Fixing any s € [0,¢" — ¢[ from (3.4) with o = %01 and the Sobolev
Embedding Theorem it follows that

O+)\oo

1 ~01 R
JW)SEUVM$+WM$— F—uld + Cull5™ (3.11)

for all u € W, '?(2). Then, taking vy as in (ii) so that (2.11) applies with m = k,
from definition (2.10) with m = k a subspace Y;)' € Wy, exists with dimY,)* =k
and such that

[Vulp + [Vulg < (v + o1) [ul? for all u € ¥,7'. (3.12)

Then, from (3.10) — (3.12) and direct computations, taking any v € Y;7' we have
that

Q

—J(u) > 1

[ Aoo — = 2 P q\ _ s+q
> s (ot A= L 200) ) (g + (9ulg) = Clal

3

Mot A — Ly + 2al>) s — Clluz .

hSRES]

1

)

~q(vg + o) (
Hence, again from (3.10), two constants p = p(c1) > 0 and ¢y = cg(o1) > 0 exist
such that

—J(u) >co forallueS,NY7". (3.13)

Step 2 Now, taking 10 as in (i) so that (2.3) holds with m = n, from (3.2) with
o = o1, Sobolev Embedding Theorem and direct computations we prove that

1 )\oo+0'1
—Ju) < —=(1-22""1
() q( U

Hence, from (3.10) we get that

) lul[ + Cllully for all u € z0 ..

—J(u) = —o0 as ||ull; = +oo ifue Z2_4,
which implies that a constant co, > cg exists, with cg as in the previous step, such
that
~J(u) <o forallue Z°_,. (3.14)
Step 8 From estimates (3.13) and (3.14) we are able to apply Theorem 2.4 to
functional —J with A = Z%_;, S = 5, NY,”* and essentially making use of the

n—1»
same remarks in Step 3 of case (7). O O

As pointed out in Section 1, we can also consider the case in which the limit
Ao in (f3) is infinite, thus the following results can be stated for the unperturbed
problem (P o).

Proposition 3.3. Assume that f(x,t) satisfies hypotheses (f1)—(f2), (f3) and (f1).
Moreover, Ao & 0(—A,) and k € N exists such that (i)' holds. Then, problem
(Po,0o) has at least k distinct pairs of nontrivial solutions.
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Proof. Thanks to (2.6), we have that n{ <) and, taking a “good” Ao € R so that
Ao + Ao < 1Y, and o > 0 so that (3.5) holds with n = 1, according to assumption
(f3)' we can obtain the right estimate of (3.4) so that, by reasoning as in the proof
of Theorem 3.2, case (i), Theorem 2.4 applies with A = Y;7°, S = S, for a suitable
p > 0. Hence, J has at least k distinct pairs of nontrivial critical points. 0O [

Proposition 3.4. Assume that f(x,t) satisfies hypotheses (f1)—(f2), (f3)” and
(fa). If Ao & o(—A) then problem (P o) has infinitely many pairs of nontrivial
solutions.

Proof. Since n, * +oco an integer n exists so that 70 > M. Then, taking any
k > n and a large enough Ay > 0 so that %Z/k < Ao + Ao, for a constant o1 > 0
which satisfies (3.10) and according to assumption (f3)”, we can obtain the left
estimate of (3.4) so that the arguments in the proof of Theorem 1.1, case (i) can
be repeated. Then, Theorem 2.4 applies to —J with A = Z9 ., 8 = S, Ny, for
a suitable p > 0 and k — n + 1 distinct pairs of nontrivial crltlcal points ex1st The
end of the proof follows from the arbitrariness of £ > n. O (Il

4. REGULARITY OF SOLUTIONS OF (p,q)—LAPLACIAN EQUATIONS

In this section we prove some regularity results for (p,q)-Laplacian problems.
Classical results concerning the regularity of solutions of quasilinear elliptic equa-
tions can be found in [15, 21, 26, 37], while a result for (p, ¢)-Laplacian problems
but on R¥ is in [22]. Our proofs follow essentially those ones stated in [24, Section
4] for the g-Laplacian operator, which generalize [20, Theorem 8.15] concerning the
Laplace operator.

Lemma 4.1. Let | € C(Q2 x R) be such that
[1(z,t)| < C(L+|t]") forall (x,t) €A xR (4.1)
with 1 <r < q*—1. Then, ifu € W&7q(Q) is a weak solution of

—Apu—Agu = l(z,u) inQ
u=20 on 052,

it results that u € L7(Q2) for all v > 1.

(P)

Proof. The proof follows from Sobolev Embedding Theorem if ¢ > N. Hence, we
have to prove the statement if 1 < ¢ < V.

Let u € W,9(Q) be a solution of (P) and we note that, taking s > 0 and a > 1, it
results

aa

WW(WF“)W

So, first we multiply the equation in (P) by |u|®u, then we integrate it on © and
obtain that

V(lul*u) = (s + Dlu[*Vu,  [u*|Vul* =

P
(p+ )P

/ (z,u)|u|’u dz

which, together with (4.1), implies that

IV (JulPa)[h + (s +1) & |V (Jua] ) 4

($+1) (q—l—s)q

/ Uz, w)lu|*u dz < C (Julitst] +1). (4.2)
)
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Thus, from Sobolev inequality it follows that

s |9
llfu| <€ (2 + 1)

where it results (£ + 1)¢" = %fq‘n. So, we have that
M% <O (i +1)
which implies the following statement:
we L'HHQ) = we LN (Q). (4.3)

So, since u € W, 4(Q) implies u € L7 (), if we set so = ¢* — (r + 1) then from
(4.3) we get u € L9 (Q), with ¢; = M%:;q). From now on, as in [24, Lemma 4.5]
by iteration we are able to complete the proof. U (I

Lemma 4.2. Let v > N be such that | € L7 (). Then, if u € Wyd(Q) is a weak
solution of

) { —Apu—Ayu = I(z) inQ

u=20 on 0X,
it results that u € L>(Q) and a constant C = C(v,q,N,Q) > 0 exists such that
4o < CUIT.

Proof. The proof is trivial for ¢ > N; hence, let us consider 1 < ¢ < N (the case
q = N is similar).

_1

For simplicity, let us set &k = |{|2™* and, for 8 > 1, M > k we define
H(z) = 2P — kB ifk<z<M,
T\ BMP Nz — M)+ MP — kP ifz> M.

Moreover, setting w = ut + k, with «™ = max{u, 0}, we have that

T — Vu ifu>0,
10 if u <0,

and, by using
v = Glw) = / H'(2)]7 d=
k

as test function in the equation in (P;), we obtain that
/ |VulP~2Vu - VG(w) dz +/ |Vul|?2Vu - VG(w) do = / I(x)G(w) dx.
Q Q Q

Since
G'(w)Vu ifu >0,
0 if u <0,

then, taking QT = {z € Q : u(x) > 0}, we get

V6(w) = 6'(w)vu = {

/ |Vu|P~2Vu - VG(w) do = / |VulP|H' (w)]|? dz >0
Q o+
and

/\Vu|q—2vu-VG(w) dx:/ |Vu|q|H’(w)|qdw:/ \VH(w)|? dz
Q ot Q
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which imply
/ [VH(w)|? do < / l(x)G(w) dz.
Q Q

So, since from definition (4.4) we get |H'(z)| < |H'(w)] for all k¥ < z < w and then
0 < G(w) < wG'(w), we obtain

IV H (w)]? de < / 1(2) WG (w) da.
Q Q
From now on, the proof follows word by word from that in [24, Lemma 4.6]. O O

5. THE PERTURBED PROBLEM

Now, we are ready to prove Theorem 1.1, that is the critical points of the unper-
turbed problem (P o) allow us to find solutions of the perturbed problem (P: )
if € is small enough.

of Theorem 1.1. For simplicity, our proof is divided in some steps; more precisely,
we will provide:
1. the construction of truncated perturbed functionals J; . and the existence
of some critical points u?® € Wy4();
2. the boundedness of the Wol’q—norm of uf’E;
3. the boundedness of the L>®-norm of u/*°;

7 3

4. the existence of weak solutions of the perturbed problem (P: o).

Step 1. As in [23], for any j € N we consider a continuous cut function v; : R — R

such that "
_ 0 if|t|>j+1
Vi (t) = { 1 if e <j
with 0 < ~;(¢) <1if j < |t] < j+ 1. Then, we set

¢
hj(x,t) = v;(t)h(x,t) and Hj(z,t) = / hj(z,s) ds,
0
and note that a constant £1(j) > 0 exists such that it results
e1()|hj(z, )] < 1, e1(j)|Hj(z,t)| <1 for all (x,t) € Q x R. (5.1)

Now, taking any j € N and € € R, we can define the (truncated) perturbed func-
tional

Jic:ue Wyl(Q) = Jic(u)=J(u) - 5/ Hj(z,u)dr € R.
Q

Firstly, we assume that condition (i) of Theorem 1.1 holds. Then, from Theorem
3.2 at least m distinct critical levels ¢; of the even functional J exist with
1<m<k-—n+1
and
0<co<eiy <...<ci, < Coo < +00,
where ¢g and co, are as in the proof of Theorem 3.2, case (7).
From Remark 2.12 such critical levels are also odd-essential ones for J in VVO1 Q)
and from Theorem 2.8 there exists €2(j) €]0,e1(j)[ such that, if |e] < e2(j), then
Jj.e has at least m odd essential values d’c, i€ {l,...,m}, such that
Co

5<d{’5<...<dﬁ<cw+1.
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Moreover, since for any j € N and € € R the nonlinear term f(z,t) + eh;(z,t)
satisfies assumptions (f1) and (f2), as in Proposition 3.1 we obtain that J; . satisfies
the (PS) condition in R.

Hence, taking j € N and € € R such that || < e3(j), from Theorem 2.9 it follows
that for all ¢ € {1,...,m} the corresponding level dg’e is also critical for J; ., so
ul® € W) () exists such that

[ v vt Ve ot [ [9upvi Vo ds
Q Q

2
= )\oo/ lu?® 197242 o da +/ fla,ul®)e da +€/ hj(x,ul®)p dx o
Q Q Q
for all o € W, U(Q), i.e., ul® € Wy 4(Q) is so that
—Apult — Al = i (z,ul®) inQ (5.3)
as weak solution, with
Lie(,t) = Ao|t|T 2t + f(2,t) + ehj(z,t) for all (z,t) € Q x R. (5.4)
Step 2. We claim that a constant Cy, > 0 exists such that
|ul?||l, < C, forall j €N, le| <ea(j),ie{l,...,m} (5.5)
Indeed, arguing by contradiction, let us assume that for some i € {1,...,m} the

set
A ={[lulllg: 5 €N, el < e2())}
is unbounded, that is, a sequence (u/mm),, C WhH4(Q) exists, with u/m*m =

wl™ ™ and |e,,| < €2(jm) for all m € N, such that

3

|ufmem |, = +o0  as m — 4o0. (5.6)
Setting
udmEm
Winin = Toman] (5.7)

we have that (wj,, -, )m is bounded in Wy*(2), so w € Wy'?() exists such that,
up to subsequences, it results

Wj,, e, — w  weakly in WOLQ(Q) (5.8)
and
Wy, e — w  strongly in LI(Q). (5.9)

Now, taking

Wy em — W
e 5"

Plhm,em —
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in (5.2) with j = j,, and € = ,,,, we obtain that

Vw,, e, |p_2

Q |Juimem|d7P -V(wj,, e, —w) dz

JmsEm

Jr/ Vwj,, e, |**Vwj,, e - V(wj, , —w) dz
Q

B Aoow/ﬂ ‘w.jm,f?m'q_ijm’Em (wjmvgm - ’LU) dx

f(x7ujm»5m,) ‘
Iq—l w]m75m
q

—w) dz

q [uime

h(x ujmyf':m)
+ € AN R —a wj, —w) d.
o Tt e =

Then, from (5.1), (5.6) and (5.9) we have that
By, wim =)
7 (w, —w) dz = B,
o, Tt Wi =) =
and, by means also of Holder inequality and (3.1), direct computations give

) p—2
Vwj,, e,

Vw

q—p JmEm
q

-V(wj,, e, —w) dz = B,

q |[uimem
/Q ‘wjm55m|q_2ij7,7€m (wjm,em —w) dz = B,

f‘(a’;7 ujn’msm,)

|q—1 (Wi e — W) dz = B,
a

o ]

which imply that

/ ‘ijmvenz
Q

Hence, from this last limit and (5.8) it follows that

=2y

-V(wj,, e —w) dz = By

JmyEm

wj,, .. — w strongly in W, %(Q), (5.10)

which gives also w # 0 for definition (5.7).
Finally, taking any ¢ € Wol’q(Q) and applying again (5.2), with j = j,,, and € = &,,,,
on the test function we obtain that

e
|udm em||g=17

|ijfn757n |p_2
q—p
q

ij?naaﬂl : VQO dx + / |ij’m7£1n |q_2ij7na57n : V@ dx
Q

Q ||uj7m€m

(w9 =)

e pd (5.11)
a e ]

- AOO \/$2 |wjm75m |q72wj771157n SD d'r +
h:(x ujn“E?n
+&m /j(’i,l) @ da.
o [[u/mem[g

Thus, from (5.1) and (5.6) we have that
h(z, udmEm
e [ ) i < el

uimen g7
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and from Holder inequality, (5.6) and (5.7) we obtain that
[V [P~

: —Vwj, .- Vodz| < Bl
Q [ludmem]|g™P

On the other hand, reasoning as in the proof of [6, Proposition 3.1], by means of
(5.6) we are able to prove also that

hence, from (5.9), (5.10) and passing to the limit in (5.11), for the arbitrariness of
¢ we get that Ao, € 0(—A,), against our assumption. Thus, (5.5) has to hold.

Step 3. We claim that C, > 0 exists such that
U7 < Coo  forall j € N, |e| < ea(j),i € {1,...,m}. (5.12)
To this aim, first of all we note that from (5.5) such a claim is obvious if ¢ > N.
Thus, we have to prove (5.12) if 1 < ¢ < N (analogous arguments still hold if ¢ = N)
and our idea is applying Lemma 4.2 to equation (5.3), taking I(z) = [, . (z, u](z))
so that for a “good” v > N it hastobel € L7 (©) and an estimate of such a function
in L7 () can be given uniformly with respect to j € N, € so that |e| < e2(j), and
ie{l,...,m}.
Indeed, taking any j € N, € so that |¢| < e2(j), ¢ € {1,...,m}, from (3.1) with,
e.g., 0 = 1, and the estimates in (5.1), we have that definition (5.4) implies
[lie(z,t)| <O+ [t|97Y) forall (z,t) € A xR (5.13)
with C' = C(A\y) but independent of j and ¢ as e2(j) < €1(j). Then, Lemma 4.1
applies to (5.3) and
ul® e L7(Q) forall v >1, (5.14)
or better, by reasoning as in the proof of Lemma 4.1, in our setting with r = ¢ — 1
and s = N, estimate (4.2) becomes

V(| )t < © (lud¥[2EN +1) (5.15)
with C independent of j, e, 7. Then, since (5.14) gives u)° € LItN(Q), from (5.15) it

follows that [u?°| T u/* € W(Q) and then, from (5.15) and the Sobolev inequality,
we have that

e g+ N e el je1q+N
0 e = (1| < 0 (N 1) (5.16)
q
with this new C' still independent of j, €, i.
We claim that _
47 gy ay e < C (5.17)

with C* > 0 independent of j,&,i. Indeed, if |u?®|,4x < 1 then (5.17) is a direct
consequence of (5.16). If, on the contrary, we have that |u}®|,4n > 1 then (5.16)
implies that

|ug7€‘(q+N)% < C|Uz’6|q+N~ (5.18)
So, taking a €]0, 1] such that
a (Q-a)g 1

i+ =
q (g+N)g* q+N

)
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by means of the interpolation inequality

1—
e < ulg ful}y e

and (5.18) we infer that

11—«
(g+N)<

J:€
7

< Clul*

3

|

a |, Jh€
a* us
(g+N) L g [
which implies

|“g’8|(q+N)% < C|ug’8|q-
Hence, from this last estimate together with the Poincaré inequality and (5.5) it

follows (5.17).

At last, since LUTNT(Q) ¢ L(""JrN)%(Q)7 from (5.17) and (5.13) we obtain the
existence of a constant C** > 0 such that

Loz, ul® <o
75 [
Q

with C** independent of j,,4. Thus, Lemma 4.2 applies and (5.12) holds.
Step 4. Since (5.12) implies that for any j > Cy it is

hj(x,ul® (2)) = h(z,ul*(z)) for all z € Q,

problem (P ) has at least kK —n + 1 pairs of nontrivial weak solutions.

On the other hand, if we assume that condition (i4) of Theorem 1.1 holds, the same
arguments introduced in the previous case apply but considering as starting point
the critical levels of the even functional J which exist thanks to Theorem 3.2, case
(ii). O O

of Propositions 1.5 and 1.6. By means of the same arguments introduced in the
proof of Theorem 1.1 we have that Proposition 1.5 follows from Proposition 3.3
while Proposition 1.6 is a consequence of Proposition 3.4. | O
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