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Implicit Elliptic Problems with p-Laplacian

E. Cabanillas L. and J. V. Luque

Abstract. In this research, we will study the existence of weak
solutions for a class of implicit elliptic equations involving the
p-Laplace operator. Using a Krasnoselskii—Schaefer type theo-
rem we establish our result, extending and complementing those
obtained by R. Precup, 2020, and Marino and Paratore, 2021.
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Introduction

In this article we focus on the following boundary elliptic problem:

—Apu = f(x,u, Vu, Apu) + g(z,u, Vu) in Q,
(1)
u=0 onl,
where  is a bounded domain in R™ with smooth boundary I', (n > 3),
Apu = div(|VulP~2Vu) is the p-Laplacian, 2 < p < 400, f: Q@ x R x R" X

R —Rand g:Q xR xR" — R are Carathéodory functions.

In 1958, Krasnoselskii proved his famous result on the existence of fixed
point for a sum of two operators, one of which is is a contraction and the se-
cond one is compact, defined in a convex and closed set, and concluding that
its sum has a fixed point. Since then, many extensions have emerged with
various types of generalized contractions and generalized compact operators,
which are generally applied to the resolution of specific problems posed in
natural sciences and physics. In particular, his result gives a method for
solving Dirichlet problems in which nonlinear sources can be expressed by
the sum of two terms to which appropriate restrictions are imposed to fulfill
the hypotheses in Krasnoselskii’s theorem. Precup [10] studied the Dirichlet
problem with the Laplacian operator (p = 2) for implicit equations invol-
ving two sources, one source containing the Laplacian and another containing
the gradient, via a Krasnoselskii-type fixed point theorem and suggested the
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application of his technique to general elliptic operators that replace the
Laplacian and to other classes of implicit differential equations. Thus, inspi-
red by the ideas introduced by Precup, this paper aims to study the existence
of solutions for the implicit equation involving the p-Laplacian with
p > 2. This extension is not trivial due to the mathematical difficulties posed
by the degenerate quasilinear elliptic operator, compared to the Laplacian
operator: the lack of Hilbert structure of the domain of the operator, the
absence of linearity and the complicated spectral properties. We point out
that implicit elliptic equations have been intensively studied in the literature
(see [1}, 2,3, 5, 8, [7] and references therein), and have multiple applications to
the calculus of variations, nonlinear elasticity, problems of phase transitions
and optimal design (see, e.g., [4]).

The paper is organized as follows. In Section [I} as preliminaries, we
recall some properties of the inverse operator of p-Laplacian and the main
tool, a hybrid theorem of Krasnoselskii type due to Gao et al.[6]. Section [2]is
devoted to state and prove our main result about existence of weak solutions

for problem .

1 Preliminaries

Let W, P(Q), (1 < p), be the usual Sobolev space equipped with the norm

1/p
foll = ([ 1) " we i),
Q

and [|ull, = ([, |u]p)1/p denotes the norm in LP((2).
By the Sobolev embedding theorem, for any 1 < 6§ < p* (1 < 6 < p*),
p < N, the embedding W, () < L(Q) is continuous (compact) and there
exists a positive constant Cy such that ||ully < Cyllul| for all u € W, 7(Q).
Consider the first eigenvalue A\; of the problem

—Ayu = M\ulP2u in Q,
u=20 on 0f).

Thanks to the work of Peral [9], one has that

Vaul?d
Mo g JalVulde
wewiT@\(o} o [ul? dz

is isolated and simple, also its corresponding first eigenfunction is positive.
Thus, the best(smallest) embedding constant for the inclusion Wy™?(Q) <
LP(Q) is 1/ Ay

Let W=17(Q) be the dual space of W, ?(Q). Also, an embedding constant
for the inclusion L¥ (Q) «— W1 (Q) is 1/¢/X;.
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It is well known, that the problem

—Apu=f inQ,
u=20 on 0f),

has a unique weak solution u € Wy?(Q) for f € W= (Q). Thus, S =
—A, : WP (Q) — W5 (Q) has the following properties:

(i) S is bijective and uniformly continuous on bounded sets.

(ii) The operator S~! : W=(Q) — W,?(Q) is continuous and for any
v1,v9 € WP (Q), the following estimate holds

IS0 = 57 oaf] < My oy — w37 2)
for some constant M; > 0 independent of v; and wvs.
(iii)
[Sull -y = [[ulP~",  uwe WP (), (3)
where ||.||_; denotes the norm in W=7 (Q), 1/p+ 1/p’ = 1.

We recall that our approach is based on a extension of Krasnoselskii’s
theorem, which combine Banach’s contraction principle with Schaefer’s fixed
point theorem due to Gao, Li and Zhang [6], and on the previous mentioned
work [10] by Precup.

Theorem 1 (Gao-Li-Zhang) Let Dy be a closed ball centered at the origin
and of radius R of a Banach space X, and let A, B be operators such that

(i) A: X — X is a contraction;
(ii)) B: Dr — X is continuous with B (Dg) relatively compact;
(111) © # A(z) + AB(x) for all z € ODg and X €]0,1].

Then the operator A+ B has at least one fized point, i.e., there exits v € Dpg
such that
r = A(z) + B(z).

Remark 1 In practice, we use the method of a priori estimates, so both
operators A, B are defined on the whole space X, and a ball Dy as required
by condition (7ii) of Theorem [If exists if the set

Y ={z € X|x = A(x) + AB(z), for some A € [0,1]}

is bounded in X.
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Lemma 1 For any (p*)’ <7 < p, the embeddings
WoP(Q) = L7(Q),  LP(Q) = L7(Q), LT(Q) = W 7(Q)

are continuous, and we may consider positive constants ¢y, cs, c3 such that

ull: < alull,  [lullr < caflully,  full-1 < esllull-, (4)
with c
o =cVh, cg= —%/p, and cq = |Q|P2/
Cl)\l

Proof. From ({)), we get

for u € Wy (Q),

[ull- < eaflull, <

2
u
10//\1 ’

which give us ¢o = ¢; ¥\
On the other hand, in view of the inclusions LF'(Q) < W~ (Q),
LP(Q) — L¥(Q), we have for u € W, ?(Q),

[l -2 < ¢—||U||p W_H ullp < 2/,,II ull-

Now, since
[ull -1 < esllull; < esen[ul],

it follows that cyc3 = CQ/)\?/p. O
Setting v = Su, equation is equivalent to the fixed point equation
v=f (2,50, VS v, —v) + g (2,5 v, VSlv), (5)

which will be solved in the Lebesgue space L7(Q) with 7 > (p*)'.
Define operators A, B : L™(2) — L7(Q2) by

Av = f("Sfl,U,VS*l,U’_,U) ) Buv :g(',Sflv,stlv) .
Then equation becomes the operator equation
v=A(v) + B(v).

Our idea is to use Theorem [I] to find the fixed point for the sum A + B
in VVO1 P(Q2). For this goal, we need to impose additional conditions on f
and ¢ to guarantee that the two operators are well defined from L7(Q2) to
itself, and then, we will show that A is a contraction, and B is completely
continuous. We conclude, by establishing a priori bounds for the solutions
to the problem as required by Remark 1.
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2 Existence of Solutions

In this section, we present our main result. More precisely, under suitable
conditions, we prove the existence of a solution to problem by applying
Theorem [1I

First, we give the following hypotheses on f and g.

(A;) There exist a,b,c > 0 such that

|f(z,y,z,w) — f(z,7,Z,w)| < a|y—y|p_1 +b|2_z|p—1 + clw — ),
f( 707070) € LP(Q)

(Az) There exist constants ag,by > 0, a € [1,p*/(p*)], B € [1,p/(p*)], and
h € LP(2) such that

l9(z,y, 2)| < aoly|*+bo|z|’+h(z) for any y € R,z € R” and a.e. x € Q.

(A3) yg(x,y,z) < olyl? for all y € R, z € R™, a.e. x € , and some o <
001, 0 < 0g < 1, where \; is the first eigenvalue of (—A,, W, *(Q)).

a a beo

b 1_1\P2
2T + NI <01|Q|p ) Myte b= % o o

1
(= max{fg,fl} <1l,00=1-—V/.

(A4) éo =

We are now ready to state our main result.

Theorem 2 Let (p*) < 7 < p. Assume that assumptions (A1)—(As) hold
true. Then has at least one solution u € W, () with Ayu € L7(Q).

For the proof of this theorem, we need to establish the following three
lemmas.

Lemma 2 Suppose that (Ay) and (A4) hold. Then A is a contraction on
L™(Q), T € [1,p/(p — 1)], provided a and b are sufficiently small.

Proof. The Carathéodory conditions ensure that for every measurable func-
tion v € L7(R), the function f (-, S7'v, VS~!v, —v) is also measurable. Fur-
thermore,

£ (8w, VST, —v)||_=|f(-,5 v, VS v, —v) — f(-,0,0,0)||
<a H |S_lv|p_1HT +0b || |VS_1v|p_1HT + c||v||- (6)

But, using the inequalities

|2llrp-1) < cr||2]] forall z € Wol’p(ﬂ), (7)
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and
Hz”T(p—l) < ollzll, forall z € LP(9), (8)

where c; and ¢, are the best constants for the embeddings VVO1 P(Q) —
L7®=D(Q) and LP(Q) — L™P~D(Q), respectively, we have for v € L7(1),
1 - -1 1 a1 _
s o= < 1S ll7g -y < IS ol = & Mol
< es|vll; < oo,

T

and, similarly,
H|VS_1U|”_1HT < A legllo|l- < oo

So, from @ and the above inequalities, A is well defined from L7(£2) to
itself.
Furthermore, we can use this last process to obtain

-1 -1, ||p—1 -1 -1 ||p—1

|Av — Awl|, < a HS v—2_8 w||7(p_1) +b HVS v—VS w} (o—1)
+c|lv —w|,

< ac® *Mics|lv — wl|, + bd;_lMlcg,Hv —wl|; + cllv — wl|,

< [(ac?™" + bk ) Mics + ¢] |lv — wl|,

a b 1/ p—2
) [(m + Mg_p)/p) (@) My e o - wl.
1 1

It follows from hypothesis (A4), that A is a contraction. O

Lemma 3 Suppose that (Ay) is satisfied. Then the operator B : L™ () —»
L7(Q) is well-defined and completely continuous for

7 = min {p* /o, p/B} . (9)

Proof. 1t is easily checked that (9)) implies (p*) <7 <p.
We define three operators

L L7(Q) — W (Q), L{)=nu,
LW (Q) — L (Q) x P (Q,R™), T(v) = (S, VS™),
L (Q) x LP (O R™) — L7(Q), ®(u,v) = g(-, u,v).

We observe that I, is completely continuous, since L7(€) — W1 (Q)
is compact, and I; is continuous and bounded, because ||u|-; < cs||ul--
Further, ® is continuous and bounded for 7 = min {p*/a, p/F}. Indeed,

@0, 0) < | (3max {aoful bl 1l})" da
Q

<37 (agllullg, + B3lloll3, + A1)

< c(||u

« B T
o llvlly +1R17 ) -
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Since ¢ is a Carathéodory function, by using Lebesgue’s dominated conver-
gence theorem, we obtain the continuity of ®.

Thus, B = ®ol;0ly : L7(Q) — L7() is a completely continuous
operator. [

Lemma 4 Suppose that the hypotheses of Lemmas[3 and[3 are satisfied and,
in addition, g satisfies (As). Then the set

F={vel (Q):v=Av+ ABv, for some X\ €]0,1[}
is bounded in L7().

Proof. First, we will verify that the set of the solutions is bounded in
W17 (Q). Let v € F. By Lemmal[l v € W=#(Q), and we have

(v, S~ ) = (Av, S~ ) + \(Bv, S~'v). (10)

Now, by the properties of the operator S~1, we have (v, S~1v) = ||v||”/"™
and hence, using (A;) and (A3), we can write

ol = [ 1 (05700, 95 0, —0) 570 da
0
+/9($,S_IU,VS_IU) S~ lvdx
0
§/ (al S [Pt + VST P+ cfu| + | f(2,0,0,0)]) | ST ] da
0

—l—a/ 1S~ P dw
Q
<allSTM[Ip + bSO S ol + Iolly 157 (@)1
+c/ w||S™ ] dz + oS~ o||?
0

a bco o » ||’YOHpCQ 1
g<x+m r) 570l + el o]+ RIS

a bco p/(p—1) ||’YOHpCQ 1/(p—-1)
: <A1 et ) = el

1

where yo(x) = | f(x,0,0,0)|. Then, from hypothesis (A4),

-1 ||70|| Co 1/(p—1
oA 7D < = o] L.
/\1
Therefore,

[oll-1 < K7,
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where K, = [[90lpca/A1".
Finally, we will prove that ||v||, < K for all v € F and K > 0. As
at < p* and B7 < p, we get
IB@)IT = 10(5~"0, 78~ )7 <Co (IS~ 0ll2, + 1VS~"0ll3, + |1717)
<Co (IS~ 0" + | S7*]1* + |A")
=Co (Jlol2A7 + I ol 2577 + a7 0)

Hence, for v € F', we have

[oll- < [[A@)[l> + AB@)ll> < jvll- + 7 + Ka,

where v = || f(.,0,0,0)||-. This implies ||v||, < Ks+~/(1—1), and the proof
of this lemma is complete. [

Proof of Theorem [2] It follows at once from Lemmas 2H4 and Theorem [1l
L]

Finally, we would like to point out that the existence result for the im-
plicit elliptic problem

u € WOLp(Q)a f(x,u, vua Apu) =0,

obtained by Marino-Paratore [§] is a very special case of the result of this
work.

Remark 2 It seems to be interesting to study a similar result for the implicit
p-Kirchoff type problem

-M </ |VulP dx) ANpu = f(z,u, Vu, Apu) + g(z,u, Vu)  in €,
Q

u=0 onl,

with M : [0, +00) — [mg, +00), my > 0, being a continuous function.
We plan to address these questions in a future research.
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