POSITIVE SOLUTION FOR AN INDEFINITE FOURTH-ORDER
NONLOCAL PROBLEM

MARCELO F. FURTADO AND JOAO PABLO P. DA SILVA

ABSTRACT. We prove the existence of positive solution for the problem
YA%u — m(u)Au = pa(z)u? + b(z)uP, in Q, u=~vyAu =0, on 0f,
where Q C RY is a bounded smooth domain, v € {0,1},0<¢g<1<p m
is weakly continuous in H2(Q) N H(Q), a € L>(Q) is nonnegative and b is
a bounded potential which can change sign. The solution is obtained via a

sub-supersolution approach when the parameter p > 0 is small.

1. INTRODUCTION

In this paper we consider the equation
YAy — m(u)Au = f,(z,u), x€Q,

where v € {0,1}, the nonlinearity f,, depends on the parameter ;1 > 0 and m is
assumed to be weakly continuous in H?(Q) N H} (). Due to the presence of this
last function the equation is not a pointwise identity and therefore the problem is
called nonlocal.

In what follows we make some comments on the physical importance of this kind
of problem. When v = 1, the equation is related to the so called Berger plate model
(see [3, 1))

g + A%u + (Q + / |Vu2dx> Au = f(x,u,uy),
Q

and it is a simplification of the von Karman plate equation that describes large
deflection of plate. The parameter (Q describes in-plane forces applied to the plate
and the function f represents transverse loads which may depend on the displace-
ment v and the velocity u;. The equation is also related with some models which
describe the bending equilibrium states of a beam subjected to a force f and other
elastic force (see [34]), namely

EI h EA /L )
Ut + —Uggege — | — + 57— |’Uzz| dzx Ugpy = f(amu)
T (p 2pL Jo
When v = 0, the equation has its origin in the theory of nonlinear vibration,
specially with the following model for the modified d’Alembert wave equation

P, E [ B
putt_<h+2L 0 |U:c| diL’ uzx_f(x;u)v
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proposed by Kirchoff in [2I]. Its main feature is to consider the effects of changes on
the length of the string during vibrations. In the two above models, the parameters
E, I, p, h, A, L and Py are positive and have specific physical meanings.

We are interest here in the case that f, is a combined nonlinearity. More specif-
ically, we shall consider the following nonlocal fourth-order problem

yA2u — m(u)Au = pa(z)u? + b(x)uP, in Q,
(Py) w >0, in €,
u=~yAu=0, on 0f,

where Q@ C RY is a bounded smooth domain, v € {0,1}, u > 0 is a parameter,
0 < g <1< p and the potentials a and b verify the following basic assumptions:
(a1) a € L*(Q) is nonnegative;
(ag) there exist an open set Q, C Q and ¢ > 0 such that
inf a(z) > §;
€N,

In the celebrated paper [2], Ambrosetti, Brezis and Cerami supposed that v = 0,
m, a and b are constant and equal to 1 and obtained two positive solutions if
@ > 0 is small. In [I0], de Figueiredo, Gossez and Ubilla generalized this result
by considering nonconstant sign-changing potentials. In this setting, the Maximum
Principle can fail and therefore the solutions obtained were only nonnegative. Some
other results for the Laplacian, s-Laplacian, fractional Laplacian and Kirchhoff
operator can be found in [Il, 28] 12] 35, B, 23] and references therein. In all this
paper, only the second order case v = 0 was considered. Concerning the fourth-
order one, we notice that, in [I5], the authors supposed that m is increasing, a = 1,
b =1 and obtained infinitely many solutions, for 1 < ¢ < 2 < p =2N/(N —4) and
> 0 small. This result was partially extended in [29], where the authors assumed
that b = 1, the (nonautonomous) concave term were of type ph(z,u) with some
technical assumptions on h and the growth of the function m.

To present our main results, we denote by H the Hilbert space H?(Q) N HE(Q)
endowed with the norm

1/2
lu|l == (/ (Au)2d:1:> , YueH.
Q

If g is a measurable function, we set g*(z) := max{g(z),0} and g~ := g* —g. The
first result of this paper can be stated as follows:

Theorem 1.1. Suppose that v =1, 0 < g < 1 < p and the potentials a, b satisfy
(a1) — (az) and (by). If m verifies

(my) m: H — R is weakly continuous;

(m2) m(0) >0,
then there exists p* = p*(Q, |at|| L (), |67 ||Le (), N) such that, for each p €
(0, u*), the problem (P,) has a solution.

In our second result, we consider the second order case, namely v = 0. In this
new setting, we need to consider a global sign assumption on m. More specifically,
we prove the following:
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Theorem 1.2. Suppose that v =0, 0 < ¢ <1 < p and the potentials a, b satisfy
(a1) — (a2) and (b1). If m verifies (m1) and

(@) inquH m(u) > 07

then there exists p* = p*(Q, |at|| Lo (), |67 ||Le(), N) such that, for each p €
(0, u*), the problem (P,) has a solution.

For proving our results we use the sub-supersolution method. It is important
to emphasize that, for nonlocal problems, this is not a simple issue. Actually,
as quoted in [25, [13], the comparison principle may fail for the operator u +—
m(u)Au unless we impose some (nonnatural) restrictions on the function m. In
[25], the author assumed that m(u) = m([, |Vu|?dz) and the function m(t)t'/2
was increasing. For the same type of functions m, the authors in [I3] assumed
that m(t)t was invertible. Notice that we have no invertibility nor monotonicity
assumptions, and therefore our hypothesis are weaker than those considered in these
two papers. For example, besides the Kirchoff case m(u) = a+b [, |Vu|?dz, we can
also consider, among others, m(u) = a + b [, [u(x)|?dz, for any subcritical power
1<qg<2N/(N—4),and a > 0, b > 0. This kind of nonlocal term appears in
the study of population of bacteria subject to spreading when ¢ = 1 (see [6]) and,
for ¢ = 2, the problem reduces to Carrier’s equation which is related to nonlinear
deflection of beams (see [I7]). Actually, our assumptions on m are weaker than
those of [16, 14 25, 24, T3], 20] and many others. Moreover, even in the local
second order case, our result complement those of [10, 1] since our solution is
positive and we have no upper bound on p.

Roughly speaking, the difficulties presented in the above paragraph relies on
the nonvalidity of the Maximum Principle for operators of fourth order. This also
reflects on the strategy of proving the positivity of solutions of (P,). Some well-
known arguments do not work in our setting. For example, we cannot use the
positive part ut of a function u € H. Also, we cannot argue as in [31}, 32} 4l 26]
since we deal here with an indefinite nonlinearity. The idea of replace —Awu by
—Au+ Bu, with B > 0 large (see the condition (Hp) in [I1]) does not work for the
biharmonic operator (see [27, Theorem 7.1] and [30, Theorem 5.5]). Finally, some
extension arguments used in the second order case cannot be used here because, if
Q) is a proper subset of Q and u € H}(Q2), then the usual zero extension of u to
the entire set ) can be outside H.

To overcome the difficulties pointed above, we use the Fixed Point Theorem
together with a sub-super solution approach without monotone iteration (see [§]).
The main problem relies on obtaining the subsolution and, to do that, we prove a
Krein-Rutman type result for an eigenvalue problem with sign-changing weight and
fourth-order operator (see Proposition . We think this result has an interest in
itself and it could be used to improve some other results which involve indefinite
nonlinearities. For the second-order problem, besides the former approach, we also
use a simple and instructive idea of working in H2(Q2) N H}(2). This enables us
to consider a condition on m which is weaker than those assumed in the previous
works.

The rest of this paper is organized as follows: in the next section, we develop
the sub-supersolution method. Theorems [I.1] and [I.2] are proved in Section 3 and
4, respectively.
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2. THE SUB-SUPERSOLUTION FRAMEWORK

In this section, we present the sub-super solution method to deal with problem
(P,). In what follows we denote by ||g|/c the L>°(£2)-norm of a bounded function
g. For any p > 0, we define

fulz,s) == pa(x)s? + b(z)s?, z e, s>0.

We also consider the numbers

1 rd
(2.1) 7= idiam(Q), l:= eR
and
(1-q)/(p—1)
1 1
if ||oF 0
(22)  peo={ 20t ol <2||b+||oozp> 5 e >0,
09, otherwise.

For each R > 0, we denote Hr := H N Br(0). In view of (my) — (mg), there
exists Ry > 0 such that

(2.3) MR, = uelrlggg m(u) > 0.

In our first result we obtain a supersolution for the problem (P,), in the following
sense:

Lemma 2.1. For each pu € (0, 1) there exists u € Hi(2) N C>(Q) such that
A% — m(Y)Au > pa(z)u? + b(z)uf, Vi € Hg,,
u, —Au > 0, in Q,
u=Au =0, on 0f2.

Moreover, the function @ = (s, [|[a™ s, |07 |loo, 2, N, Ro) is such that |G|l — 0
uniformly as p — 0%,

Proof. Let e; € HY(Q) N C>®(Q), i = 1,2, be such that

—Ae; =1, —Aey = e, in Q.
From the Maximum Principle, we get
A?ey =1, in Q,
(2.4) ea, —Aeg >0, in

ea = Aey =0, on 9.

We now consider zg € € such that Q C B,.(zg), where r > 0 was defined in (2.1)).
Then, if

x € By(x9),

we have that —Aé} =1 = —Ae; in Q, and €1 > e; on 9, and therefore 72/(2N) =

I€1lloo = ll€1lloo- Moreover, if
2 7‘4
4N?2’

~ r
é(z) = ——— |z — zo|* +

e x € Br(xg),
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we obtain —Aés = ||€1]|ec > e1 = —Aes in Q, and €3 > ey on 9. Thus,
. r
||€2H<><> < ||€2H<><> = AN2 =1

Let p € (0, 1), K > 0 to be choosed later and fix ¢ € Hg,. By using (2.4]) and
m(v) > 0, we obtain

(2.5) A?(Kes) —m()A(Kep) > KA%ey = K.
On the other hand, since |les]lc <1, we get
(2.6) fu(@, Kea) < plla™ [ KU + (|67 || oo KPP
So, if we pick
(2.7) K = (2u]la*[|ool®) /19,
a straightfoward computation and u < u, provide

pllat kit = 5t kP <

Hence, we can use — to o btain
A (Kez) —m(Y)A(Kes) > pa(z)(Kez)? + b(z)(Kea)?,

and the lemma holds for the function w := Kes. O

We devote the rest of this section to the construction of a subsolution. This
process is more involved and we start by proving a variant of the Maximum Principle
presented in [33] Lemma 3.1].

Lemma 2.2. Let \; := \(2) be the first eigenvalue of (—A, H} () and supoose
that B, 8 € R satisfy

B%>460, B> -2\, XN +BA\+60>0.
If u, Au € H, u # 0 and
A%y — BAu+0u>0, in Q,
then u > 0 in Q2.

Proof. Let
g(t) :=1> - Bt +0, t eR.
From 32 > 46, 8 > —2\; and g(—\;) > 0, we infer that the roots t* of the function

g, namely
t7.75*\/52*49 t+_75+\/52*49
. f7 o f,
verify t+ > ¢t~ > —\;. Moreover, if we set v := —Au +t"u € H(2), a direct

calcultion povides
—Av+tte = Azu—ﬁu+9u >0, in Q.

By picking ¢ = v~ € H(£) as a test function in the above inequality and using
tT > —\{, we obtain

/|Vv_|2dac§ —t+/(v_)2dx<)\1/(v_)2dx§/ Vo~ [2dz,
Q Q Q Q

and therefore v > 0 in 2. The same argument and ¢~ > —A; imply that u > 0
in Q. Since u # 0 the result follows from Harnack’s inequality (see [I8, Theorem
8.20]). O
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The next result combines an idea introduced by Hess [19] with the standard
theory of Krein-Rutman.

Proposition 2.3 (Principal eigenvalue). Suppose that A3 + 8\ +6 > 0 and 3 >
—2X1. Let c € L () be a weight verifying

c(x) > —1 for a.e. x €9, ap = in}fg c(x) >0,
re

043/ <p2dx
dp = . B
B = sup

PeCF (B0} / [(Ag)? + BIVel? + 642 da
B

where B C B C . Set

> 0.

If B? — 40 > 4d§1, then the eigenvalue problem

A%y — BAu + Ou = Ae(x)u, in Q,

u=Au=0, on 09,
has a principal eigenvalue \§ > 0 with associated positive eigenfunction @1 belonging
to Wy (Q) N WH2(Q) N C3(Q).

Proof. For u, v € H, we define
(u,v)y 1= / [AulAv + B(Vu - Vv) + Quv] dz
Q

and notice that

2 = (u,u). > (A2 + B + 0) / w2de.

Hence (-, ). is an inner product in H and, since |Ju|| < ||u||. for any u € H, we have
that H2(Q2) N H}(Q) endowed with this inner product is a Hilbert space. Thus, we
can apply the Riesz Theorem to obtain ¢, € H such that

(2.8) (¢1,v) = /\f/ c(x) v de, YveH,
Q

where the number A{ is given by

c(z)p?dx
(2.9) 1 /ﬂ

= sup

- > 0.
U eemo) [ (AP + BTl + 04 do
Q

This shows that dg > 0.
For any « € (0,1) we denote
Cs(Q) :=={u e C*(Q) :u=0on 90},
and define the operator T : C§(Q2) — C3%(Q) N C§(Q?) in the following way:
2, Yoy .
Tuco < A%y — AV + (0 + X))v = (1 + ¢(z))u, in Q,
v=Av =0, on Jf).

Since (2.9) implies that 82 > 4(0 + \}), the same argument used in the proof of
Lemma [2.2] provide

A% — BAV+ (0 + X)v = (—A +t71d)(—A — tT1d)w,
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with t+ >t~ > —\1. So, the equality Tu = v can be rewritten as

—Av+ttv=w, in 9,
v =0, on 09.

and

w =0, on 09,

Recalling that ¢ € L>°(Q), we can apply the standard LP-theory to ensure that the
operator T is well defined and compact.

It is well known that K := {u € C$(Q) : u > 0 in Q} is a total cone in C§ ().
Moreover, 32 > 4(0 + X¢) and Lemma imply that T(K) C K. Hence, we
can apply the Krein-Rutman Theorem (see [22] or [9, Theorem 19.2]) to obtain a
principal eigenvalue \g > 0 and a positive eigenfunction ¢; € C*%(Q) N C§(Q)
such that

{—Aw +t7w=(c(z)+1)u, inQ,

(2.10) { A2p1 = BAp1 4 (0 + X))p1 = (1 + ()1, n Q,

1 =Ap; =0, on 99.

The eigenvalue Ag can be characterized as

1 - /Q(l—i—c(x))go dx

Ao pero) [(A)? + BIVel® + (6 + A))¢?] d
Q

In what follows we shall verify that Ao = A{. If this is true, it follows from
that ¢1 > 0 is an eigenfunction of the linear problem presented in the statement of
the lemma.
In order to check that Ao = A{, we first use equality with v = ¢1 to get
o1llZ = A [, c(m)d)?dx. Hence, we infer from the characterization of Ay that
fg 2)ptdr + 61072y 1

/\o R R S
and therefore A{ > A\g. On the other hand, since

lerll2 + X llerllzz@) = Aollenllzaga) + Ao /Q c(a)pi da,
we obtain from ([2.9)) that

Jae@giar N0 [l9nll2+ 05— 20lplae)] o
/\C el llollZ “ o
Thus, the reverse inequality A\g > A{ holds and we conclude that Ao = A§. O
We are ready to construct our supersolution.

Lemma 2 4. Let p, be defined in [2.2)), p € (0, 1) and w € HY(Q)NC>(Q) as in
Lemma . Then, for some R > 0 there exists u € Wy () N W42(Q) N C3(Q)
such that

m()Au < pa(z)u? + b(x)uP, Vi € Hp,
w, in €,

(2.11) 0O<u<
u u = 07 on 0f).
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Proof. For any R > 0, we define

Mp := sup m(u) > 0.
u€eHR

By continuity, limp_,o+ Mp = m(0) > 0, and therefore we can choose J, R > 0
small in such way that

Mp-5 M
4(Mr—m(y) =~ 27
Let 2, C Q be given by (a3) and set C; = C1(Q4q, My, d) as

2
podx
Cy = sup fB M2 5
peCE (B0} [, {(A@? + Mg|Ve|? + (RT) @2} da

(2.12) Vo € Hg.

> 0.

Pick a > 0 in such way that

an = CkCl > Mi}%
and define ¢ € L*>(Q) in the following way:
a, ifxe,,

c(x) ==
-1, ifzeQ\Q,.

By invoking Proposition [2.3] with the above weight and B = ,, we obtain A§ > 0
and @, € Wy2(Q) N WH2(Q) N C3(Q) such that

27 .
A2py — MpAp; + (M’Z 5) p1 = Aje(z)py, in Q,
(2.13) 01> 0, in €,
w1 =Apy =0, on 0.

Since ¢ = « in (), the variational characterization of the first eigenvalue easily gets
1/X¢ > «aCq, and therefore we can assume that § — 4A§ > 0. Thus, we can use

(2.12) to obtain

ME -4 Mp — /6 —4X§
(2.14) 15— m(©)) > 5 , Vi € Hp.

We now notice that, since c¢(x) > —1 for a.e. = € Q, (2.13)) implies that

2

M ) .
A1 — MpApr + ( R4 + )\i) p1 >0, in .

Arguing as in the proof of Lemma[2.2] we can write
(—A+t71d)(—A —tTId)p; >0, in Q,
with
- Mg — /0 —4){ o Mg+ /0 — 4§
2 T2
and therefore it follows from the Maximum Principle that

Mg = Vo — 4 0, in €.

—Apy + f@l >0,
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Since ¢; > 0, the above expression and (2.14]) imply that, for any ¥ € Hg,

M3 -6
—Ap 4+ —TL — >0, inQ.
2 Ay = m@)
which is equivalent to
2 Mg -9 2
(2.15) A%p; — MrA@: + 1 P12 A%p1 —m(y)Agpr.
We now define
U= &Py,

with € > 0 satisfying

e —.

aAffle1]lo

For any v € Hp, it follows from (2.15) and (2.13) that
(2.16) A?u —m()Au < eXie(z)pr < K,

where K > 0 was defined in (2.7). The above expression and the definition of the
function @ in that former lemma provide
A?u—m()Au < K < A% — m(y)AT, in Q.

Recalling that u = 7 = Au = Au = 0 on (2, we infer from the above inequality and
Lemma that u < w in . Hence, the last two statements in (2.11]) hold.
We now claim that, for some € > 0 small, we have that

(2.17) eXje(z)pr < fu(z,u), in Q.

If this is true, we can use (2.16) to conclude that u verifies the first statement of
(2.11).

It remains to verify (2.17). We fist suppose that b~ # 0 and consider 2 € Q\ Q,.
If

)\C
(2.18) < — T —
16 lloo 1115

we can recall that a > 0 and ¢ = —1 in Q \ Q, to get
fu(z,u) = —eP|[b7 || p1(z)P = —eX{pr1(z) = eAfc(z)pr(z), for ae. x € Q\ Qq,

which implies (2.17). If b= = 0 and =z € Q\ ,, the above inequality holds in-
dependently of the value of €. The proof for x € Q, is more involved. We first
set

g(e) = pb — 7o oo llr 55 — e TaX{llen [l e > 0.
Since g is continuos and g(0) = ud, there exists € > 0 small such that
(219) oe) > 12,
Hence, recalling that ¢ > § and ¢ = « in §,, we get

0 < e&l(x q%é

()
1 (x)?g(e)
elp1(2)? [16 + b(x)e? Y1 (2)P 1 — ' Tadfpr (x) ']
Ju(@, u) — eXic(z)pri(z),

ININ A
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which is exactly (2.17]). We now conclude the proof by picking € > 0 small in such
way that (2.18) and (2.19) hold. O

3. THE FOURTH-ORDER CASE

We devote this section to the proof of our first theorem. Let p, > 0 be defined
in 22), u € (0,.) and @ € HL(Q) N C®(Q), u € Wy (Q) N WH2(Q) N C3(Q) be
given by Lemmas 2.I] and 2:4] For each u € H, we define the truncated function

u(x), if u(x) > u(x),
u(z) =< u(z), ifu(r)<ulx)<u(z),
u(z), if u(z) < u(@),

For 0 > 0, we can use a > 0 to obtain

d

(1) 4 60) = pga)t™ 4 pb(@) ™ +0 > —pllb ot 46,
for any x € 2, t > 0. Hence, if we set
(3.1) 0 := pllb™ [loola]l2

we conclude that
(3.2) the map t — (fu(z,t) + 0t) is nondecreasing in [0, ||@||«], for any x € Q.
We now define the operator 7' : H — H N C3*(2) by
Tuco <o A%v —m(u)Av + 0v = f,(z,0) +0a, inQ,
v=Av=0, on 0f).

and prove the following:
Lemma 3.1. Let p, Ry, R > 0 be given by (2.2)), (2.3) and Lemma respec-

tively. Then there exist R* € (0, R) and p* € (0, us) such that, for any p € (0, u*),
the operator T above is well defined, compact and satisfies T(Bg+(0)) C Bg+(0).

Proof. Since m(0) > 0 and m is continuous, there exists R* < min{Ry, R} such
that

« = inf .
mpg oof m(u) >0

Moreover, since lim,,_,o+ |[@]|oc = 0, the equation implies that § — 0, as p —
0. Hence, we may also assume that yx is small in such way that m(u)? > m%. > 460,
for any u € Hp-.

As in the proof the of Lemma [2.2] the equality Tu = v can be written as

{—Av +tiv=w, inQ,

v =0, on 0},
and
—Aw+t;w= f,(x,u) 4+ 60u, inQ,
{w =0, on 09Q.
with

- m(u) £ v/m(u)? — 40
A 5 .

By using the usual LP-theory we can check that T is well defined. Moreover, by
(mq), for any boudend sequence (u,) C H, we may assume that m(u,) — m(u),
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as n — +o0o, where u € H is the weak limit of (u,,). Hence, we can use standard
arguments to prove that 7' is compact. Finally, the definitions of T, u and
show that Tu > 0, for any u € Hp-.

Let Cy > 0 be such that Cy [, [uldz < ||ul], for any u € H. By denoting v = T'u
and recalling that 0 < u < @ in §2, we infer from the definition of # that

A% —m(u)Av + v < pllalloo [@l1% + 167 [loc [[allZ, + plb~ oo [zl
Since ||ulc — 0 as p — 0T, for small values of ;1 > 0 we have that
A%y —m(u)Av + v < R*C.

By multiplying the above inequality by v = Tu > 0, integrating over {2 and recalling
that v = Av = 0 on 99, we get

ol + m()[[[VolllZ2q) + 0llvlZ2 ) < R*Cillvllzy@) < R |lv]l-

Hence, we conclude that T'(Bg~(0)) C Bg-(0). O
We are ready to prove our first theorem.

Proof of Theorem Let p*, R* > 0 as in the previous lemma and fix u € (0, u*).
Since the compact operador T' is such that T(Bg~(0)) C Bg+(0), by Schauder’s
Fixed Point Theorem there exists u € Bp«(0) such that Tu = u. Hence, u < u,

(3.2) and Lemma imply that
A%y —m(u)Au + Ou = f,(z,0) + 0 < f,(z,7) + 07 < A*T — m(u) AT + 07,

which is equivalent to
A?(u—u) —m(u)A(u —u) + 0(u—u) <O0.

Since m(u)? > 46, we can use Lemma [2.2|to conclude that u < % in . Analagously,
we can use u < u, (3.2) and Lemma to get

A%y —m(u)Au + 0u < f,(z,u) + 0u < f,(z,0) + 08 = A*u — m(u) Au + Ou,

from which we obtain u > u in . Thus, v < u < 7@ in € and it follows from the
definition of @ that & = w. Since Tu = u, this implies that u € H is a solution of
the problem. O

4. THE SECOND-ORDER CASE

From now on we deal with the problem (P,) with v = 0. In this new setting,
instead of (ms), we shall assume that

mo 1= ulglfqm(u) > 0.

The proof follows the same lines of that presented in the last section.

Lemma 4.1. Let

(1-q)/(p—1)
+m0 D ( +m0 q ) ) Zf||b+||00 > O’
fix = 2llat{lollellce \2[10 [l le]lo

400, otherwise,
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For each pi € (0, ps) there exists u € HE(Q) N C>(Q) such that

—m()AT > pala)a + b()ar, Ve H,

u >0, in €,

u=0, on 0f2.
Moreover, the function T = U, ||a™|loos |07 ||ocs 2, N) is such that ||[tl|ec — 0
uniformly as p — 0.
Proof. Let e € H}(Q) N C°(Q2) be such that —Ae =1 in , since 0 < p < 1., We
choice

9 + o q 1/(1—q)
(4.1) K = (“a | ”e||°°> . w=Ke.
mo
By using the definition of K together with p < p. we get
ful@, 1) < pllafl oo KPle]l% + 167 lo K€, < Kmo < Km() = —m(3) AT,

for any 9. The lemma is proved. (]
We now turn our attention to the subsolution. As in the fourth-order case, it is
important to consider an eigenvalue problem with a suitable weigth.

Lemma 4.2. Let p, and T as in Lemma . Then, there exists u € Wy () N
W22(Q) N C3(Q) such that, for any R > 0, it hold

—m(Y)Au < pa(z)uP + b(z)u?, V¢ € Hg,
(4.2) 0<u<m, in Q,
u =0, on 0N.

Proof. Let 0, C Q given by (az) and define the weight ¢ € L>(2) as

1, if x € Qg,
c(z) ==
-1, ifzeQ\Q,.
Consider ¢; > 0 and A§ > 0 ( see [19]) such that
—Ap1 = Ace(z)pr, inQ,
and set
U= epi,
with € > 0 such that
e < et = L
- Alletllee
A simple computation shows that
—Alepr) = eXfc(@)pr < eXfflpiflec < K = —-A(Ke),
with K > 0 defined in (4.1]), and therefore it follows from the Maximum Principle
that v <@ in Q.
In order to check the first statement in (4.2)) we suppose that b~ # 0 and consider
x€eQ\Q, If

p—1 mO)‘i

- 1
16~ llooll1 1150
we can recall that ¢ > 0 and ¢ = —1in Q\ Qg, to get

fu@,u) > —eP 707 |sollon |2 u > —moAfu = —moA(w) > —m(y)A(u),
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for a.e. € Q\Q, and any ¢ € Hr. If b= = 0 and z € Q,, then f,(r,u) >
0 > —mpA(u) and therefore the above inequality trivially holds for any e > 0. It
remains to consider x € €,. In this case, since ¢(z) = 1, we have that

(4.3) —m(Y)A(u) = em(V)Afc(z)p1 < eMRrATe1,
with
Mp := sup m(u) > 0.
u€EHR
But
fu(@,u) —eMpAip1 = pa(x)etp] +b(x)eP @} — eMprA{p1

\%

e [16 — P07 oo llallBs? — e T IMRA 1]l 7] -

If we call g(g) the continuos function into the brackets above we obtain ¢ > 0 small
such that g(e) > (ud)/2, and therefore

o
fulw,w) —eMpXjpr = 0] > 0.

This and (4.3]) imply that the fuction w verifies the first statement in (4.2)) also in
the set €. O
We are ready to prove our second theorem.

Proof of Theorem As in the proof of Theorem we define T : H — HN
Ch(Q) by

—m(u)Av + v = f,(z,0) + 0u, in Q,

T =
W=v {sz, on 012,

where 6 > 0 is such that the function t — f,(z,t) is nondecreasing in [0, ||T|| o], for
any x € ). As before, T is well defined and compact.
We now set

co = inf z,t) + 6t|%.
0 xeﬂ,te[o,um\w]'f“( ) + 0t

For any u € H, if we denote v = T'w and integrate by parts we obtain
ool > / (—m(u)Av + v)dx
Q

= m(u)?ol* + 2m(u)0|[|Vol[[Z2 o) + 6% [[v]I72(q)
I?,

v

3o
where |Q| stands for the Lebesgue measure of 2. Hence, if we define R* :=

V0| /mo, we have that T(Bg~(0)) C Bg-(0) and the Schauder’s Fixed Point

Theorem provides v € Br~(0) such that Tu = u. The result now follows from the
Maximum Principle as in the proof of Theorem (1.1 O
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