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A BREZIS-NIRENBERG SPLITTING APPROACH FOR
NONLOCAL FRACTIONAL EQUATIONS

GIOVANNI MOLICA BISCI AND RAFFAELLA SERVADEI

ABSTRACT. In this paper we consider problems modeled by the following nonlocal frac-
tional equation
(=AY u+a(z)u=pf(u) inQ
{ u=20 in R"\ Q,

where s € (0,1) is fixed, Q is an open bounded subset of R™, n > 2s, with Lipschitz
boundary, (—A)? is the fractional Laplace operator and u is a real parameter.

Under two different types of conditions on the functions a and f, by using a famous
critical point theorem in the presence of splitting established by Brezis and Nirenberg, we
obtain the existence of at least two nontrivial weak solutions for our problem.

CONTENTS
1. Introduction 1
1.1. Setting of the problem 1
1.2. Two multiplicity results 2
2. Basic definitions and notations 4
3. A multiplicity result: the case when a(z) > 0 5
3.1. Some preliminary lemmas )
3.2. Proof of Theorem 1 7
4. A multiplicity result: the case when a is constant and negative 10
4.1. Some preliminary results 10
4.2. Proof of Theorem 2 11
5. Some final comments 14
Appendix A. The Brezis-Nirenberg theorem in the presence of splitting 15
References 15

1. INTRODUCTION

1.1. Setting of the problem. In the last years an always increasing interest has been
shown towards nonlocal fractional problems, both for their intriguing structure, which mo-
tivates academic research, and for their presence in many models coming from real-word
applications.

In this paper we are interested in nonlocal problems depending on parameters. This kind
of equations models a wide class of problems arising in applications and, of course, in these
cases the parameters have a physical interpretation. The interest in considering problems
with parameters is, at least, twofold: on one hand, finding solutions, and, on the other
hand, studying how these solutions depend on the parameters.

Key words and phrases. Fractional Laplacian, nonlocal problems, variational methods, critical point
theory, integrodifferential operators.
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Precisely, here we study the following nonlocal equation
(1.1) —Lru+a(x)u=pf(u) inQ
’ u=0 in R"\ Q,
where s € (0,1), © is an open bounded subset of R, n > 2s, with smooth boundary, p is a

real parameter, a : 2 — R and f : R — R are two functions verifying the conditions stated
in the sequel and L is the integrodifferential operator defined as follows

(1.2) Lru(z) = / (ule +9) +ulz —y) — 2u() ) K () dy, = €R",
with the kernel K : R™\ {0} — (0,400) such that

(1.3) mK € L'(R"), where m(z) = min{|z|?, 1} ;

(1.4) there exists 6 > 0 such that K (z) = 0|z|""*?% for any z € R" \ {0} .

A model for K is given by the singular kernel K (z) = |z|~(®*2%) which gives rise to the
fractional Laplace operator —(—A)?*, defined, up to normalization factors, as

(1.5) —(~A)u(x) = / u(z +y) +u(z —y) — 2u(z)

ly[t2e
The operator L has a nonlocal nature: this is the reason why the Dirichlet datum
in (1.1) is given in R™\ © and not simply on the boundary 0%, as it happens in the classical
case of Laplacian equations.
Aim of this paper is to get the existence of multiple weak solutions for problem (1.1). By
a weak solution for (1.1), we mean a function u : R™ — R such that

/ (u(z) = u()(p(x) = (y)) K (z — y)dr dy + / a(z)u(z)p(z)de
Rn xR Q

— s /Q flu(@))p(x)dz Yo € X

dy, x€R".

n

(1.6)

u € Xp.
Here and in the sequel we set
Xo:= {gEX:g:Oa.e. inR”\Q},

where the functional space X denotes the linear space of Lebesgue measurable functions
from R™ to R such that the restriction to € of any function g in X belongs to L?(£2) and

the map (z,y) — (9(z) — g(y))VK(z —y) isin L*((R™ x R™)\ (CQ x CQ),dzdy) ,
with CQ :=R™ \ Q.
1.2. Two multiplicity results. In this paper we prove two multiplicity results for prob-
lem (1.1). Recently, in the literature appeared some results on the existence of multiple
solutions for nonlocal equations, see for instance, [3, 15, 16, 21] and the references therein.

Here we consider different kinds of conditions on the data. First of all, we assume that
the function a : 2 — R is such that

(1.7) a € L>¥(Q);

(1.8) a>0ae ze;

while f : R — R satisfies the following assumptions

(1.9) f € CY(R) with f(0) = f'(0) = 0;

(1.10) —oo < liminf M < limsupM <0;
|t]=+o0 T [t|—+00

(1.11) there exists ¢ € R such that F(t) > 0,
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where

(1.12) F@%i[fﬁmn teR

A model for f is given by the function

22— ift>0
f@) = .
0 if t <0,

or, more generally, by

t— 8 ift>0
1) =
1) {O if t <0,

with 1 < a < j.
Since f(0) = 0 by assumption, of course u = 0 is a solution of problem (1.1). In the
following result we show that problem (1.1) admits, at least, two nontrivial solutions:

Theorem 1. Let s € (0,1), n > 2s, Q be an open bounded subset of R™ with continuous
boundary. Let K : R"\ {0} — (0,4+00) be a function satisfying (1.3) and (1.4) and let a be
a function satisfying (1.7) and (1.8), and f verifying (1.9)—(1.11).

Then, problem (1.1) admits at least two nontrivial weak solutions, provided p > 0 is large
enough.

If we consider the model case when —Lx = (—A)?%, in the limit case when s = 1 we get

the Laplace operator —A. Hence, the classical counterpart of problem (1.1) is given by

—Au+a(x)u=pf(u) in Q
(1.13) { u=20 8 in R"\ Q.

Problem (1.13) was firstly studied in [6] (see also [11, Theorem 6]), where the authors got
the analogous of Theorem 1 for (1.13), thanks to a critical point theorem in the presence of
splitting proved along the same paper. Adapting, in a suitable way, this type of arguments
to the nonlocal setting, here we prove Theorem 1.

Under the assumptions of Theorem 1 the function @ is bounded and non-negative. A
natural question is whether or not the result stated in Theorem 1 holds true removing the
sign condition on a. A partial answer will be given in the next theorem, where we assume
that a is constant and negative in €2 and a multiplicity result for the following problem

—Lru—yu= f(u) in
(1.14) { u=0 in R"\ Q,

is provided. Before stating this theorem, we need to consider the eigenvalue problem related
to the operator —L, that is the following problem

—Lrgu=Au in
u=20 in R"\ Q.

There exists a non-decreasing sequence of positive eigenvalues Ay for (1.15), as proved in
[26, Proposition 9 and Appendix A], where a spectral theory for general integrodifferential
nonlocal operators was developed (see also [22, 28, 29] for further properties of the spectrum
of —Lk and of its eigenfunctions).

Now, we can introduce the assumptions on v and f, given by:

(1.16) 0<7y<A,

where A; is the first eigenvalue of —Lg with homogeneous Dirichlet boundary data, while
f:R — R is a function such that

(1.15)

(1.17) feCR);
(1.18) —00 < liminf@ < limsup@ <A1 —7;
t]—o0 T [tlsoo T
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there exist an integer £ > 1 and a constant § > 0 such that

(1.19) f(t) ft)

=t > N\, — v forany 0 < [t| < ¢ and limsup —= < A1 — 7.
t t—0 t
Conditions (1.18) and (1.19) are, somehow, resonance conditions for the problem. In the
literature different types of resonance assumptions have been considered: see, e.g., [4, 7, 10,
13, 14, 17, 18, 19, 33, 34, 35] and references therein, when dealing with elliptic problems.
In this setting our result can be stated as follows:

Theorem 2. Let s € (0,1), n > 2s, Q be an open bounded subset of R™ with continuous
boundary. Let K : R" \ {0} — (0,+00) be a function satisfying (1.3) and (1.4), let v be
such that (1.16) holds true and let f: R — R be a function verifying (1.17)—(1.19).

Then, problem (1.14) admits at least two nontrivial weak solutions.

As the one of Theorem 1, also the proof of Theorem 2 is based on the critical point
theorem in the presence of splitting due to Brezis and Nirenberg in [6]. In both cases
we find critical points of the Euler-Lagrange functionals associated with problems (1.1) and
(1.14) respectively, showing that their geometric structure and their compactness properties
fit with the requirements of [6, Theorem 4].

As for the geometry, the condition required in [6, Theorem 4] is that the functional
has a local linking at 0 (see Appendix A). Also, in [6] a crucial assumption is that the
functional is bounded from below. More general situations, in the presence of a local
linking, were considered in [11], where also the cases of superquadratic or asymptotically
quadratic functionals are discussed. Some results obtained in [11] were generalized in [20].

The present paper is organized as follows. In Section 2 we recall some basic definitions
and notations useful along this work. Section 3 deals with the multiplicity results for
problem (1.1) in the case when a > 0, while Section 4 is devoted to the case when a is
constant and negative. Finally, in Appendix A we recall the abstract critical point theorem
we use along this paper in order to get our multiplicity results.

2. BASIC DEFINITIONS AND NOTATIONS

This section is devoted to the notations used along the paper. First of all, we briefly
recall some basic definitions related to the functional space Xy. The reader familiar with
this topic may skip this section and go directly to the next one.

The space Xy is endowed with the norm

1/2
(2.1) Xo 5 v [[v]lx, = </RR (@) — o) 2K (& — y) da dy) .

Also (Xo, || - [|x,) is a Hilbert space (for this see [25, Lemma 7]), with scalar product

(2.2 (oo = [ (ula) = u(w) (v(a) = o)) Ko =) dady.

We would remark that the definition of the space X is inspired, but not equivalent, to
the one of the fractional Sobolev spaces. Indeed, the usual fractional Sobolev space H*(f2)
is endowed with the so-called Gagliardo norm (see, for instance [1, 8]) given by

l9(x) — 9(y)? 12
( lallasiy = lolloey + ([ 2=
It is easy to see that, even in the model case in which K(z) = |z|~(*2), the norms in

(2.1) and (2.3) are not the same: this makes the space Xy not equivalent to the usual
fractional Sobolev spaces and the classical fractional Sobolev space approach not sufficient
for studying our problem from a variational point of view.

For further details on the fractional Sobolev spaces we refer to [8] and to the references
therein, while for other details on X and X we refer to [24], where these functional spaces
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were introduced, and also to [25, 26, 27], where various properties of these spaces were
proved.

With respect to the eigenvalue problem (1.15), we recall that it possesses a divergent
sequence of eigenvalues

0<)‘1<)\2<~~'<>\k<)\k+1<--~
In the sequel, we will denote by e; the eigenfunction related to the eigenvalue A\g, £ € N.

From [26, Proposition 9], we know that we can choose {ey } ,, hormalized in such a way that

this sequence provides an orthonormal basis in L?(2) and an orthogonal basis in Xg, so
that for any k,7 € N with k # ¢

(2.4) (er,€i)x, =0= / ex(x)ei(z) dz
Q

and

(2.5) lerll%, = MellerlFaiy = An -

For a complete study of the spectrum of the integrodifferential operator —Lg we refer to
[22, Proposition 2.3], [26, Proposition 9 and Appendix A] and [28, Proposition 4] .

Along this paper we look for solutions of the problem (1.6), which represents the Euler-
Lagrange equation of the functional Jx . : Xo — R defined as

1

== u\r) —u 2 Tr — i 1 axux2x
» Tialw) =5 [ Jute) = u)PK @ =g dedy+ 5 [ a@lu(o)a

—p /Q F(u()) da,

where F is the function defined in (1.12). Note that Jx , € C'(Xp) thanks to the assump-
tions on a and f and also due to the embedding properties of X into the classical Lebesgue
spaces (see [25, Lemmas 6 and 8] and [26, Lemma 9)).

3. A MULTIPLICITY RESULT: THE CASE WHEN a(z) > 0

In this section we prove the multiplicity result stated in Theorem 1. The proof of this
result relies on an abstract critical point theorem in the presence of splitting, due to Brezis
and Nirenberg (see [6, Theorem 4]), that we recall in Appendix A for reader’s convenience.

Here we consider the case when the function a satisfies conditions (1.7) and (1.8), while
f verifies (1.9)—(1.11).

3.1. Some preliminary lemmas. First of all, we need some preliminary results.

Lemma 3. Let f : R — R be a function satisfying conditions (1.9) and (1.11). Then, there
exists u € Xg such that

/ Fla(z))de > 0.
Q

Proof. Fix a point xg € ) and choose 7 > 0 in such a way that

B(zo,7) :={z € R" : |x —x¢| < 7} C O,

where | - | denotes the usual Euclidean norm in R". Furthermore, let ¢ € R be as in
condition (1.11) and fix og € (0,1) for which
(3.1) F(B)o% (1~ of) max | F(£)] > 0.

t<|

Note that this choice is admissible thanks to assumption (1.11).
Let @ € C3(2) C Xo (see [24, Lemma 5.1]) be such that

0 ifzeR™\ B(xo,7)

t if x € B(xo,007),
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and
|a(z)| < ¢
if x € B(CL'(),T) \B(.’L‘o, O'()T) .
We claim that
(3.2) /F(ﬂ(l‘))dil? > [F(f)dg — (1 —o7) max [F(8)]| wnT™,
Q t<|?
where w,, denotes the volume of the unit ball in R™. At this purpose, first of all, note that
(3.3) |a(z)] < |t| in Q.
Moreover, by the construction of «, (3.3) and the fact that F'(0) = 0, it follows that
/ Fa(@)do > - |F(@(x))) do
B(zo,7)\B(zo0,00T) B(zo,7)\B(zo0,007T)
(3.4) > — max |F(t)] / dz
S B(zo,m)\B(zo,007)
= —max |F(t)|(1 — of)m"wn
1<l
and
(3.5) / F(u(z))dx=0.
R™\B(z0,7)
Consequently, relations (3.4) and (3.5) and again the definition of @ yield
/ F(u(x))dr = / F(u(z)) dx + / F(u(z))dx
Q B(zo,00T) B(zo,7)\B(z0,007)

= / F(t) dﬂ:+/ F(u(z))dx
(3.6) B(zo,007) B(zo,7)\B(z0,00T)

> F(t)og"wn — |H‘1a|)g‘ |[F()|(1 —og)m"wn,

t<|?
— #0105 ~ 1= o) mox [P0 | " > 0.
t<|t

thanks to (3.1). Clearly, this ends the proof of Lemma 3. O

Lemma 4. Let f: R — R be a function satisfying conditions (1.9) and (1.10). Then, for
any € > 0 there exists a positive constant M, depending on &, such that
F(t) <elt]* + Mc[t|
and
F(t) <elt]* + Melt|
for any t € R, where 2* :=2n/(n — 2s) .

Proof. By (1.10) we get that for any € > 0 there exists ¢, > 0 such that for any ¢ € R with
It] > te

f(tt) < 2e,
so that
(3.7) flt) <2t for t>t. and f(t) >2et for t < —t..
Also, since f is a continuous function in R, by Weierstrass’s theorem we get that
(3.8) P < M. for any ¢ € [—t., ]

for a suitable positive constant M., depending on .
Taking into account (1.12), (3.7) and (3.8) and integrating, we get

F(t) < elt] + Melt
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for any t € R.
By (3.7) and taking into account that 2* > 2, we also get that for any ¢ > 0

(3.9) f(t) <2elt)]* L for t>t. and f(t) > —2¢[t] ! for t< —t..
As above, by (3.8) and (3.9), we have that
F(t) < eltf? + McJtl*
for any ¢ € R. This ends the proof of Lemma 4. O

Lemma 5. Let f : R — R be a function satisfying conditions (1.9) and (1.10). Then, there
exists a positive constant C' such that

£ < O+ )
foranyteR.
Proof. By (1.10) there exist £ > 0, a; € R and ag > 0 such that
f@®)

(3.10) a< = <a forany t € R, [t| >t.

Moreover, by (1.9) we easily get that

(3.11) |f(t)] < C for any t € [—1,1]

Hence, the assertion of Lemma 5 comes from (3.10) and (3.11). O
3.2. Proof of Theorem 1. The strategy for proving Theorem 1 will be showing that
the functional Jk , satisfies the assumptions of Theorem 8 in Appendix A. Of course,

Jrk.a € C1(Xy), thanks to our hypotheses on K, a and f, and Jk 4(0) = 0, since F(0) =0
by (1.12). Moreover, thanks to Lemma 3, we have that

Tiald) =5 [ Jalo) =)@~ y)dedy+ 5 [ alw)lata) do

2 2
p/ F(u(x))dx <0,
Q
for p > 0 sufficiently large, so that
inf jKﬂ(U) < 0.
u€eXp
Now, let us prove that
12 inf —0.
(3.12) Jnf Tk, a(u) > —00

Indeed, by Lemma 4, (1.8) and the fact that u > 0, we get that, for any £ > 0 one has

1 1
Tialw) =35 [ Julo) ~ul)PK @ —y)dedy+ 5 [ aw)luta) do
~ it [ Pluta) da
1
(3.13) > 3 /R"an lu(x) —u(y)|>K(z — y) de dy — M/QF(U(IL‘)) dx

1
> Sl — pellul o — #Mellulay

L2 HE 12 r
2 Sllulg = 3 lulg = ndellullx, ,
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for some positive constant ME (here we used the Sobolev embedding theorem). Suppose
that in}f{ JKk,a(u) = —oo. Then, by (3.13), we also have
ueXo

: L2 HE 2 7
(3.14) g (Gl ~ S, - bl ) = oo,
Now, choose € > 0 such that
1 pe
3.15 ———>0.
(3.15) DY

It is easily seen that, with this choice, (3.14) is a contradiction. This proves (3.12).
Finally, note that by (3.13) and (3.15) we also get that

(3.16) JK,a s a coercive functional on X

and this will be used in the following.
Now, let us show that Jk , satisfies the Palais-Smale condition. For this, let {u;}; be a
sequence in X such that

(3.17) {Jk,a(uj)}; is bounded in X
and
(3.18) sup { [{Tk a(1;), 9] = 0 € Xo, lpllxy =1} =0, as j = +oo.

Since Jk, 4 is coercive by (3.16) and (3.17) holds true, it is easy to see that
(3.19) {u;}; is bounded in Xj.

As a consequence of this and of the fact that X is a reflexive space (being a Hilbert space,
by [25, Lemma 7]), there exists us, € Xo such that, up to a subsequence, {u;}; converges
to us weakly in X, that is

/Rn R (uj(@) — u;(y))(e(z) — e(y)) K(z — y) do dy —
(3.20) XR"
/Rann (oo () — oo (1)) (0(2) — @(y)) K (z — y) dz dy,

for any ¢ € Xy, as j — +o00. Moreover, by [25, Lemma 8] and [5, Theorem IV.9], we get
that

Uj = Uss  in LYR™) for any ¢ € [1,2%)
(3.21) o
Uj — Uso a.e. in R

as j — +o0.
By (3.18) and the fact that {u;}; is bounded in Xq (see (3.19)) we have that

0~ Thalu) s =) = [ Jua) w0 Kla =) dody
o)~ ) i) — ) K — )y
(3.22) R
- [ alaus @)y 2) = un(w)o

—p / F(u(2)) (15 () — oo ()

as j — +oo. Note that, by (1.7) and (3.21) we have that

(3.23) /Qa(x)uj(a:)(u](x) — Uoo(z))dx — 0



A BREZIS-NIRENBERG SPLITTING APPROACH 9

as j — +oo. Moreover, by Lemma 5, (1.9) and again (3.21) and using the Dominated
Convergence Theorem, we have that

(3.24) /Q £ (2)) (15 () — o))z — 0

as j — +o0.
All in all, by (3.20) with ¢ = us and (3.22)—(3.24) we deduce that

625) [ o) - wWF Kl pdedy > [ (o) = i) K (o - ) dady

as j — +o0.
Finally, we have that

lhty — wwoellZe, = g%, + oo,
“2 [ (o)~ 03) () — ) K — ) ey
n>< n
2%, — 2luncll, = 0,

as j — +oo, thanks to (3.20) and (3.25). Hence, u; — uo strongly in Xy as j — 400,
concluding the proof of the Palais-Smale condition.

Finally, we need to analyze the geometry of the functional Jk, ,. At this purpose, with
the notations of Theorem 8, we put

E; = X, \ {0}
and
E, := {0}.
To show that our functional has a local linking at 0, we just have to show that

(3.26) Ik, o(u) =0 for anyu € Xo \ {0} with ||ul|x, < R

for some positive constant R. For this it is enough to use Lemma 4. Indeed, by this, (1.8)
and the fact that pu > 0, we get that for any € > 0

Ticalu) > glull, = | Plu(w) do

1 *
> Slhullk, — nellul2aq) — Mz )2 g

(3.27) T Ve
> Sl — Sl — Sl
_ (L pe o M o
= (55 Il g E

where Sk is the critical fractional Sobolev constant in the continuous embedding Xy —
L?(Q) (see [25, Lemma 6] and [27, Lemma 9]). Choosing ¢ > 0 such that 3 — 5 >0
(note that this choice is admissible due to the fact that u > 0) and taking into account that

2 < 2%, by (3.27) we deduce that
jK,a(u) P 07

provided |lul x, is small enough, say ||u|x, < R for a suitable small R > 0. Hence, (3.26)
is proved.

Since all the assumptions of Theorem 8 are satisfied, provided p > 0 is sufficiently large,
we get that the functional Jk , has at least two nontrivial critical points and this concludes
the proof of Theorem 1.
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4. A MULTIPLICITY RESULT: THE CASE WHEN a IS CONSTANT AND NEGATIVE

This section is devoted to the proof of Theorem 2, that is to the proof of a multiplicity
result for problem (1.14). In this setting, we weaken the regularity assumptions on f:
indeed, here we just need f to be a continuous function, and not a C'-function, as in the
previous case. In addition, on f we consider the resonance conditions (1.18) and (1.19).

4.1. Some preliminary results. Also in this case, first of all, we need to prove some

lemmas which will be useful in the sequel.

Lemma 6. Let f : R — R be a function satisfying conditions (1.17) and (1.18). Then,
there exists a constant t > 0 such that

A —~y—
F(t) < MI + % It2

for any t € R, where M := max_|f(t)|.
te[-1]

Proof. By (1.18) there exists t > 0, « € R and € € (0, A\; — 7) such that

t ~
(4.1) 04<f§><)\1—'y—5 for any t € R, [t| >¢.

Moreover, by (1.17) we have
(4.2) |f(t)] < M for any t € [~£,1].

Hence, by (4.1) and (4.2) and integrating, we obtain

F(t)Z/OEf(T)deL/;f(TT)TdT

< Mt+ (M —7—5)/;7'd7'
— M+ %(W _ )
<My MTOE _27 — 12,
for any t € R, with ¢ > . For t < —t we can argue in the same way. Thus, we get

AN -y —
(4.3) F(t) < Mi+ %m? ,

for any t € R with [t| > £. In order to conclude the proof of Lemma 6, it is enough to
observe that

t
F(t) ::/ f(r)dr < M|t| < Mt,
0
for any t € [—t,#]. This inequality and (4.3) give the assertion. O

Lemma 7. Let f : R — R be a function satisfying conditions (1.17) and (1.18).Then, there
exists a positive constant C' such that

fO)] < CA+1t)
foranyt e R.

Proof. We can argue exactly as in the proof of Lemma 5. (I
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4.2. Proof of Theorem 2. Here the idea consists in applying Theorem 8 to the Euler-
Lagrange functional associated with problem (1.14), that is Jk , : Xo — R defined as

1

@4) Tio() =5 [ Ju@)=uPK = drdy=] [ ju@) do [ Flu)ds.

where F' is again the function defined in (1.12).

As we already noted, the functional Jk - turns out to be well-defined and smooth on
Xo, thanks to the assumptions on K and f. Also Jk, (0) = 0 by definition of F'.

Now, let us prove that Jk , is bounded from below. Indeed, by Lemma 6, it follows that

1
Ticalw) = 5llul%, = 3 [ ju@Pde— [ F(tyda

4.3) > 5 (1 )l = [ (374 220 o) o
1 v AM—7y—¢€ ~
=5 (1= ) el — 2l - e

Hence, we get
jKﬁY(u) > —MﬂQ‘,

for every u € Xo, that is Jk ~ is bounded from below in Xj.
Now we claim that

(4.6) JK,~ is coercive in Xj .

Indeed, by the fact that
2 1 2
[ull72(0) < )\THUHXO for any u € Xo

(for this see the variational formulation of A\; given in [26, Proposition 9]), and (4.5), one
has

]_ 'y 2 )\1 _’7_5 2 ~
Tieo(w) > 5 (1= ) Bl = (P50 Il - Al
Thus,

(4.7) Tr a(u) = %HuH?XO — M#|Q| for any u € X,
1

which shows the claim.

Now, let us prove that the functional Jk, - satisfies the Palais-Smale compactness con-
dition. At this purpose, let {u;}; be a sequence in Xy such that {Jx ~(u;)}; is bounded
and

(4.8) sup { [Tk, (1), )|+ ¢ € X, llpllg =1} =0, as j — +oc.

Since Jk,~ is coercive and {Jk,(u;j)}; is bounded, the sequence {u;}; turns out to be
bounded in Xj. Hence, being Xy a reflexive space (it is a Hilbert space, by [25, Lemma 7]),
there exists uo, € Xo such that, up to a subsequence, {u;}; converges to u~ weakly in
Xy, that is (3.20) holds true. As a consequence, by applying [25, Lemma 8] and [5, Theo-
rem IV.9], we know also that (3.21) is satisfied.
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By (4.8) and the fact that {u;}; is bounded in Xy, we have

0 k(g = wd = [ fuyo) = wy ) K ) d

_ /Ran” (uj(z) — uj(y)) (uoo () — s (y)) K (z — y) dz dy
- ’Y/Q“j(x)(uj(w) — oo (2))da
— [ 705 0) — e

as j — +o00.
Now, observe that, by Lemma 7, the Holder inequality, (1.7) and (3.21), we get

\v /Q (@) (15(2) — oo (2))d + /Q (1)) (1 (2) — o (1))t
<Al 2o lug — usoll 22(0)
+c/<1+ 1 () ot () — thoo ()]
Q

<l 2o llug — vsoll 220
+ Clluj — usoll 1) + Cllujll L2l — toollL2(0) — 0,

(4.10)

as j — +o00. Hence, taking into account (3.20) with ¢ = us, and (4.10), relation (4.9) gives
that

/ i () — u;(4) 2 K (& — y) dady — oo (@) — s ()P K (2 — y) drdy,
R7 xR™ R xR™

that is

(4.11) gl so — Nl o,

as j — +oo.

Arguing as in the final part of the proof of the validity of the Palais-Smale condition in
Subsection 3.2, we obtain that u; — us strongly in Xg as j — +o0, concluding the proof
of the Palais-Smale condition.

Finally, let us study the geometry of the energy functional Jk .. At this purpose, let
k € N be as in assumption (1.19). With the notations of Theorem 8 in Appendix A, we put

E, = {u € Xo: (u, )y, =0 forany j= 1,...,k}
and
E5 := span{ey, ..., ex}.

One clearly has Xg = E1 ® E» and dim Fs < +o00. The next step consists in verifying that
the functional Jk - has a local linking at 0, that is

(4.12) Jk,~(u) 20, Vue E; with |Jul|x, <R
and
(4.13) Jk,v(u) <0, VYVue Ey with |lul|x, <R

for some R > 0.
First of all, let us prove (4.12). At this purpose, note that, by (1.19) there exist g €
(0, A\g+1 — ) and p € (0,t) such that

ft)

—r < B,
. <P
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for any ¢ such that |¢| € (0, 9). Hence,

A;@KQF04@>¢EZ/L@<Q([f@{ﬂoﬁ)dx
(4.14) :/1><a<éwwﬂ?tﬁ>d$

< ula)|? d

lu(z)|<e

/ Ju(x)|? dz .

Now, let us fix p € (2,2*). Due to Lemma 6, one has

Mt M\ —vy—¢

provided |t| > o. Thus, the Sobolev embedding theorem gives

Mt M\ —vy—¢
@) [ Fu@)de< (S0 + T fulae <l

lu(z)|>e 0P e

where -

Mt A\ —v—

oom (M Ny

oP oP—? P

and ¢, is the constant of the embedding Xy — LP().
“+oo
Now, if w € Eq, then u = Z Bie;, for suitable 8; € R, where i € N and 7 > k + 1.
i=k+1
Owing to (2.4) and (2.5), one has
) *”ﬂ? L
ullZe gy = Zﬁ/ Par= 3" Ffenedn < 1Nl
1=k+1 i=k+1 t k+1
ie.,
(417) ol < 5 Il
PO A 0

for any u € Ej. Then, by (4.14), (4.16) and (4.17) we get
1
T > 5(1= Nk, ~ [ Plu@)de- [ Fua)ds
2V e fuz) <o

lu(z)|>e

1 v 2 B 2 * P
>§0—E;Mw%—gmm@—cwmo

1 Y B 2
27(1— ——)u — clul|®B
o1 U vl vl LS el (1%

Since p > 2, if ||u||x, is small enough, say ||u||x, < Ri, with R; > 0, by the above relation
it follows that (4.12) holds true.
Now, let us prove (4.13). For this, again due to (1.19) it follows that

(4.18) F(t) = /t f(:)fdf > A’“T_’Y 1%,
0

provided 0 < |t| < §. Since Ej is finite dimensional, we can find a positive constant Ry such
that ||ullec < 9, if u € Ey and |lul|x, < R2. Consequently, thanks to (4.18), for any u € Es
with ||ul| x, < Ra, we get

Ak =7y

(4.19) Fu(w)) > =5 |u@)P,
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for a.e. z € R".
Moreover, if u € Eo, then

k
u = E ;65
i=1

for suitable a; € R, where i = 1,..., k. Owing to (2.4) and (2.5) one has

k k
lullk, =3 oleseihxe = 3 a2, /Q ()] dz < Ay /Q ()2 da.
=1 i=1

This fact and (4.19) imply that for any u € Ey with ||u||x, < Rz we have

1 v Ak —
Tk, ~(u) < §HU||§(O - §||UH%2(Q) I ||U||%2(Q)
M o

2 Y2 -7 2
< 5 lullie) = Sllullze) — —5— llullzz@) =0,

which clearly means that (4.13) holds true.

Choosing R := min{R;, Ra}, we get that (4.12) and (4.13) are satisfied. Hence the
geometric features required by Theorem 8 are respected by the functional Jk - .

By (4.12) and (4.13) it is easily seen that

inf <0.
ulenXOJK,v(u) 0

If in)g Jk,~(u) = 0, then, by (4.12) we get that Jx (u) = 0 for every u € Ey with
ueXo

llullx, < R. This fact implies that all the functions v € EFy with ||ul|x, < R are weak
solutions of problem (1.1).
On the other hand, if in)f( JK,~(u) < 0, Theorem 8 ensures the existence of at least two
ucX0

nontrivial critical points for the energy functional Jk . Anyway, we have the existence of
at least two nontrivial weak solutions for problem (1.1). The proof of Theorem 2 is now
complete.

5. SOME FINAL COMMENTS

The results stated in Theorem 2 still holds true if the function f = f(t) is replaced with
f = f(x,t), that is, more precisely, if f: Q2 x R — R is a Carathéodory function such that

t t
(5.1) —o00 < liminf f(z,) < lim sup f@,t)

[t|—o0 |t|—o00

< A1 — v uniformly a.e. x € Q

there exist an integer £ > 1 and a constant ¢ > 0 such that

(5.2) f(;;,t) > A\, — 7y for every 0 < |t| < 0 uniformly a.e. x € Q

fz.1)
t

and limsup < Ag11 — ¥ uniformly a.e. x € Q.

t—0
In this case we just need more care in proving the estimates on f and its primitive ' we
used along the proofs of our results.

Finally, we just would like to recall that very recently in [32] Teng studied the existence of
two nontrivial solutions for a parametric nonlocal hemivariational inequalities with Dirich-
let boundary condition, by using a non-smooth critical point theorem due to Arcoya and
Carmona [2]. For completeness we just point out that, by using a non-smooth version of the
Brezis-Nirenberg result obtained by Wu in [33, Theorem 2.3], our approach can be exploited
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for proving the existence of two nontrivial solutions for nonlocal differential inclusions of
the form

(5.3)

—Lgu+ a(z)u € dj(x,u) in Q
u=20 in R™\ €,

where j is a suitable measurable function such that j(z,-) is locally Lipschitz continuous
for a.e. x € Q. Here 0j(x,-) denotes the generalized subdifferential in the sense of Clarke.

APPENDIX A. THE BREZIS-NIRENBERG THEOREM IN THE PRESENCE OF SPLITTING

In order to prove the multiplicity results stated in Theorem 1 and Theorem 2 our main
tool is given by the celebrated critical point theorem in the presence of splitting established
by Brezis and Nirenberg in [6, Theorem 4]|. For reader’s convenience and for making this
paper self-contained, we recall it here below:

Theorem 8 ([6, Theorem 4]). Let (E,|| - ||) be a Banach space such that E = Ey & FE,
with dim By < co. Let T € CY(E) with Z(0) = 0, satisfying the Palais-Smale condition and
assume that, for some R > 0

Z(u)
Z(u)

0 foru € Ey with ||ull
0 foru € Ey with ||ull

R

(A1) o

<
<

AN\

Assume also that T is bounded from below and infEI(u) < 0.
ue

Then, I has at least two nontrivial critical points.

Condition (A.1), which means that the functional Z has a local linking at 0, was introduced
by Liu and Li in [12]. Together with the Palais-Smale condition, the local linking property
and the boundedness from below of the functional Z are the main assumptions in Theorem 8,
whose proof is based on Ekeland’s variational principle and on a general deformation lemma.
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