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ABSTRACT. We prove the existence of nontrivial solutions to the system
Apu = |ulPu, A= |v|? 0,

on a bounded set of RY, with nonlinear coupling at the boundary given by

u

ov

The proofs are done under suitable assumptions on the potential F', and based on vari-
ational arguments. Our results include subcritical, resonant and critical growth on F.

|VulP™?Z= = F,(z,u,v), |Vu|q_2% = Fy,(z,u,v).

1. INTRODUCTION.

In this paper we study the existence of nontrivial solutions of the quasilinear elliptic
system

(1.1) Apu = [ulP2u, A = |v|i % in Q,
with nonlinear coupling at the boundary given by

p—20u g—20v

ov ov

Here € is a bounded domain in RY with smooth boundary, Ayu = div(|Vu[P~2Vu) is
the p—Laplacian, % is the outer normal derivative and (F), F,) is the gradient of some
positive potential F': 02 x R x R — R with precise hypotheses that we state below.

(1.2) |Vul = F,(z,u,v), |Vv| = Fy(z,u,v) on 092.

Existence results for nonlinear elliptic systems have deserved a great deal of interest in
recent years, in particular when the nonlinear term appears as a source in the equation
complemented with Dirichlet boundary conditions. For this type of result see, among
others, [2, 3, 7, 9, 10, 11] and the survey [8]. There are two major classes of systems
that can be treated variationally: Hamiltonian and gradient systems. Here we deal with
a gradient problem. The Hamiltonian case (for p = ¢ = 2) was analyzed in [13, 14, 22].
Problems with no variational structure can be treated via fixed-point arguments. For
example (1.1) with nonlinear boundary conditions, p = ¢ = 2 and without variational
assumptions has been studied in [15].
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For (weak) solutions of (1.1)—(1.2) we understand critical points of the functional

p p q q
(1.3) f(u,v):/ [Vl +’u|dx+/ Vel —i—Mdac—/ F(z,u,v)do.
Q P p Q 49 q oQ

where do is the boundary measure.

The geometry of F is similar to the one of the functional

Fi(u) = 11)/ |VulP + |ul? dx — / F(z,u)do
Q o0

which corresponds to a single quasilinear equation with nonlinear boundary conditions.
The functional F; was studied in [16] where essentially the case F'(x,u) = |u|" was consider.
Recently, in [12], the functional F; was studied where the potential F' was allowed to
change sign.

However, some interesting phenomena appear in (1.3) due to the coupling in the system
(1.1)~(1.2). Our results for (1.1)—(1.2) generalize the ones in [16] both to systems and to
more general potentials.

In [2] the functional
F(u,v) :/ |VulP + |Vu|tdx — / F(z,u,v)dx
Q Q

was analyzed. In this paper we extend their results to the nonlinear boundary condition
case and moreover some new results are obtained. For instance, multiplicity results in the
subcritical case with an oddness condition on F' and, mainly, existence results with critical
growth.

Let us introduce the precise assumptions of F. From now on, we fix 1 < p, ¢ < N,
and so the functional F will be defined in the Banach space WP(Q) x W1¢(Q). Of
course, the growth of F' has to be controlled in order for F to make sense for (u,v) €
WLP(Q) x WH4(Q). According to the Sobolev trace embedding, we impose

(F1) [F (2, u,0)| < O(1+ Jul? + |v[*),

where p, = p(N —1)/(N —p) and ¢. = ¢(N — 1)/(N — q) are the critical Sobolev trace
exponents and C' is some positive constant. With (F1), as WHP(Q) — LP+<(9Q) and
Wha(Q) — L9 (09) by the Sobolev trace Theorem, we have that F is well defined.

In order to apply variational techniques, we need the functional F to be C'. To this
end, (Fy) is not enough. One has to consider the stronger assumption

— x(px—1)
F |lu(3;‘,u,v)| <C< _|_‘up* 1 |U‘q*>
( ) i 1 -1 px(gx—1)
| v(l"u’ U)| <— C < |’U’q* |U| I > .

One can easily check that (F2) implies (F;) and under (F3), it follows that critical points
of F are weak solutions of (1.1)—(1.2).

Now, the geometry of F depends strongly on the precise growth of the potential F.
That is, on the exponents r and s in the inequality

(F3) |F (2, u,0)] < C 1+ Ju]” + |v]*),
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where r < p, and s < g.

We will distinguish mainly four different cases:

(1) r < pand s < ¢q. (Sublinear-like)
(2) r=pand s = ¢q. (Resonant)
(3) p<r <psand g < s < g (Superlinear-like, subcritical)
(4) r = px and s = ¢,. (Critical)
Of course, the case of interest is
(Fyq) F(x,0,0) = Fy(x,0,0) = Fy(x,0,0) =0, for x € 09,
then u = v = 0 is a trivial solution of the system (1.1)-(1.2).

First, we turn our attention to the superlinear and subcritical case (3).

In order to verify the Palais-Smale condition, we need to impose the following assump-
tion: There exist R > 0, 6, and 6, with

0, < ;, 0, < ;,
such that
(Fs) 0 < F(z,u,v) < OpulFy,(x,u,v) + 0uFy(z,u,v),
for all x € 9 and |ul,|v| > R.
We have,

Theorem 1.1. Assume that the potential F satisfies (F2), (F3) with r,s as in (3), (F4)
and (F5). Assume moreover that there exists constants ¢ > 0 and € > 0 and p, > T > p,
q« > 8§ > q such that

(Fe) |F (2, u,0)] < c(ful” +[v]*),  fora € dQ, |ul,|v| <e.

Then F has a critical point. If, moreover, F is even then F has infinitely many critical
points which are unbounded in WHP(Q) x WHi(Q).

Case (1) is similar in nature to a sublinear problem for the usual Laplacian. So, direct
minimization yields a nontrivial solution. However, under a hypothesis similar to (F5) we
can show the existence of infinitely many solutions (of course, with an oddness assumption
on F'). The condition is: There exists R > 0, 6, and §, with

1 1
O, < —, 04<—,
b q
such that

(F7) QPU’FU(‘r7 u, U) + GQUF’U(xﬂ U, U) - F(x’ u, U) > _C(|u‘r + |’U|$),
for all x € 0Q and |ul, |v| > R.
We have the following.

Theorem 1.2. Assume that the potential F satisfies (Fg), (F3) with r,s as in (1) and
(F4). Then F has a nontrivial critical point providing there exists a constant R >0, 6 < 1
and a continuous function K : 0Q x R x R — R such that

(Fg) F(:U,t%u,t%v) > 'K (z,u,v),  forx € dQ, |u|,|v| <R, and smallt > 0.
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If, moreover, F is even and (F7) holds, then F has infinitely many critical points which
form a compact set in WIP(Q) x WhHi(Q).

The case (2) is a resonant problem. So there is an underlying (nonlinear) eigenvalue
problem. In this case, it is natural to assume a condition on F' that implies that the
functional F satisfies the so-called Cerami condition (see (5.5)). This assumption is, there
are positive constants ¢, R, a,b with 0 < a < p, 0 < b < g such that

1 1
(F9) 7’UJFU('T7U)U) + 7UFU('T?U>U) - F(:v,u, U) > C(|u‘a + ”U|b)7
p q

for x € 09, |u|,|v| > R. This type of condition was introduced, for the Dirichlet boundary
condition case, by [5, 6].

In order to avoid resonance, we need to understand the underlying eigenvalue problem.
A similar eigenvalue problem for the Dirichlet boundary condition case, was introduced in
[2]. Let G : R? — [0,00) be a C! positive even function such that

(G1) G(t%u,t%v) = tG(u,v).
(Ga) G (u,v) < k(jul” + [v]?)

The eigenvalue problem is
Apu = |ulP~2u, Ay = |v|7 20, in Q,
(1.4)
|Vu|p_2% —aGy, = NulP~2u, |Vv|q_2% —aGy, = Mv|972v, on 09,
where a € L>°(09).

We will see that problem (1.4) has a first eigenvalue Aj(a). So in order to avoid res-
onance, we assume that there exists positive numbers R and ¢, and a,b € L (992) such
that

A(a) <0, F(z,u,v)
A(b) >0, F(x,u,v)
where G and G satisfy (G1).

We have the following,

a(x)G(u,v),  |ul,|v| = R,

(F10) b(z)G(u,v), |u|,|v| <e,

Theorem 1.3. Assume that the potential F' satisfies (Fa), (F3) with r and s as in (2),
(Fa), (Fg) and (F19). Then the functional F has a nontrivial critical point.

Now we turn our attention to the critical case (4). As it is well known, the compactness
in the immersion WP (Q) x W14(Q) — LP=(92) x L (99) fails, so the functional F does
not verify the Palais-Smale condition. However, by applying the compensated compactness
method (see [18, 19]), we can prove that F satisfy a local Palais-Smale condition that will
suffices to apply the usual variational techniques.

The hypotheses on the potential ' in order to apply the compensated compactness
method are

(F11) F(z,u,v) = Fx(z,u,v) = F(x,u,v) + \F*(x, u,v),
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where F is the critical part of F\ and F* is a subcritical perturbation, that verifies (F3)
with 7 and s as in (1) or (3).

The hypotheses on the critical part F¢ are: there exist two constants ¢, C' > 0 such that
(F1) cuf* +[o]*) < Fi(z,u, v)u+ Fi(z,u,0)v < C(u[* 4 [v]™).

(F$) c(|ulP + [v|?) < O,F(z,u,v)u + 0, F5 (z,u,v)v — F(z,u,v),

where 6, and 6, are defined for the two cases in (F5) and (F7).

For the subcritical perturbation F'*, we need also to impose the following condition,
(F3) Fi (@, u,0)u + Fi(@,u,0)0 < O+ [uf” + [o]).

We have the following theorem.

Theorem 1.4. Assume that F satisfies (F11) with F* satisfying (F2), (F3) with r and
s as in (3), (F4), (F5) and (F}) and F° satisfying (F{) and (F5). Then there exists a
constant A > 0 such that, if \ > A, F has a critical point in WP(Q) x Wh4(Q).

Finally, for sublinear perturbations we have,

Theorem 1.5. Assume that F satisfies (F11) with F*® satisfying (F2), (F3) with r and
s as in (1), (Fa), (F7) and (F3) and F° satisfying (F§) and (F§). Then there exists a
constant A > 0 such that, if 0 < A < A, F has a nontrivial critical point. Moreover, if F
is even then F has infinitely many critical points in W1P(Q) x Wh4(Q).

The rest of the paper is organized as follows: In section 2 we show some classes of poten-
tials that verifies our hypotheses in each case. In section 3, we deal with the superlinear-like
and subcritical case (Theorem 1.1). In section 4, we analyze the sublinear-like case (The-
orem 1.2). Then, in section 5 we study the resonant case (Theorem 1.3) and also the
eigenvalue problem (1.4). Finally, in the last two sections, section 6 and section 7, we deal
with the critical cases (Theorem 1.4 and Theorem 1.5 respectively).

2. EXAMPLES OF POTENTIALS

In this section we exhibit examples of potentials that fulfil our hypotheses. Most of our
examples are borrowed from [2].

Ezample 2.1. F(z,u,v) = a(x)|u|"+b(x)|v|*, where a,b € L>®(09) are positive. Of course,
these potentials are of little interest because they give rise to two uncoupled PDEs.

Ezample 2.2. F(x,u,v) = a(z)|u|*v|?, where a € L>®(9Q) is positive. This potential
verifies (F1)—(Fy4) if
@ By
Px qx
Now, if we have strict inequality, we are in the subcritical cases (1)—(3). To avoid resonance,
we need 5
o, B_,
r s
where r # p and s # ¢. In this case the hypotheses (F1)—(Fg) are satisfied. Theorem 1.1

and Theorem 1.2 hold true for these potentials.
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Ezample 2.3. F(x,u,v) = c(x)|ul? 4+ d(z)|v|? + e(x)|u|*|v|?, where ¢,d,e € L>®(0S) are
positive functions and

g+£:1_
p q

In this case, hypotheses (F1)—(F4) and (Fyg) are satisfied. To see that (Fyg) is also verified,

we can take G(u,v) = G(u,v) = %|u\p + %|v\q and a(x) = —M, b(x) = M where M is a
(large) positive number. Then A;(a) = min{A; p, A ¢} —M and A;(b) = min{ p, A g} +M
where A, is the first eigenvalue of

Apu = |[uP~2y in Q
\Vu|p_2%q; = Mu[P~2u  on 09,
For properties of this eigenvalue problem we refer to [16, 20].

Ezample 2.4. F(z,u,v) = F)(z,u,v) = F(x,u,v) + \F*(z,u,v) and F*(z,u,v) is as in
Example 2.2 and F(z,u,v) = b(x)|uP* + c(x)[v]|% + d(z)|u|*v|?, where b, c,d € L>®(05)
are positive functions and

@, By

Dx g«
It is now easy to check that F)\ verifies our hypotheses needed in Theorems 1.4 and 1.5,
provided that the perturbation F'® is either sublinear-like or either superlinear-like and
subcritical.

3. SUPERLINEAR AND SUBCRITICAL CASE. p <1 < p. AND ¢ < s < ¢4

The following Lemma, that will be helpful in order to prove the Palais-Smale condition,
was proved in [16].

Lemma 3.1 ([16], Lemma 2.1). Let ¢ € W1P(Q)’ (the topological dual space of WP(1)).
Then there exists a unique weak solution u € WHP(Q) of

—Apu+ |uPu = ¢.

Moreover, the operator A, : ¢ — u is continuous.

With this Lemma we can verify the Palais-Smale condition for F.
Lemma 3.2. The functional F satisfies the Palais-Smale condition.
Proof. Let (ug, v )k>1 C WHP(Q) x Wh4(Q) be a Palais-Smale sequence, that is a sequence
such that
(3.1) F(ug,vg) — ¢ and  F'(ug,vg) — 0.

Let us first prove that (3.1) implies that (ug,vg) is bounded. From (3.1) it follows that
there exists a sequence €, — 0 such that

[F (g, vi) (w, 2)| < ex(lwllwrogg) + 12lwrae),  V(w,2) € WHP(Q) x WH(Q).
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Now we have, by (F5),
e+ 1> F(up, vp) — F' (up, v) (Opuug, Oqvre) + F' (up, vi) (Bpuug, Ogvr)

1
2<p%>wmwwm+< %)Wqu o ) By, Bvr)

1
> (5= 00 Il + (5 = 00) Ikl

- Ek(gpuuk”wlp +6 Hkawl a Q))
hence, (ug,vg) is bounded in Wl’p(Q) x Whi(Q).

By compactness we can assume that (ug,v) — (u,v) weakly in WHP(Q) x Wh4(Q)
and (ug,vr) — (u,v) strongly in L"(92) x L*(0N) and a.e. in 0Q. Then, as p < r < p,
and g < s < gy, it follows that, F,(z,ug,vx) — Fy(z,u,v) in Lr- (0Q) and Fy(x, ug,vg) —
F,(z,u,v) in L% (dQ) and hence in W'P(Q) x Wh4(Q)". Therefore, according to Lemma
3.1,

(uk, vi) = (Ap(Fulz,u,v)), Ag(Fo(z, u,v))), in WHP(Q) x WH(Q).
This completes the proof. Il

Proof of Theorem 1.1. Existence part. The fact that F is C! is a straightforward adap-
tation of the results in [21]. The Palais-Smale condition was already checked in Lemma
3.2.

Hypotheses (F3), (F4), (Fg) guarantee that we are in the geometrical assumptions
needed to apply the Mountain Pass Lemma (see [21]). In fact, from the Sobolev im-
mersion theorem, we obtain

1 1
Flut) =il + g0l — | Flauo)do

1 1
>l + 1l — O+ Tolliangy + i)
=g([lullwro@), [vlwia@)
where g(z,y) = %J}p + %yq —C(2" 4+ y%). As# > pand § > ¢q, F(u,v) > 0in 0 <
[ullwre@) + [[vllwraq) < pand F(u,v) > ¢ >0 on ||lullwirq) + [vlwiaq) = p-

As in [2], one can check that (F5) implies that there exists a positive function K (z,u,v)
such that

(3.2) F(x, t%u, t%0) > tK (z,u,v),
from where it follows that there exists (ug,vo) € WP(Q) x Wh4(Q) with F(ug,vg) < 0.
Therefore we have a nontrivial critical point of F. O

Now, in order to prove the multiplicity result when F is even, we introduce a topological
tool, the genus, that was introduced in [17] but we will use an equivalent definition due
to [4]. Given a Banach Space X, we consider the class

Y={ACX: Aisclosed, A= —A}.
Over this class we define the genus, v : ¥ — NU {o0}, as
v(A) = min{k € N: there exists ¢ € C(A,RF — {0}), ¢(z) = —p(—x)}.
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We will use the following Theorem whose proof can be found in [1],
Theorem 3.1 ([1], Theorem 2.23). Let F : X — R wverifying

(1) F € CH(X) and even.

(2) F werifies the Palais-Smale condition.

(3) There exists a constant r > 0 such that F(u) > 0 in 0 < ||ul|x < r, and F(u) >
c>0if Jul|lx = 7.

(4) There exists a closed subspace E,, C X of dimension m, and a compact set Ay, C
E,, such that F < 0 on A, and 0 lies in a bounded component of E,, — Am in
E,,.

Let B be the unit ball in X, we define

={heC(X,X) : h(0)=0, his an odd homeomorphism and F(h(B)) > 0},
and

Km={KCX: K=-K, K is compact, and y(K Nh(0B)) > m for all h € I'}..

Then,

— inf F
o = JB, T

is a critical value of F, with 0 < ¢ < ¢y < 1 < 00. Moreover, if ¢y = ¢ = -+ =
Cmtr then y(Ke,,) > 1+ 1 where K., ={u e X : F'(u) =0, F(u) =cn}.

End of the proof of Theorem 1.1 . We need to check the hypotheses of Theorem 3.1. Hy-
pothesis (1) is a direct consequence of the oddness assumption on F. Hypotheses (2) and
(3) were already verified. Finally, to verify (4), let us consider a sequence of subspaces
E., € WHP(Q) x WH4(Q) of dimension m such that E,, C E,y1 and |ul, |v] # 0 on 9Q
for (u,v) # (0,0), (u,v) € Ey,. Hence,

min K(z,u,v)do >0
(u,v)€Bm J o

where By, = {(u,v) € Ep, ¢ [0 K(x,u,v) do = 1}. Now we observe that, using (3.2),

) )
F(t%u, %) ggHuH%ﬂp + gHUHq N — min / F(x, t%u, t%v) do
p PO g WD) )€ Jaq
0o tPaq
SiHuH%/l,p(Q) + 7”””%{/14(9) - Ct.
p q
for all (u,v) € By, and then for t > t¢, (4) follows by taking A,, = toBy,. O

To end this section, let us see that the critical points of F that we have found are
unbounded in WHP(Q) x W14(Q). The arguments follow closely the ones given in [16].
We only sketch them for the convenience of the reader.

The result will follow from the next lemma,

Lemma 3.3. Let (¢;,) C R be the sequence of critical values given by Theorem 3.1. Then
lim,y, 00 Cm = 00.



GRADIENT ELLIPTIC SYSTEM 9

Proof. Let
M = {(u,v) e WhP(Q) x Whi(Q) : u,v #0,

1 1
V4 T
5 o) < Il ony: 3101 < Iolom }-

By the Sobolev trace Theorem, there exists a constant 6 > 0 such that
(3.3) 0 <|ullzro)y 0 <lvli@e  V(wwv) e M.

Let us define

bm = su inf F(h(u,v)).
e {(uw)€dBEE, ) (h(w,v))

It is proved in [1] that b, < ¢, hence to prove our result it is enough to show that
by, — oo.

Now, b1 > 1nf{(u veoaBneg,y F (h(u,v)) for all h € T'. Using (3.3) and following [16]

one can construct h, € T' such that lim,, . infy(yv)caBnEe, }.7-"(h (u,v)) = oo. This
ends the proof of the lemma. O

4. SUBLINEAR CASE. r < p AND s < ¢
In this case, a nontrivial solution can be found easily by direct minimization.

Proof of Theorem 1.2. Existence part. By a standard compactness argument, an absolute
minimizer of F in WhP(Q) x W14(Q) exists. We need to show that this minimizer is
nontrivial. In fact, let (u,v) € WHP(Q) x W14(Q) such that K(z,u,v) # 0. Then, by
(F8)7

FEPu,0790) = () + 1010100y — ¢ /m K(z,u,v)do
Then, taking ¢ small enough we obtain 1nf F <. d

For the multiplicity part, we begin by showing that the Palais-Smale condition still
holds.

Lemma 4.1. The functional F is bounded below and verifies the Palais-Smale condition.

Proof. First, by the Sobolev-trace inequality and (F3), we have
1
F(u,0) 2 Sl + 21 lna — C (1 e + lolia)

= h([[ullwre)s lvllwra@)),
where

1 1
h(a,b) = Eap + ]qu —C(14+d" +b°).
Asr < pand s < g, h(a,b) is bounded below and therefore we conclude that F is bounded

below.

Now to prove the Palais-Smale condition, let (uy,vy) € WHP(Q) x WH4(Q) a Palais-
Smale sequence. As ¢ = limy_, oo F(ug, v), using that

|7 (ur, ve) (w, 2)| < exlllwllwreo) + 12lwrae)
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where e — 0 in W1P(Q) x W14(Q) and (F7) we have that, for k large enough,
c+ 1> Flug,vr) — F (uk, ) (Opug, Ogvr) + F (ug, vi) (Opug, 040k)

1 1 . R
> (2= 80 Il + (5 = 00) Ik ynay = Uiy + lealivsia)

+ F (ug, vi) (Opug, 04vk)

> (2= 00 ) Il + (5 = 00) Ikl — iy + el s
- 5k‘(0pHukHW1vP(Q) + equkHWLlI(Q))
and using that r < p and s < ¢ it follows that [lug|ly1e) < C and [lvgllwra) < C.
Therefore, the result follows as in Lemma 3.2. O
Now we need the following lemma.
Lemma 4.2. For every n € N there exists a constant € > 0 such that
VWF) =z n,
where F¢ = {(u,v) € WIP(Q) x Wh4(Q) : F(u,v) < c}.

Proof. Let E, C W'P(Q) x W9(Q) be a n—dimensional subspace such that u,v |9go% 0
for all (u,v) € E,, u,v # 0.

Hence, using (Fg) we have, for (u,v) € En, |lullwir) =1, [[vlwiq) =1,

t ot
F(tY/Pu, t'/1y) = +—/ F(z, tY/Pu, t1/ 1)
1q 1 o0
(4.1) < t{=+=)-t | K(z,uv)
P
< t{=+-)—A4,1
P q

where

A, = inf{ K(z,u,v) : (u,v) € En, [Jullwir) =1, [[vlwreq) = 1} i
o0

Observe that A,, > 0 because E, is finite dimensional. As § < 1 we obtain from (4.1) that
there exists positive constants p and € such that

Flu,v) <—e  for (u,v) € En, |ullwre) = lvllwre@) = p.

Therefore, if we set S,n, = {(u,v) € En : [Jullyrr) = |vllwraq) = p}, we have that
Spn C F°. Hence by the monotonicity of the genus

V(fig) > 7(Sp,n) =n,

as we wanted to show. O

Finally, the following two Theorems end the proof of Theorem 1.2.
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Theorem 4.1. Let
Y ={AcC W (Q)x WH(Q) : Ais closed, A= —A,
and u,v|gq # 0, Y(u,v) € A},

Sp={A€N : A(A) =k},
where v stands for the genus. Then

c, = inf sup F(u,v
" AeXy, (u, U)I;A ( )
is a negative critical value of F and moreover, if ¢ = ¢ =+ -+ = Cpqy, then y(K.) > 1r+1,
where K, = {(u,v) € WHP(Q) x WH(Q) : F(u,v) = ¢, F'(u,v) =0} .

Proof. The proof follows closely the one from Theorem 3.1 of [16]. According to Lemma
4.2 for every k € N there exists ¢ > 0 such that v(F~¢) > k. As F is even and continuous
it follows that F—¢ € ¥ therefore ¢ < —e < 0. Moreover by Lemma 4.1, F is bounded
below so ¢ > —oo. Let us now see that ¢ is in fact a critical value for F. To this end
let us suppose that ¢ = ¢y = -+ = cgyr. As F is even it follows that K, is symmetric.
The Palais-Smale condition implies that K. is compact, therefore if v(K.) < r by the
continuity property of the genus (see [21]) there exists a neighborhood of K., Ns(K.) =
{(u,v) € WHP(Q) x WH9(Q) : d((u,v), K.) < 6}, such that y(Ns(K.)) = v(K.) < r.

Now if ¢ is not a critical value of F, using a standard deformation argument we arrive
to a contradiction. See [16] for the details. O
We end the section showing that the critical points of F form a compact set of WP () x
Wwha(Q).
Theorem 4.2. The set K = {(u,v) € W'P(Q) x W9(Q) : F'(u,v) = 0} is compact in
WhP(Q) x Whi(Q).

Proof. As F is C! it is immediate that K is closed. Let (uj,v;) be a sequence in K. We
have that, by (F3) and the Sobolev trace theorem,

0= F'(uj, vj)(uj,v5) > Huijlp @ T [0l F, () - C(1+ ||Uj||71;[/1,p(9) + ||Uj||f/v1,q(9))-

As1<r<pand1<s< g, we conclude that (u;,v;) is bounded in WHP(Q) x Wh4(Q).
Now we can use Palais-Smale condition to extract a convergent subsequence. O

5. RESONANT CASE. 7 = p AND s = q

In this section we deal with the resonant case, i.e. we assume r = p, s = ¢ in (F3).
First we need to study the eigenvalue problem (1.4). This problem is related to the one
introduced in [2]. Our proofs follows closely the ones in [2], but since in our case the
eigenvalue appears on the boundary condition, we include the details.

Lemma 5.1. Given a € L®(01), there exists A1(a) € R and (¢,) € WHP(Q) x Whi(Q)
such that (¢,v) is a nontrivial solution of (1.4) with A = Ai(a). Moreover

1 1
pw%mﬁdw%m—éﬂmmmwzmwuwam+wmm
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for all (u,v) € WHP(Q) x Whi(Q).
Proof. Choose M > kl|a|| o (a0) Where k is the constant in (Gg). Then the functional

1 1
gwnozwm%uﬂn+ww%mmy—/‘a@xxmvww
(5.1) p 02

+M Mmm)|wmm}
is nonnegative for (u,v) € WHP(Q) x Wh4(Q). Let
§ ={(wv) e WHr(Q) x Wh(Q) - |w mﬁ\wmmz@

Let p = inf{G(u,v) : (u,v) € S}. Let us take (un,vn) € S a minimizing sequence for G.
It follows that (uy,,vy,) is bounded in W1P(Q) x W14(Q). Then, by taking a subsequence if
necessary, (i, v, ) converges weakly in WP (Q) x W14(Q) and strongly in LP(9€) x L(952)
to some (¢, ).

Passing to the limit we obtain G(¢, %) < u which is in fact an equality since (¢,v) € S
So the infimum is achieved. It follows then that (¢,1)) verifies

¢ = ’¢‘p72¢7 in Q,
IVo[P=292 — a(2)Gul(e, ¥) + M|o[P2¢ = pn|g[P~2¢, on 9,

¢ = |¢|q_2¢7 in Q,

L V9197250 — a(@)Go(,v) + MIY|">) = uyl|~*y, on 09,
where pp/ is the Lagrange multiplier. It is easy to check that (Gp) implies

1 1
(5.2) G(u,v) = z;uGu(u,v) + 51)(;@(%71)-

From the minimization problem, using (5.2), it is now easy to see that yu = ups so the
lemma follows by taking A;(a) = p — M. O

Remark 5.1. From the minimization argument both ¢ and v can be taken to be nonnega-
tive. Also, by known regularity results (see for example [23]) the eigenfuntions (¢, ) are
C(Q). Then, by the maximum principle and Hopf’s Lemma (see [24]), we can assume
that ¢ and ¢ are either positive functions or vanishes identically in Q. In either case, one
of ¢ or 1 is strictly positive.

Lemma 5.2. \i(a) is continuous with respect to a in the L>—norm.

Proof. Let a,b € L>®(09) and let G, and G;, be the associated functionals defined in (5.1).
Given € > 0, choose (ug,v:) € S such that

(5.3) Galue,v) < Mi(a) + M + %

Next, using (Gz2) we obtain
(5.4) |Gb(ue, ve) — Ga(ue, ve)| < [Ib— aHLOO(E)Q)K
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where K > max{kp, kq}. Now from (5.3) and (5.4) we obtain
€
A1(b) + M < Gp(ue,v:) < Ga(ue,ve) + Kb —al|po(a0) < M(a) + M + 5 + K|[b — al| L= (a0)

from where the continuity follows. O

We say that the functional F satisfies the Cerami condition if for every sequence
(tn,vn) € WEP(Q) x WH4(Q) such that
(5.5) |F (un,vn)| < C, (L + [[unllwre) + lonllwra@)F (wn, va) — 0,
there exists a subsequence that converges strongly in W1P(Q) x Wh4(Q).
Lemma 5.3. Under the hypotheses (F2), (F3) and (F9), the functional F satisfies the
Cerami condition.
Proof. Let (uy,vy,) be a sequence that satisfies (5.5). Let us prove that (uy,v,) is bounded
in Wir(Q) x Wha(Q).

From (5.5) it follows that

Up Up

CZ—f/ Up y Un < >+fun7vn
(umy vn) { 257, (ttn, vn)

== / <u7nFu<x7un7’Un) + Uva(x7un7/U’rL) - F(a:,u,v)) dO'.
o NP q

Now, by (Fg) we get
/ (|tn]® + [v,]?) do < C.
oN

As a < p<peand b < g < gy, by interpolation we get

p—a

/ [un|? do < (/ !un|ada> px—a </ |t |P* do‘) pr—a
o0 o0 o0
p—a
§C</|
o0

Px—a
Uy, [P d0> .
qg—b
*—b
/y%wwgc</y%wm>q.
o0 o0

By the Sobolev trace inequality,

Analogously, we get

Px (P:'l) qx (‘1::)
(5.6) | e < Cllelyfisiay [ lunl?do <l
Finally, by (F3) and (5.6), we have
lunllfyio@y  lonllipie pe(p-a) a:(4=0)
Flun,vn) > —— 2 D — O (llunllyisggy + Ioallyiay )-
As F(up,vy,) is bounded, p’;.ﬁpi__aa) < p and % < ¢ the boundedness of the sequence
follows. Now, the proof of the Lemma follows as in the end of Lemma 3.2. O

Finally we are ready to prove Theorem 1.3.



14 J. FERNANDEZ BONDER, S. MARTINEZ, & J.D. ROSSI
Proof of Theorem 1.3. It remains to show that F has the Mountain Pass Geometry, since
the compactness is implied by Lemma 5.3.

First we prove that (0,0) is a local minimum. By the second line in (Fig) and (F3)
there exists a constant C' > 0 such that

F(z,u,v) < b(2)G(u,v) + C([u]" + [v]*),
for all x € 992 and u,v € R where # > p and § > q.

For some ¢ > 0 small to be chosen, we have

llwllfy, vl T,
Fu,v) > 4§ ( M;pm) + V[;Iq(m

[ s bz) -
+(1=96 —/ G(u,v)do
( >< p : e

— Cllulfyragay — Clolliyoy.

By Lemma 5.2, for § small enough

[l 1, o]l _
WhI@) | W) —/ b() G(u,v)do > 0.
p q anl—10

Hence

lulfyio@y  10aq . )
Flu.v) > 6 ( B ) =l — Clelrna)
So if [Jullwir(q), [vlwraq) = p with p small, then F(u,v) > ¢ > 0.

Finally we use the first line in (Fyp) to obtain

lallyiniy o0y

» . - /89 a(z)G(u,v)do + C.

Now we take (u,v) = (t'/P¢,tY/%)) in (5.7) where (¢,) is the eigenfunction of Lemma
5.1 associated to Aj(a) to obtain

(5.7) Fu,v) <

chll ||¢||
Fl(u,v) < Whr( ) Wha(s) —t/ a(z)G(p, ) do + C
p q o0
1 1
~ in(a) (/ 6P dor + / |¢|qcza) O oo
P Joq q Jox
as t — 4o00. This finishes the proof. U

6. CRITICAL NONLINEARITY WITH SUPERLINEAR PERTURBATION

In this section we study the critical case with a perturbation. We consider Fy(z,u,v) =
Fe(z,u,v) + AF*(x,u,v) where F¢ and F* satisfy the assumptions of Theorem 1.4.

To prove our existence result, since we have lost the compactness in the inclusions
WLP(Q) «— LP+(09Q) and WH4(Q) — L%(99Q), we can no longer expect the Palais-Smale
condition to hold. Anyway we can prove a local Palais-Smale condition that will hold for
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F(u,v) below a certain value of energy. The technical result used here, the concentrated
compactness method, is mainly due to [18, 19].

Let (uj,v;) be a bounded sequence in WP () x W14(Q) then there exists a subsequence
that we still denote (u;, v;), such that

uj —u weakly in W1P(Q), vj = weakly in W14(Q),
uj — U strongly in L"(0%2), vj = strongly in L*(09Q),
Vui P = dpp,  |uj fog [P+ = dnp, [Voi|? = dpg, — |vj loq | — dng,

weakly-* in the sense of measures. We observe that dn, and dn, are measures supported
on 0f2.

Now we state the following Lemma due to [18, 19].

Lemma 6.1. Let u; be a weakly convergent sequence in WP(Q) with weak limit v such
that

[Vu; [P —dp and  |u;j |oq [P+ — dn,

weakly-* in the sense of measures. Then there exists 1, ...,x; € O such that

(1) dn = |ufP + 3" n;be,. m; > 0,
(2) dp > |Vu|p + Zé‘:l :U’j(swj; My > 0,
(3) (nj)PL* < g—i, where S, = Sp(Q2) is the best constant in the Sobolev trace inequality

Sp”“”im(g) < ||u||€vl,p(9)-

Next, we use Lemma, 6.1 to prove a local Palais-Smale condition.

Lemma 6.2. Let (uj,vj) C W'P(Q) x Wh4(Q) be a Palais-Smale sequence for F, with
energy level c. If

Dx qx
(6.1) c<C’min{S§*p,Sqq*q},

where C' is a constant that depends only on the bounds for F¢, p, ¢ and N but is otherwise
independent of €. Then there exists a subsequence (uj,,vj,) that converges strongly in

WLP(Q) x Wha(Q).

Proof. From the fact that (uj;,v;) is a Palais-Smale sequence it follows, by (F5) and (F$)
that (uj,v;) is bounded in WHP(Q) x Wh4(Q) (see Lemma 3.2). By Lemma 6.1 there
exists a subsequence, that we still denote (u;,v;), such that

(uj,v;) = (u,v) weakly in WHP(Q) x Whi(Q),
(6.2) (uj,v5) = (u,v) in L"(082) x L*(0N), and a.e. in 0,
(uj,v5) = (u,v) in LP(Q) x LY(Q), and a.e. in €,

—
—
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l
V[P = dpy > [VulP + > i 10,
k=1

m
[Vl = dpg > VOl + > f1g.i6y,,

(6.3) = l

luj |aq [P — dnp = |u |aq [P+ + an:k5$k7
k=1

m
T dng = v loa |* + ) ng.idy.-
i=1

|Uj lag

Assume first that there exists zj # y; for every i. Then let ¢ € C*°(R") such that

¢ =1in B(zg,e), ¢=0in B(xg,2¢)¢, |Vo| <

(LI )

where zj, belongs to the support of dn,.

Consider {(u;p,vj¢)}. Obviously this sequence is bounded in W1P(Q) x W4(Q). As
F'(uj,vj) — 0 in WHP(Q)" x WL4(Q)’, we obtain that

lim <.7-"(uj, Uj); (9pgz3uj, Ongvj)) =0.

J—00

By (6.2)-(6.3) we obtain,

lim [ |Vu,|P"2Vu;Vou; + |V, |92Vu; Vv, da
Q

j—o00
= lim [ (Fy(x,uj,v5)uj + Fi(x,uj,v5)v)pdo
+ )\/ (Fy(x, uj,vj)u; + Fy (x,uj,v5)v)p do
o0
~ [ 6ty du) = [ (fup + ol)0

Using (Ff) and (6.2)—(6.3) it follows that

lim [ (Fj(z,uj,v)uj + F) (2, uj,v;)v;)d do
]2 JoQ

:/ (F3(x,u,v)u+ Fj(z,u,v)v)p do.
oQ

Also, by (F{) and Lemma 6.1 we have

lim [ (F(2,uj,v5)u; + F(z,uj,v)v;)pdo < C/ ¢(dnp + dng)
J—=00 Jon o0
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Now, by Hélder inequality and weak convergence, we obtain

0 < lim ‘ / V[P~ 2Vu;Vu; do

(»-1)/p 1/p
< lim ( / |Vu]|pdx> < / \V¢|puj|pd1:>
Jj—o0 Q
1/p
c ( / |v¢|p|u|pdw>
B(Jﬁk,2€)mQ
1/N (N=p)/pN
C / V|V dx: / |u[PN/ (N =P) gy
B(zy,2e)NQ B(zy,2e)NQ

N—p)/pN

(
<C (/ \u|pN/(Np)dx> —0 ase—0
B(zg,2e)NQ

and by an analogous argument

IN

IN

0= lim ]ij]q 2V, Vv, de.

Jj—oo

()<hm1nf C’/ ¢ (dny + dng) —I—)\/ (x,u,v)u+ Fj(x,u,v)v)pdo
— [ 6y +dug) = [ (1l + loi0da] < O =

By Lemma 6.1 we have that (npk)p%sp < pp,k, therefore by (6.4) we obtain

p
(Mp,k) P~ Sp < Cip -
Then, either 7, = 0 or

Px
(6.5) Npk = CS;*fp.

If (6.5) does indeed occur then, from the fact that (uj,v;) is a Palais-Smale sequence, we
obtain by (F$§) and (Fs),

¢ = lim F(uj,v;) = lim -7:(“]7”]) (F'(uj,05); (Opuy, 04v5))
j—00 i—

> / c(JulP* + [v]%) do + C’S,f*i’p
o0

+ )\/ (OpF5 (z,u,v)u+ 0,F; (x,u,v)v — F*(x,u,v)) do
o0

DPx
> CSpy".
Observe that the constant C' depends only on the bounds for F¢, p and N.

In an analogous way, we can prove that if there exists y; # xzj for every k then ¢ >
[*E3

CSy %, where again C depends only on the bounds for F¢, ¢ and N.
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Also, if there exists xj = y; it follows that

Px g%
> O(SFTsE).

*

So, ifC<Cmin{S”* PSS q},we have

u;[P* do — ulP* do, v;|?* do — v|% do
j J
onN o0 oN o0

and therefore (u;,v;) — (u,v) in LP+(02) x L% (09). Now the proof finishes as usual. [

Now we are ready to proceed with the proof of Theorem 1.4.

Proof of Theorem 1.4. In view of the previous result, we seek for critical values below level
c. For that purpose, we want to use the Mountain Pass Lemma. Hence we have to check
the following conditions:

(1) There exist constants R,r > 0 such that if

EHUHVW () + 6”””%{/1@(9) =R = F(uv)>r

(2) There exists (ug,vo) € WHP(Q) x Wh4(Q) such that
luollwir) + llvollwra@y > R and  F(ug,vo) <7

Let us first check (1). By (FY), (F ) and the Sobolev trace Theorem we have,

1
Flu0) =l + g0y = [ Pl do

1
> lyroqe) + ||UHW1q C’/aQ(|u|P*+|v|q*)dU

_ AC/ (ul" + [v]) do

1
>l iy + gl = U ey + 1910
- Ac<||u||W1,p(m 1ol agey)-

Let

1 7 1 ,
gi(t) = 5tff’ — Ot —XCt",  golt) = th — Ot — \CP°.

It is easy to check that g;(R) > r, i = 1,2 for some R,r > 0.

Now, (2) is immediate as for a fixed (w,z) € WHP(Q) x Wh4(Q) with w, 2 |goZ 0 we
have
tlim F(tPw, tY12) = —c0.

Now the candidate for critical value according to the Mountain Pass Theorem is

c = inf sup F(¢
L e (¢(1)),
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where C = {¢ : [0,1] — WLP(Q) x Wh4(Q) ; continuous and ¢(0) = (0,0), #(1) =
(ug,vo)}. The problem is to show that ¢ verifies (6.1) in order to apply the local Palais-
Smale condition.

We fix (w,z) € WHP(Q) x WH(Q) with [Jw]| e (90) = 1 and [|z| e (90) = 1, and define
h(t) = F(t%w,t%z). We want to study the maximum of h. As limy .. h(t) = —oo it
follows that there exists a t) > 0 such that sup;., F(t%w,t%z) = h(t)). Differentiating
we obtain, using (FY{),

0pp—1 1
(6.6) 0=h(tx) =" Opllwlfyrpg +1 50702010 a(
~ | VF(z, t?\pw, t\'z) - (tip_lepw, t)\"_19qz) do
Opp—1 (aa—1 Opps—1 | 0gqi—1
< t,\pp 0 HwHWl p(Q qq 0 || ”qu C(t,\pp +t>\qq ),

from where it follows that, assuming that 6,p > 0,q,
t/\ p(P+—D) <t 0p(p+—p) +1 0qqx—0Opp < C(kuwlp )+t Oqq— 9ppH ”qu(ﬂ))

Hence ty is bounded. Then, from (6.6) and our hypotheses (F5) on F*, (F{) on F° and
(3.2), we get

0<C ( G L D U

K(nw.2)).

o0
we obtain that

(6.7) lim £, = 0.

A—00
On the other hand, it is easy to check that if A > X it must be ]:(t?\pw, t?\qz) > f(tipw, ti"z),
so by (6.7) we get

lim ]:(t)\w t/\ z) =0.

A—00

But this identity means that there exists a constant A > 0 such that if A > A, then

Px qx
sup F(t%w, t%2) < C'min {S;*—p , S } ,
t>0

and the proof is finished if we choose (ug,vg) = (tg”w, tng) with ¢y large in order to have
f(tgpw,tng) < 0. O

7. CRITICAL NONLINEARITY WITH SUBLINEAR PERTURBATION

In this section we study the critical case with a sublinear perturbation. We consider
F\(z,u,v) = F(x,u,v) + A\F*(x,u,v) with the assumptions of Theorem 1.5.

The existence result is much easier in this case, since direct minimization applies as
for A > 0 the infimum of F is negative and, for A small enough the local Palais-Smale
condition can be used. For the multiplicity result, we will use ideas from [16].

We begin, as in the previous section, by using Lemma 6.1 to prove a local Palais-Smale
condition.
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Lemma 7.1. Let (uj,vj) C W'P(Q) x Wh4(Q) be a Palais-Smale sequence for F, with

Px _9x " gk
energy level ¢. If ¢ < Cmin{S}*™, S} — K(/\Pffr + )\qf*S), where C' and K are
positive constants independent of X, then there exists a subsequence (u;, ,vj,) that converges
strongly in WHP(Q) x Wa(Q).

Proof. From the fact that (uj,v;) is a Palais-Smale sequence it follows by (F7) and (F$)
that (u;,v;) is bounded in W1P(Q) x W14(Q) (see Lemma 3.2 and Lemma 6.2).

Now the proof follows exactly as in Lemma 6.2 until we get to

Dx
c 2/ c(JulP* + [v|®) do + CSg*"
o9

+ A (OpF (z,u,v)u + 0,F; (x,u,v)v — F*(x,u,v)) do
o0
where (u,v) is the weak limit of (uj,v;) in WP(Q) x WhHe(Q).

Using our hypothesis (F7) and applying Holder inequality, we find
e > OS7 7 + el oy + 101152 00 ) — ON (Il oy + 0050 o0y )-
Now, let f(x,y) = ¢1(2P* +y%*) — Aca (2" +y*). This function reaches its absolute minimum

at (z0,y0) = ((M)Vl—” (Ac2s) s +), that is

b«C1 g=C1
Flx,y) > f(zo,50) > —K(A7 + \a5),
where K is independent of A.

Px * _9x
Hence ¢ > CSp)* ™" — K ()\Ppi AT ), which contradicts our hypothesis. Therefore

lim |u;|[P* do = / |ulP* do,
o0 oN

J—00

and the rest of the proof is as that of Lemma 6.2. O

Observe that (F{) implies that
(7.1) c(lulP* + [v|*) < F(x,u,v) < C(|JulP* + |v

4,

We now observe, using the Sobolev trace Theorem, (7.1) and (F3), that

@)

F(u,0) 2l + 10y = e (Hallam) + ol

- AcZ(nuqu,p(m + 00 + 1)

=h(l|ullwir@) + d2(llv]lwraq)) — C,

where j1(z) = %ajp — 1P — Aegzr” and jo(y) = %yq — c1y?* — Aeoy®. As j; attains a local

but not a global minimum (j; is not bounded below), we have to perform some sort of
truncation. To this end let xg, 1 be such that m < zg < M < x; where m is the local
minimum of j; and M is the local maximum and j;(z1) > ji(m). For these values zg
and z1 we can choose a smooth function 71 (z) such that 7 (x) =1 if x < zg, 71 (x) =0 if
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r > 21 and 0 < 71(x) < 1. Finally, let ¢1(u) = m1(||lullw1rq)). Analogously, we define 7o
and o to perform the truncation in jo. We define the truncated functional as follows

Fu,v) /\Vu!p—l—]u\pdm—i— /\Vvq—l—]v|qu

- Fe(x,u,v)p1(u)pa(v) do — A F?(xz,u,v)do.
o0 o0
1

As above, F(u,0) 2 i (lullwrs(ay) + Ja(lollwraqey) — C where ji () = ba? — cya?m (z) -
Aeaz” and ja(y) = %yq — 1y ma(y) — Aeay®. We observe that if < zp and y < yp then
J1(z) = ji(x), joly) = jo(y) and if > x; then j(x) = %xp — Acgx” and if y > y; then
J2(y) = Ly? = Aeay®.

Now we state a Lemma that contains the main properties of F.

Lemma 7.2. F is C', if F(u,v) <0 then ullwie) < zo, [vllwieq) < Yo and F(w, z) =

F(w,z) for every (w,z) close enough to (u,v). MoreoveT there exists A > 0 such that if
0 < XA < A then F satisfies a local Palais-Smale condition for ¢ < 0.

Proof. We only have to check the local Palais-Smale condition. Observe that every Palais-

Smale sequence for F with energy level ¢ < 0 must be bounded, therefore by Lemma 7.1
_Px

if A\ verifies 0 < C'min{Sy*™" Sq* - K()\P* b AT s) then there exists a convergent
subsequence. O

Proof of Theorem 1.5. Ezxistence part. As the perturbation F'* is sublinear, it is easy to see
that, for any A, inf F(u,v) < 0. In fact, one can check that if ¢ is small enough (depending
on A) and if u, v|go Z 0 then F(tu,tv) < 0. Now, for A small, the Palais-Smale condition
holds below level 0, therefore, a minimizing sequence has a convergent subsequence and
the existence of a nontrivial solution follows. d

The following Lemma gives the final ingredients needed in the proof of the multiplicity
result of Theorem 1.5.
Lemma 7.3. For every n € N there exists € > 0 such that Y(F~¢) > n, where F~¢ =
{(U7U) ) f(U,U) < _5}‘

Proof. The proof is analogous to that of Lemma 4.2. O

Finally, we are ready to finish the proof of the Theorem.

Proof of Theorem 1.5. Multiplicity part. The proof is analogous to that of Theorem 1.2,
here we use Lemma 7.1 and Lemma 7.3 instead of Lemma 4.1 and Lemma 4.2 respectively
to work with the functional F and Lemma 7.2 to conclude on F. O
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