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EXISTENCE OF SOLUTIONS FOR A CLASS OF ELLIPTIC
SYSTEMS IN RY INVOLVING THE p-LAPLACIAN

ALI DJELLIT & SAADIA TAS

ABSTRACT. Using a variational approach, we study a class of nonlinear ellip-
tic systems derived from a potential and involving the p-Laplacian. Under
suitable assumptions on the nonlinearities, we show the existence of nontrivial
solutions.

1. INTRODUCTION

In this paper, we deal with the nonlinear elliptic system

F
—Apu = g—(az,u, v) inRY,
u (1.1)

OF
~AY =y

The nonlinearities on the right hand side are the gradient of a C'-functional F'
and A\, is the so-called p-Laplacian operator i.e. Ayu = div(|Vu[P~?Vu); u and
v are unknown real-valued functions defined in R and belonging to appropriate
function spaces; 1 < p, ¢ < N. Many authors studied the existence of solutions for
such problems (equations or systems) for which explicit solutions generally can not
be given.

We observe that there exists a vast literature on the use of the Mountain Pass
Theorem. Before stating our main theorem, we recall some work about some non-
linear problems: Rabinowitz [11] investigated a class of superlinear Schréodinger
equations of the form —Au+ ¢(z)u = f(z,u) defined in RY using a variational ap-
proach based on a variant of the Mountain Pass Theorem. The nonlinear function
verifies |0f/0u| < alulP~ 4+ b; a and b are positive constants; 1 < p < 2* — 1 (in
this case, the equation is said superlinear). Yu [14] obtained sufficient conditions on
the nonlinearity for the existence of positive solutions for some nonlinear equations
of the form — div(|a(z)Vu""? Vu) = b(a)|u|P"2u 4 f(z,u) defined on a smooth
exterior domains; a(z) and b(x) are smooth functions. Costa [4] studied a class of
elliptic systems —Au + a(x)u = f(z,u,v); —Av + b(x)v = g(x,u,v) in RY; with
(f,g) = VF, the potential F' is nonquadratic at infinity. The partial derivatives
satisfy the conditions |V f(x,U)| + |Vg(z,U)| < c(1 + |UP71);1 < p < 2* — 1 if

(z,u,v) in RV,
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N>3(orl1<p<+4ooif N=1,2). Do O [9] considered a non-autonomous per-
turbed eigenvalue problem involving the p-Laplacian of the form —Apu = f(z, u)
defined in R”; the nonlinearity f interacts with the first eigenvalue of a correspond-
ing problem, and also verifies the following estimate |f(z,u)| < @(x)|u|” 4+ (x)|u|®;
@(x) and ¥(x) are suitable functions; 0 <r <p—1<s < p* —1.

In this work, we show the existence of nontrivial solutions for System (1.1)
in homogeneous Sobolev spaces under mixed subcritical growth conditions; the
primitive F' being intimately connected with the first eigenvalue of an appropriate
system. Using a weak version of the Palais-Smale condition, due to Cerami [5],
we can apply the Mountain Pass Theorem to System (1.1). Our main goal in this
article is to illustrate how the ideas introduced in [4, 9, 11] can be applied to handle
the problem of existence of nontrivial solutions for System (1.1).

This paper is organized as follows. In section 2, we present some preliminary
results and definitions; we also introduce precise assumptions under which our
problem is studied. We reserve the section 3 for the proof of the main result.

2. NOTATIONS AND HYPOTHESES

We first recall some standard definitions and notations. Let Z be a reflexive
Banach space endowed with a norm || - ||. Let I € C1(Z,R). We say that I satisfies
the Cerami condition, denoted by (C) condition, if every (w,) € Z such that

[I(wn)| <c and (14 [lwa|)I'(wn) — 0

contains a convergent subsequence in the norm of Z.

For 1 <m < N, let m* = ]\J,Vf";‘n be the critical Sobolev exponent of m.

Let DY™(RY) be the closure of C§°(RY™) with respect to the norm |ul|1,, =
1/m
IVull, = (fRN |Vu\’”da:) . DY™(RY) is a reflexive Banach space and may

be written DV™(RN) = {u € L™ (RY) : Vu € (L™(RY))N 1. Moreover, Sobolev
imbedding holds; in fact there exists a positive constant ¢ such that [Ju, <
c||ull1.m for all u € DV™(RY) (see [13]).

Now we denote by Z the product space DVP(RN) x DV4(RN) ; Z* designates
the dual space equipped with the dual norm || - ||..

For (u,v) in Z, we define the functionals I, J, K by

1 1
T, v) = Cllullyp + S0l

K(u,v) = /]RN F(x,u(x),v(z))dz,
I(u,v) = J(u,v) — K(u,v).

In this article we use the following hypotheses:

(H1) F e (RN x R?,R) and F(z,0,0) = 0.
(H2) For all U = (u,v) € R? and for almost every z € RV

oF
15, (@ Ul < a1 (@)|U["* 7 + ag(2)|U]> 7,
or

15, @ Ul < by (2)|U11 ™ + by () |U |
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Here 1 < p1, 1 < min(p,q), max(p,q) < p2, @2 < min(p*,q*), a; €
Lo (RN)Y N LA (RY), b; € L (RN) N L% (RN), i = 1,2.

opr-p Y ¢ —q
P q Pq*
ﬂi: %k * x 7 5i: % ok * *
prq¢t —p*(pi—1)—¢q Pq* —q* (g —1)—p

(H3) UVF(x,U) — F(x,U) < 0, for all (z,U) € RY x R? — {(0,0)}, where
VF = (%£,2E). This type of condition has been introduced by Costa [4].

(H4) At last we suppose the existence of two positive and bounded functions
a € LN/P(RN) and b € LN/9(RN) such that

lmsup — PAE@ Oy PAIF@ O
wj—o0 qa(z)|ul’ + pb(z)[v|? U|—+o0 qa(z)|ul? + pb(z)|v]

Putting

1 1
A= {(u,v) €Z: 7/ a(@)|ulPdx + f/ b()|v]%dz = 1},
D Jry q Jr~
A1 = infp J(u,v) is the first eigenvalue of the system
—Apu = Aa(x)ulP?u in RY,
—Agv = Mb(z)|v|9%v  in RV,

Remark The hypothesis (H4) is related with the interaction of the potential F’
and A;. Costa [4] was the first to introduce such assumption. A variant of this
condition appeared in Do O [9]. An example of such functions is

(2.1)

F(z,u,v) = —a(m)|u|°‘\v\5; max(p,q) < a, f < min(p*, ¢*).

It is easy to prove that F satisfies (H1), (H3) and (H4). In order to obtain (H2),
we use Young’s inequality.

3. EXISTENCE OF SOLUTIONS
Taking into account the above hypotheses, we have some assertions.

Lemma 3.1. Under Hypotheses (H1) and (H2), the functional K is well defined
and is of class C' on Z. Moreover, its derivative is

K'(u,v)(w,2) = -/RN(gi‘(x,u,v)w + aa—f(m,u,v)z)dm Y(u,v), (w,2) € Z.

Proof. K is well defined on Z. Indeed, for all (u,v) € Z and by virtue of (H1) and
(H2), we have
“OF

F(z,u,v) = —(z,s,v)ds + F(x,0,v)
0 Js

“OF v OF
= _— _ F
/0 s (z,s,v)ds —l—/o s (2,0,s)ds + F(x,0,0)
and

F(z,u,v) <cilar(@)(Jul™ + o ~ul) + az(z) ([ul? + o~ ul)
+ 01 (@)[o]™ + by (@) |v]=].
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Using Holder’s inequality and Sobolev’s imbedding and the fact that a; € L% (RY)N
LP(RN), b; € LY (RY), we get

/ F(z,u,v)dx
RN

—-1
< c2(laflay Nulltly + llaallg 0l lullp + llazllas [lulli?,

—1
+llasllg, 10177 lellp + 101l 1013 + 1b2ll2llvlIT2) < oo
Observe that K'(u,v) is also well defined on Z since

OF
- a—u(x, u,v)wdr <cs (||a1 [y |22

p1—1
1.q

p1—1
1.p

+llaallg llv]
-1 -1
+ llazlla lully% " + llazlls, IlvIT7 )Ilwlll,p < oo

and

oF -1 -1
[ G o)sde <ea(lbal Jullty” + Il ol

-1 —1
+ [1b2llss el + 102l V11T )Ilz

1,q < +00.

Now, we show that K is differentiable in sense of Fréchet at each point (u,v) of Z
i.e. Ve > 0, there exists § = (e, u,v) > 0 such that (|Jw||1, + [|2]]1,4) < ¢ implies

K (u+w, 0+ 2) = K(u,v) = K'(u,0)(w, 2)| < ellwll1p +Iz]l1.q)-

Let Bg be the ball of radius R, centered at the origin of RY. We put Bj =
RY — Bgr and we define a functional Kr on D'?(Bg) x DY4(Bg) by Kr(u,v) =
[, F(z,u(x),v(z))dz. Taking (H1) and (H2) into account, it is well-known that
Kr € CY(DY?P(Bg) x D(Bg)) and for any (w,z) € D*?(Bg) x DY9(Bg), we
have

F F
Kr(u,v)(w, z) = /BR(gu(x,u,v)w + %(m,u, v)z)dz.
Moreover, K7, is compact from Z to Z* (see [9, 10, 12]). On the other hand, for all
(u,v) , (w,z) € Z, we have
|K(u+w,v+z) = K(u,v) — K'(u,0)(w, z)|
< |Kr(u+w,v+2) — Kg(u,v) — Kp(u,v)(w, 2)|
OF OF
+ | (F(z,u+w,v+ 2) — F(z,u,v) — — (z,u,0)w — — (x,u,v)z)dz|.
B, ou v
By the Mean-value theorem, we can write
OF OF
F(z,u+w,v+2) — F(z,u,v) = —(z,u + 1w, v)w + — (z,u,v + 022)z,
ou Ov
for 01,65 €]0,1[. By the growth condition (H2) and the fact that for i = 1, 2,

laillLe: sy + llaills: sy — 0,

(3.1)
16ill L By, + [1bill L5 () — 0,
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as R — oo, we obtain for R sufficiently large that

| Bk(F(m,u +w,v+z2) — Fz,u,v) — g—u(x,u,v)w - g—lj(m,u, v)z)dz|

< e([lwll1p + l12]l1.q)-

We have only to show that K’ is continuous on Z. Let (un,v,) — (u,v) in Z. For
(w,z) € Z , we have

| K" (i, 0n ) (w, 2) = K (u, v) (w, 2)]

= |K;%(unvvn)(w7 z) — K}—i(u,v)(w, z)|

oF oF
+ | B;{(%(x’umvn) + %(zr,u,v))wdﬂ

oF or
F1f CGytenen) + G e )adal
Then K% is continuous on D'?(Bg) x DV9(Bg) (see [9, 11]). The first expression
on the right hand side of the above equation tends to 0 as n — +o00; we use (H2)

and (3.1) to prove that both the second and the third expressions tend also to 0 as
R sufficiently large. O

Remark The functional J is of class C! on Z and its derivative is

I (u,v)(w, 2) = /

RN

|Vu|p72Vqudx+/ |Vo|T2V oV zda.
RN

Lemma 3.2. Under assumptions (H1) and (H2), K' is compact from Z to Z*.

Proof. Let (un,v,) be a bounded sequence in Z. Then there is a subsequence
denoted again (uy,, v,) weakly convergent to (u,v) in Z. As before, we write

|K' (tn, vn) (w, 2) — K’ (u,v)(w, 2)|
= |K;?,(umvn)(wvz) - K;%('%U)(wvz)l

oF F
+ | Bk(%(x7un,vn) - %(x,u,v))w dl‘|
oF oF

+ | B%(%(%Umvn) — %(x,u,v))zdx\.

Since the restriction operator is continuous, we have (uy,,v,) — (u,v) in D¥?(Bg)x
D%4(Bp). Because of the compactness of K, the first expression on the right hand
side of the equation tends to 0 as n — +00; as above both the second and the third
expressions tend also to 0 as R sufficiently large. g

Lemma 3.3. If (H1), (H2), and (H3) hold then I = J — K satisfies the condition
(C).
Proof. Let (un,v,) C Z such that

(3) |1(un,v0)] < c. *
(1) (1+ [[tnl1+ [0nll1.0) T (s ) = 0 Z°, a8 0 — +ox.
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From (ii), we have I'(up,v,)(w,z) < e, — 0 as n — 400, V (w,2) € Z. In
particular, for (w, z) = (uy,,v,), we get
I/(unavn)(unavn)
oF oF
= ”un”Zl),p + ”vnH({,q - AN(%(xa unv'vn)un + %(xvunvvn)un)dx <eén.

On the other hand,
1 1
(tnyvn) = ~un 2, + = lom?., - / F(z, tn, v)dz < c.
p q RN

Then, taking (H2) into account, we get
en+ > I (Un,vn)(Un,vn) — I(Un,vn)

1 1
=(1- ];)||Un||f,p +(1- §)||Un||(f,q
OF oF
+ /]RN (F($7unavn> - %(l‘aunavn)un - %(xaunavn)vn)dx

1 1
> (1- ];>||un||’f,p +(1- g)llvnll‘f,q~

Hence, (up,v,) is bounded in Z. There is a subsequence denoted again (uy,,v,)
weakly convergent in Z. Since K’ is compact, K'(u,,v,) is a Cauchy’s sequence in
Z". We have J'(u,v) = I'(u,v) + K'(u,v),¥(u,v) € Z and

(J/(un,’l}n) — J/(um,'um))(un — U, 0)
= / (|Vtun P2V — [V [P 2V ) (Vi, — Vi, )dz.
RN

Observe that for all A, u € RV,

A= gl < (AP72X = [P~ 2 ) (X — p) if p>2,
ZLLOAP=2A = =2) (A = )]/ (A + |u) &PP/2 if 1 < p <2,

(see [6, 15]). Substituting A and p by Vu, and Vu,, respectively and integrating
over RY, we obtain

Hun - u7rL||11,7p S (J/(un7’un) - J/(unuvm))(un - unuo)a lfp Z 2

and
P

l|n — “m”%,p < |(JI(UmUn) - J/(umvvm))(un - um»0)|(‘|un”11),p + ||um||11),p) 2,
if1<p<2.

Since (uy) is bounded in DVP(RY) and (J(un, vn) — J' (Wm, Um)) (U — tm, 0) —

0 as n,m — +oo, then (u,) is a Cauchy’s sequence in DVP(RY). Hence (u,,)

converges in DVP(RY). In the same way, we prove that (v,,) converges in DL4(RY).
t

Moreover the functional I = J — K verifies the geometric conditions of the
Mountain Pass Theorem, summarized in the following lemma.

Lemma 3.4. Under Assumptions (H1), (H2), (H3), and (H4), the functional I
satisfies
(I1) There exist p, o > 0 such that ||ul]1,p + ||v||1,q = p implies I(u,v) > o > 0.
(12) There exists E € Z such that ||E|lz > p and I(E) < 0.
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Proof. By (H4), there exists p > 0 such that

1 1
lellip +lvlhg = p = Fz,u,v) < M (Ca(@)ul” + 2b(@)ol").

The variational characterization of A (see [7]) gives

1 1
F(z,u,v)dz < =|lu|? )4 ..
[, Flauode < Sl + 2l

Then there exist p, o > 0 such that ||ul|1,p + ||v||1,q = p implies I(u,v) > o > 0. Let
(p,1) be an eigenfunction associated with A;. In view of (H4), we get for ¢ > 0
and t sufficiently large,

1 1 t t
F(z,trp,taeh) > (M + 6)(;@(%)&0\” + gb(ﬂs)liblp)
Hence
1 1 t t 1 1
roti) =L [ veparr L [ vupde— [ P ie v
P JrN q JrN RN

t t
S,/ Wﬂ%m+—/ V| dz
D JrN q JrRN

~u+9)(; /RN a(@)olPda + é/RN b))
<—tes [ a@lepde s [ v@ps)

we deduce that limg_, 4o I(t7 o, t1/9%) = —co. So, for t large, I(t/Pyp, t1/93) < 0.
Consequently, the functional I has a critical value. Note that the critical points
of I are precisely the weak solutions of System (1.1). O

Now, we can state the main theorem.
Theorem 3.5. System (1.1) has at least one nontrivial solution (u,v).

Proof. In view of Lemmas 3.3 and 3.4, we can apply the Mountain-Pass theorem
(see [8, 10, 13]) to conclude that system (1.1) has a nontrivial weak solution. [
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