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Abstract

In this paper we study a variational inequality in which the principal operator is a generalised
Laplacian with fast growth at infinity and slow growth at 0. By defining appropriate sub-
and super-solutions, we show the existence of solutions and extremal solutions of this
inequality above the subsolutions or between the sub- and super-solutions.
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1. Introduction

In this paper, we study a variational inequality in which the principal operator is a
generalised Laplacian (¢-Laplacian) with fast growth at infinity and slow growth at
0 and where the lower order term is nonlinear. An example of such a variational
inequality is the following:

/ ®(|Vv]) dx — f (Vi) dx > / Fw)@—uydx, VveW Lo,
Q 194 Q
ue WOILQ,

1.1

where ® is the Young function given by
o) ="M (@0 =0), (12)

for p > 1. Here, Q is a bounded open set in RY (N > 1) with Lipschitz boundary
92, W Lo is the first-order Orlicz-Sobolev space of functions vanishing on 8<2 (see,
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180 Vy Khoi Le 2]

for example, Section 2.1 for more details), and f : 2 x R — R is a Carathéodory
function with a certain growth condition to be specified later.
Note that for ® given in (1.2) we have

(1) = o(t?) as t - 0O
and .
t? =o(P@®)) as t — oo,

for any power t? (g > 0). Inequality (1.1) is the weak (variational) form of the
nonlinear degenerate elliptic boundary value problem

— div (¢(|Vu|)Vu) = f(,u) in Q,
[Viu|

u=0 on 0S2,

(1.3)

where ¢ = &'. Problem (1.3) and the variational inequality (1.1) are related to
a sandpile problem studied recently by Aronsson et al. [2], Evans et al. [15] and
Prigozhin [20, 21]. In these works, the (dynamic) problem is formulated as a parabolic
equation that contains the p-Laplacian with large p:

{u, —Au=f in RY x (0, 00), 4

u=g on RY x {r =0},

and also their limits when p — oco. The limit problem is in fact equivalent to the
following variational inequality:

{f —u, € dIx(u) for t >0, (1.5)

u=g when ¢ = 0.

Here, Apu = div(|Vu|P~2Vu) and 9Ik(u) is the subdifferential of the indicator
function I of the convex set K = {v : |[Vv| < 1 a.e.}. The motivation of (1.4)
and (1.5) is the consideration of fast/slow diffusion operators such that within the
region {|Vu| < 1 — 8} (§ > 0, small), the diffusion coefficient |Vu|?~2 is very small,
whereas within {{Vu| < 1+ 8}, |[Vu|?~? is very large. The limit variational inequality
(1.5) is also closely related to the elastic-plastic torsion problem (see, for example,
[8,9] or [22]). In the variational form, A, is the derivative of the functional

Ip(u) = l/ |Vul? dx (1.6)
PJa

with the integrand |Vu|? being very small in {|Vu| < 1 — 8} and very large in
{IVu| < 1 + 8}. Because I, is convex, the equation in (1.4) is (in the weak form)
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equivalent to the variational inequality

/u,(v—u)dx-{—l,,(v)—l,,(u)z/f(v—u)dx, (1.7)
Q Q

(for all v in a certain space of admissible functions). The limit inclusion in (1.5) is
equivalent to the inequality

/u,(v—u)dx+IK(v)—IK(u)Z/f(v—u)dx. (1.8)
Q 2

The functional Iy in (1.8) and (1.5) can be written formally as an integral functional
similar to (1.6):

Ie(u) = f 0(Vul) dx,
Q

where O : R — R U {00} is the maximal graph:

0 fortel-1,1],
oo for |t| > 1.

0@ = [

Note that the functions Q, given by Q,(t) = [t|?/p, t € R, have limit Q (pointwise)
as p — o0o. When f and u are independent of ¢, the stationary inequality associated
with (1.5) is f € 31k (u), which is not always solvable.

We propose here to study an intermediate problem between the p-Laplacian prob-
lems (1.7) and their limit variational inequality (1.8). We consider the inequality

/u,(v—u)dx+/CD(IVvl)dx—fCD(IVul)de/f(v—u)dx, (1.9)
2 Q Q Q

for all v in some appropriate function space (to be defined later). Here, ® is a convex
function such that, for every p > 1,

0,(t) =0o(®()) and P(t) =0(Q(t)) forlarge ¢, (1.10)
and
Q@) =o(®(2)) and () =0(Q,(t)) forsmall ¢. (1.11)

Thus, the function & plays an intermediate role between all functions Q, and their
limit @. An example of Young functions that satisfy (1.10) and (1.11) is

el!l-l/ltl, t 75 0,

o) =
@ {0, t =0,
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or, more generally, the function given in (1.2) above. In what follows, we consider
the case where & is given by (1.2); however, the arguments can be adapted in a
straightforward manner to problems with ® satisfying (1.10) and (1.11).

Furthermore, we propose to investigate in this paper the stationary inequality asso-
ciated with (1.9), that is, the variational inequality

/CD(IVvl)dx-—f<D(|Vu|)dx2/f(v—u)dx,
Q Q Q

that is, the inequality (1.1) above. The evolutionary problem will be investigated in a
future project.

We are concerned here with the existence and properties of solutions of the vari-
ational inequality (1.1). In the case where the lower order term is linear, that is,
f = f(x) does not depend on «, (1.1) has a unique solution, as can be proved by
classical existence theory for variational inequalities. In the general case where f also
depends on u, the problem is no longer coercive and thus may not have solutions. We
study (1.1) in that general case by a sub-supersolution approach. This approach, when
applicable, usually gives useful information not only on the existence of solutions of
the problem but also on the structure of the solution sets, such as their compactness,
directedness, or the existence of extremal solutions. The method was developed re-
cently in [16, 17] for variational inequalities and has been extended to other types of
inequalities such as variational-hemivariational inequalities or systems of variational
inequalities in first-order Sobolev spaces W'? (see, for example, [3-7, 18] and the
references therein). However, this technique has not been extended so far to apply
to equations or inequalities in nonreflexive Banach spaces such as Orlicz-Sobolev
spaces. Another point is that, in most previous works so far, the potential functionals
for the principal operators are smooth or at least Lipschitz continuous. In our problem
here, the principal functional is not differentiable and even not defined on the whole
associated function space. Therefore, a new sub-supersolution approach is needed for
the present problem. The sub- and super-solution approach for variational inequalities
where the potentials of their principal operators are nonsmooth do not appear to have
been studied. Also, since our functionals here do not satisfy A, conditions, working
in nonreflexive Orlicz-Sobolev spaces also requires new arguments and techniques.
In this paper, we shall define the appropriate concepts of sub- and super-solutions for
(1.1). Next, we prove the existence of solutions and study some properties of solutions
of (1.1), between sub- and super-solutions.

The paper is organised as follows. Inthe second section, after a short review of
the basic properties of Orlicz-Sobolev spaces, we define sub- and super-solutions of
the inequalitity (1.1). Existence and enclosure properties of solutions of (1.1) above
subsolutions and between the sub- and super-solutions are established in Section 3.
Section 4 is devoted to the existence of extremal solutions, that is, of the smallest and
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greatest solutions of (1.1), between the sub- and super-solutions.

2. Sub- and super-solutions

First, let us recall some basic definitions and notation concerning Orlicz-Sobolev
spaces.

2.1. Preliminaries on Orlicz-Sobolev spaces Let ® be a Young function (or N-
function). We denote by ® the Holder conjugate function of &, which is defined by
d@1) = sup{ts — ®(s) : s € R}, and by &* the Sobolev conjugate of ® (in R), with

— t (D—l(s)
(%) 1(l‘)-_—‘/0 S(N+—1)/NdS,

[e <] -1
/ D76 4= oo, @1
1

sNHD/N

provided that

(we refer to [1], [13] or [14] for the properties of Young functions). The Orlicz class
Lo := Z¢(Q) is the set of all (equivalence classes of) measurable functions u defined
on §2 su~ch that fQ O(Ju(x)|)dx < 00. The Orlicz space Lo := Lo(£2) is the linear
hull of Lg, that is, the set of all measurable functions u on €2 such that

/ oo} (lu(kx)|> dx < o0, forsome k > 0.
Q

Then L is a Banach space when equipped with the (ILuxemburg) norm

lulle = llullL, = inf [k >0: f o <|Z—I) dx < 1}.
Q

It is clear that L®(2) C Lo C L'(R2). The closure of L®(2) in L is denoted
by Es, which is a separable Banach space. The first-order Orlicz-Sobolev space
W'Ls = W'L4(Q) is the set of all u € L such that the distributional derivatives
d,u =0u/dx;,i =1,..., N, are also in L,. We note that W!Lg is a Banach space
with respect to the norm

N
lullro = Nullwiz, = lullo + Y _ 3ullo.

i=1

The Orlicz-Sobolev space W!E, is defined similarly. It is known (see, for example,
[13, 14]) that L4 is the dual space of Eg, thatis, Ly = (E3)* and L = (Eq)*.
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The spaces W'Ly and W!E4 can be identified with closed subspaces of the products
1Y, Lo and [];~, Eo, respectively. It is the case that

- (1)

and if we denote by t = o([]Le, [ Es) the weak* topology in []Le and also
the restriction of t to the closed subspace W!Lgy, then W'L is closed under weak*
convergence of [| L. Since [] E is separable, we have the following properties of
WL, which shall be used frequently in what follows (see, for example, [11]).

If {u,} is a bounded sequence in W'L¢ (with respect to || - ||;.¢), then {u,} has a
subsequence which converges with respect to the topology 7 to some u € W!L,, that
is, abounded set in W' L, is relatively sequentially compact with respect to the weak*
topology 7.

We denote by W, L the closure of CP(S2) with respect to the weak* topology t.
By a Poincaré inequality for Orlicz-Sobolev spaces (see [11]), we know that on W, Lo
the norm || - [|w1., is equivalent to the norm || - |lwy., givenby |lullwyz, = llIVulllL,-
We define an ordering on L and thus on W! L and WOl L in a natural way as follows.
Foru,v € Lo, u <v <= u(x) < v(x) for almost all x € Q. It is clear that “<” is
a partial ordering among functions in L.

A Young function @, is said to grow essentially more slowly than another Young
function &, (at infinity) (see, for example, [1, 13, 14]), abbreviated by ®; « ®,, if

D, (1)
im =
100 @y (ki)

0, forall £k >0.

We have the following embeddings, similar to those among Sobolev spaces:

e The embedding W L <> L~ is continuous.
o If ¥ « @, then the embedding W!Lg < Ly is compact. In particular, since
® « ®* (see, for example, [11]), the embedding W'L4 <> L is compact.

[¢5] (D_l
/ ——ﬁds<oo
1

SNHD/N

Moreover, in the case

in (2.1) (whichis the case we study in this paper), it is shown that W! L is continuously
embedded in L*™(£2) (see [1, 11]).

A Young function ® is said to satisfy a A, condition (at infinity) if there exist K > 0
and o > 0 such that ®(2t) < K®(¢) forall t > t,. Properties of the Orlicz space Lo
and of the Orlicz-Sobolev spaces W'!L4 and Wy L when & and/or & satisfies a A,
condition are presented in detail in the references [1, 11, 13, 14].
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2.2. Definitions of sub- and super-solutions In what follows we assume that ® is
given by (1.2). All results here are extended in a straightforward manner to the case
where @ satisfies (1.10)—(1.11). Let us denote

J(u)=/<l>(|Vu|)dx, ueW'l,,
Q

and let D(J) = {u € W'Lg : J(u) < o0} = {u € W'Lg : |Vu| € Lo} be the
effective domain of J.
We are now ready to define sub- and super-solutions for (1.1).

DEFINITION 2.1. (a) A function u € W!L is a subsolution of (1.1) if

(i) <0 on 382,
() fC,w) el (), 2.2)
(i) [, ®(Vul)dx <oco (thatis, |Vu| € Lo),

and forall v € u A [W)jLo N D(J)]

f ®(Vol) dx / S(Vul) dx > f £ W@ — w dx. 23)
Q Q Q

(b) A function & € W'L¢ is a supersolution of (1.1) if

(i =0 on 992,
(i) fC,a) e L), (2.4)
(i) [, ®(Vi])dx <oo (thatis, |Vi| € Lo),

and forall v € i v [W]Lo N D(J)]

/d>(|Vv|)dx—f<D(|Vﬁ|)dx > / fx,u)(v —u)dx. 2.5)
Q Q Q
In these definitions, we use the following notation:

u VvV v = max{u, v}, AxB={axb:ae€A,bc B},

u A v = min{u, v}, uxA={ulxA,

where u, v € W'Lg, A, BC W!Lg, and x € {V, A}.

Let us illustrate Definition 2.1 by simple examples of constant sub- and super-
solutions. Leta € R, a < 0. Then u = a is a subsolution of (1.1) if f(x,a) isin
L'(®) and f(x,a) > Ofora.e. x € Q. In fact, by the conditions in (2.2), Definition 2.1
is trivial. Moreover, forany v € u A [WO'LQ N D(J)], we have v — 4 < 0 and thus

fd><|Vv|)dx—fd>(|Vgl>dx=/¢(|Vv|)dxzosz(x,y)(v—y)dx,
Q Q «Q Q

that is, u also satisfies (2.3) in Definition 2.1. Similarly, if » > 0 is a number such
that f(-,b) € L'(2) and f(x,b) < O for a.e. x € 2, then & = b is a supersolution
of (1.1).
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3. Existence of solutions above subsolutions

or between sub- and super-solutions

First, let us prove the following lattice property of Orlicz-Sobolev spaces WL,
and W, L, which extends that of first-order Sobolev spaces.

LEMMA 3.1. W'L, and WOl Ly are closed under the operations Vv and A, that is, if
u,v € W'L¢ (respectively W) Lg), thenu v v, u Av € W'Lyg, (respectively W) Ly).

PROOF. Assume u, v € W!Ly. We have u, v € WH1(Q) and from Stampacchia’s
theorem (see, for example, [10] or [12]),

Vu in {x € Q:ulx) > v(x)},

. 3.1
Vv in {x € Q:u(x) < v(x)}.

V(qu):{

There exists ¢ > O such that cu, cv, |V(gu)|, |V(ev)| € 1:4,. Because

e(uvVvv) = {gu in {x € Q:ulx)=v)},

gv in {x € Q:ux) < v(x)},

we have

/ d(e(uvv))dx < / O(eu) dx +f D(ev)dx < 0.
Q Q Q

This proves that u V v € L. Similarly, by using (3.1) on V(gu v ev) = V(e(u v v)),
one obtains

/<I>(8|V(u vu))dx < / ¢(|V(8u)|)dx+/ O(|V(ev)])dx < 0.
Q Q 2

Hence |V(uVv)| € Lo, thatis, V(uVv) € (Le)V. Wehave shownthatuvv € W'L,,.

Analogous arguments hold for u A v. O
We assume that i, . .., u, are subsolutions of (1.1) (in the sense of Definition 2.1)
and put
u=max{y,: 1 <i <k} 3.2)
and
uy=min{y, : 1 <i <k}. 3.3)

From Lemma 3.1, u and u, are in W'L,. Assume that f has the following growth
condition above u,:

|f(x,w)l < a(x) + W' (lu)), (3.4)
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forae. x € Q, all u € [u,(x), 00), where a € L'(R2) and W is a Young function such

that
U L & (at infinity). 3.5)
Under these conditions, we have the following existence and comparison results
for (1.1).
THEOREM 3.2. Assume u,, ..., u, are subsolutions of (1.1) and that F has the

growth condition (3.4). Then there exists a solution u of (1.1) such that u > u.

In the proof of Theorem 3.2, we need the following estimate.

LEMMA 3.3. Forany d > 0, there exists C > 0 such that

/Qobqwndx —dfg lu|?dx > %/Q(D(Wul)dx —C, YueW Ly, (36)

PROOF. From [11, Lemma 5.7], there are positive constants D, D, such that
/QCD(Dlu)dx < DZ/Qq>(|vu|)dx, YueW,Le.

This implies that

/@(qul)dx—d/lulzdx
Q Q

1 1
> -f d(|Vul)) dx + — (f ¢(D1u)dx—2dD2f |u|2dx).
2 Jq 2D, \Jg Q

Since 12 « ®(¢), there is a constant D; > 0 such that ®(D,u) > 2d D,|u|* — D3, for
all u € R. This shows that

1 D
/CD(IVul)dx —d/ 2 dx > —/ ®(Vul) dx — —2 |9, G
Q Q 2 Q 2D2

implying (3.6). a

We are now ready to prove Theorem 3.2.
PROOF OF THEOREM 3.2. Forx € ,¢ € R, put

0 if t>u(x),
t —u(x) if t <u(x).

b(x,1) = _'M(X) - t]+ = {
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Because of the continuous (in fact, compact) embedding

WlLe < L®(), (3.8)
we have
[b(x, )| < |t| + llli= =< |t1+ CllullwiL,, (3.9)

for a.e. x € Q, all + € R. Here and in what follows, C denotes a generic positive
constant.
This estimate shows that the operator B given by

(B(u), ¢) =/b(x,u)¢dx, (3.10)
Q

is well defined and continuous from L*() into its dual and thus from W!L into its
dual. Foru € Ly, letusput T(u) =uvuand T,(u) =u v u; forje{l,...,k}. It
follows from (3.8) and Lemma 3.1 that

T(u), Tj(u) € W'Lo(— L¥(RQ)), VYue W'L,.

Also, if u € Lo then T(u), T;j(u) € Lo. It can be easily verified that T and T; are
continuous mappings from W!'L, into itself and also from L into itself. Because
T (u), T;(u) > u, a.e. on 2, we have from (3.4) that

|fC Tl <a+ V(AT @),

for all u € Lg. Therefore, the mapping u — f(-, 7(ux)) is continuous and bounded
from L into Lg(= (Lo)*) and also from W'Lg into (W'Ly)*. Similar properties
hold for the mapping u — f(-, T;(1)), 1 < j < k. Let us define

k
<r(u),¢>=/ﬂ[f(-,T(u))+Z|f(-,T,(u>)—f(-,T(u))l]q&dx, (3.11)

j=1

for all u, ¢ € W!'Lg. The above arguments show that I" is bounded and continuous
from L¢ to Lg. Because the embedding W'Lg <> Lo is compact, I' is completely
continuous from WL, with the weak* topology to (W'L)*. Similarly, since the em-
bedding W!Lg <> L*(R2) is compact, the operator B defined in (3.10) is completely
continuous from W'!L4 (again with respect to the weak* topology) into (W'Lg)*. Let
us consider the variational inequality

{J(v) —J) + (BBW) —T(w),v—u) 20, Vve WjLo, (3.12)

ue WOIL"’
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with some fixed 8 > 0. From the above arguments, we see that 8B — I' is completely
continuous from W!L, (with respect to the weak* topology) to (W!Lg)*. Let us
prove that J(-) + ((8B — I')(-), ) is coercive in the following sense:

. J(u) + (BB(u) — T'(w), u)
m

Dullyy o —>o0uEWS Lo llzell

= 00, (3.13)

(where [ullwir, = | [VulllL,)-
In fact, for j € {1,...,k},u € W)Ly, we have

f LG, Tyl dx
Q

sf |f<-,u)||u|dx+/ £ Gl dx
{reQu(x)zuy(x)}

{xeQu(x)<u(x)}

5/a(x)|u|dx+f\I"(Iul)luldx+f £ Cw)llul dx
Q Q Q

< IluIILw(m(IlalIu(m+IIf(',ﬂj)Ilum))wL/ W' (JubDluldx. (3.14)
Q

-

Note that since ¥’ is nondecreasing and W is even, we have for all u € R,

2lu|

2uf
W(Q2u) = WQlul) = / W(s)ds > f W(s)ds > W (ulul(= ' @w)u).
0 |

ul

For €, C > 0, it follows from (3.5) and the convexity of W that there exists D =
D.c > 0 such that

W (ju)|u| < ¥(2u) < e®(Cu) + D.c, YueR. (3.15)

Hence

f W (|lu)u|dx < e/ S (Cu)dx + Dy|2). (3.16)
Q Q
Combining (3.14)—(3.16) with (1.2), one gets, forany j € {1,...,k}andu € W()‘L¢,

/Qlf(', Ti@)luldx < llull =@ (lall@ + £ ¢ u)lne)

+8D2[ @ (|Vul)dx + D.p,|$2i. 3.17)
Q

We have a similar estimate to (3.17) in which fQ | f(, Tj(u))|lu| dx is replaced by
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fQ | (-, T (u))}|u| dx. Therefore, one obtains the following estimate:
KT (), u)

k
=C [(k + Dllallne + &+ DI wDline + Z WACH ﬂ,-)llum)] Hollwiro

7=l

+ ek + 1)D2/ Q(|Vul)dx + (k + 1)D,p,|82|, Yu € W01L¢. (3.18)
Q
On the other hand, forall u € W'L,,
3 1
{B@), u)| < / e — ul|uldx s—f |u|2dx+—/ lul®dx. (3.19)
Q 2 Jq 2 Ja

Choosing ¢ > 0 sufficiently small in (3.18) and using (3.19), one gets (as above, C
denotes a generic constant),

J(u)+ (BB(u) — I'(u), u)
> / P(|Vul)dx — Cllullwr, — ek + 1)D2/ O(|Vul) dx
Q

Q
38 »
— 7 Qlul dx — C
1
> 5/<I>(|Vu|)dx—C<||u||ng¢,+f Iulzdx+1). (3.20)
Q Q

From (3.6) of Lemma 3.3, (3.7) and (3.20), we obtain for all 4 € W01L¢,
. 1
J(u) + (BBu) —T'(u), u) > Z/ P(Vul)dx — CllullwL, + 1), (3.21)
Q

for some C > 0 independent of u. Because

im / O (|Vul)dx = oo, (3.22)
ey g =00 flull WiLle /0
(see, for example, [11]), (3.21) immediately implies (3.13).

It follows from the above arguments and classical existence theory for variational
inequalities (see, for example, {12] and [19]) that the inequality (3.12) has a solution

u. Let us verify that for all j € {1, ..., k]
uZu,. (3.23)
Letg € {1,..., k}. Substituting v = U, ANu€u, N [WeLo N D(J)]in (2.3) (withgq
instead of u) yields
T Aw) = T @) > = / £, 1), —w)* dx. (324)
Q
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On the other hand, letting v = u,Vu in (3.12), we obtain
J(u, v u)—J)+ (BBu) — T'(u), (u, —u)*) > 0. (3.25)
Adding (3.24) to (3.25) and using the fact that for all v, w € W!L,

J(v/\w)+](va)=/d>(|V(v/\w)|)dx+/d>(|V(vvw)|)dx
Q e

=f c1>(|Vv|)dx+/CD(IVwI)dx
Q Q

which is a direct consequence of Stampacchia’s theorem (see, for example, [12] or
[10]), we have

(BB(w) — T(w), (, — w)") +/ £ u) @, —u)tdx > 0.
Q
It follows from (3.11) that

— (T @), (g, —u)*) + f Fxu)(w, —u)*dx
Q

k
= / [[f(-,ﬂq) — FGT@N =Y _IfC ) — £, T(u))l} (u, —w)*dx
Q

j=t

k
= f [[f(-,zq)—f(-, T@)1= Y 1 Tyw) - fC, T(u))l} (u, — 1) dx
j=1

[xeS'Z:gq>u(x))

<0
Hence
0=<(BB(u), (u, - why =8 b(-, u)(u, —u)dx
(er'y_q(x)>u(x)}
=-p (u—uw)(u, —u)dx <0,
{xeQ gq(.x)>u(x))
and thus

0=/ (g——u)(gq—u)dxzf (gq—u)zdeO.
{xre U, (K)>u(x)} (er:gq(x)>u(x)}

Consequently, U, —u = Q0 ae in {x € Q: gq(x) > u(x)} and this set must have
measure 0. We have shown that u > u, a.e. in §2. Since this holds for all ¢ €
{1, ..., k}, one obtains u > u.
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From the definitions of B and I, we have
BW =0 ad (W)= [ fC.updx
Q

Therefore the variational inequality (3.12) reduces to our original inequality (1.1), that
is, u is a solution of (1.1). ]

By using similar arguments, one can show the following existence result for solu-
tions lying between the subsolutions and the supersolutions when both exist. In this
case, we need only a more relaxed growth condition on the lower term between the
sub- and super-solutions. In fact, we have the following existence theorem.

THEOREM 3.4. Assume (1.1) has subsolutions u;, i =1, ..., k, and supersolutions
uj, j=1,...,m. Letu beasin (32)and u = min{u; : 1 < j < m}). Suppose
furthermore that u < u a.e. in S2 and that f has the growth condition (3.4) for a.e.
x € @, allu € [uy(x), to(x)], where iio(x) = max{ii; : 1 < j < m).

Then (1.1) has a solution u between u and u.

4. Existence of extremal solutions

In this section, we show a further property of the solution set of the inequality (1.1),
namely, we prove that under the assumptions of Theorems 3.2 or 3.4, there exist
greatest and/or smallest solutions of (1.1) between the sub- and super-solutions. First,
let us show the following result about the existence of greatest solutions above a
subsolution.

THEOREM 4.1. Under the assumptions of Theorem 3.2, there exists a greatest
solution u* above u, that is, u* is a solution of (1.1), u* > u, and if u is any solution
of (1.1) such that u > u then u < u*.

PROOF. Let S be the set of solutions of (1.1) above u:
S:={u e W)Ly :u is asolution of (1.1) and u > u ae. in }. @.1)

In the first step, we show that S is bounded in W) L. In fact, assume u € S. Letting
v = 01in (1.1) yields

/¢(IVul)dxsff(x,u)udx
Q Q

5/a|u|dx+f¢'(|u|)|u|dx
Q Q

< llalicslullL, +/ Y (Q2lul)dx, 4.2)
Q
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(since W is a Young function, we have 0 < V'(Jul)|u| < W(2|u]), for all u € R).
Again, from [11, Lemma 5.7], there are constants C, k > 0 such that

1
/¢(|Vu|)dx > Ef S (klul)dx, forall u € WyLe.
Q Q

From (3.5), there exists M > 0 such that

w2 1
Qs L ea seR, 5| > M.
®Kk|s]) - 2C

As a consequence, one obtains
/ O(|Vul)dx
Q

1
=< llalles Nullz, + / YQM)dx + 2 / P (klul)dx

{xeQu(x)| <M} (xeQ:u(x)|ZM}

1
< lallu, lullz, + 2% @M) + —f (klul) dx
2C Jo
1
< llallz, lull, +|9|w(2M)+5f ®(|Vul) dx.
Q
Therefofe

1
5[ Q(|Vul)dx < |lallL, llulie, + |221¥Q2M). 4.3)
Q

On the other hand, because ® satisfies a A, condition, we have from (3.22) a positive
number R, such that

/ Q(|Vul) dx = 3llalic,n NullwyL,, (4.4)
Q

for all u € Wy Lo, lullwie, = Ro. Here w is the best embedding constant for the
embedding W)/ L¢ <> Ly, that is,

p = inf{||lullwi, : u € WyLo, llullz, = 1}.
In particular,
pllulle, < llullwy,, forall ue€ WyLe. 4.5)

If f|ull., = Ro/u, then from (4.3)—(4.5), it follows that %llallz_;, lullL, < [2VQ2M),
that is, flull,, < 2|Q|W(2M)l]a||[i. We have shown that if « € S then

lull, < max{Rop™",21QIW@2M)llallz,).
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This estimate, together with (4.3) and (4.4), shows that the set {lullwir, - u € S}is
bounded, that is, S is bounded in W(}L¢. From the boundedness of S in WO'L¢, we
can choose M > O such that [, ®(u/M)dx < 1,forallu € S.

Next, we show that S has a maximal element with respect to the ordering < in
Wo1 Lo, which is a maximal solution of (1.1). In view of Zorn’s lemma, we only need
to check that every nonempty chain C in S has an upper bound. Suppose C # @ is a
chainin S. Letuo € C and put Co = {u € C : u > uy}. To prove that C has an upper
bound in &, one only has to show that Cy has an upper bound in S. Let

o :=sup{/s;¢(%)dx:ueco}(§ 1).

By considering Cy — u, instead of Cy, one can assume without loss of generality that
u > 0a.e. in £, for every u € Cy. There are two cases:

(i) thereisau € Co such that [, ®(u/M)dx = ap, and
(i) forall u € Co, we have [, ®(u/M)dx < a.

If (i) holds then u is an upper bound of Cy. In fact, for any v € C,, either u < v or
v < u. In the first case, we have from the monotonicity of & that

a0=/ﬂ¢(-:7)dx5/9¢(%) dx < ay.

Thus [, ®(u/M)dx = [, ®(v/M)dx. Because 0 < u < v and P is strictly
increasing on [0, 00), this occurs only if ¥ = v. Hence u > v, for all v € Cy, that is,
u is an upper bound of C,.

Assume now that case (ii) holds. In this case, from the definition of «p, we can
construct inductively a sequence {u,} in Cy such that /

u
a0>L¢(ﬁl) dx > ay— 1,

ao>/ﬂ¢(%) dx>max{/s;<l>(u;/;'>dx,ao—%}, Vn>1. 4.6)

We note that u, > u,_, (for all n > 1). In fact, if this does not hold then u,_; > u,

(because C is a chain) and as above, one must have

[o(52) e [o(5) o

which contradicts (4.6). Consequently, {u,} is an increasing sequence in L¢ and thus

and

u, > u ae.in Q, 4.7
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where u = sup{u, : n € N}. On the other hand, from the boundedness of {u,} in
W, Ls and the compact embedding W)Ly <> Lo, by passing to a subsequence if
necessary, we can assume that u, —* & in W)Ly, and u, — # in L, and thus
in L'($2). Comparing to (4.7) and by passing again to a subsequence if necessary, we
have u = &, which implies that u, —* u in W Lo, and therefore

U, > u in L. 4.8)

Next, let us prove that u is an upper bound of Cy. Let v € Cp. If v < u,, for some n,
then v < u. Assume otherwise that v £ u, for all n. Again, since Cj is a chain, we
must have u, < v for all n. Using again the above arguments, we get

/Q<p (”ﬁ) dx < fgcb (%) dx, forall neN. (49)

Letting n — o0 in this inequality and using (4.6), one obtains ap < fQ O(v/M)dx.
Because v € Cy, this contradicts our assumption on ag. Hence u is an upper bound of
Co.

In this last step, let us prove that u belongs to S. Since u, > u foralln € N due to
{u,} C S, we have u > u. Because u, € S, we have, for any v € W} Lo,

fCD(leI)dx—/d)(qu,,l)dxE/f(x,u,,)(v—u,,)dx. “4.10)
Q Q Q

It follows from (4.7) and (4.8) that
/ FGx, un)(@ —uy)dx =5 / fx, w)(v—u)dx. 4.11)
Q Q

From the lower semicontinuity of J with respect to the weak* topology in W, L¢, we
have

/d>(|Vu|)dx _<_1iminf/ O(|Vu,)) dx. (4.12)
Q n—0oo Q

Combining (4.10)—(4.12), one sees that u is a solution of (1.1). Hence u € S and u is
therefore an upper bound of C in S.

We have shown that every nonempty chain in S has an upper bound. By Zorn’s
lemma, S has a maximal element u*. Let us verify that u4* is in fact the greatest
element of S. Assume otherwise that there exists v € S such that

v £u. (4.13)

Because v > u and f has the growth condition (3.4)~(3.5), v satisfies (2.2) (ii). Also,
since v is a solution of (1.1), it clearly satisfies (2.2) (i) and (2.2) (iii). This means that
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v is a subsolution of (1.1). Similarly, u* is a subsolution of (1.1). Let # = max{v, u*}.
Note that the growth condition (3.4) also holds for v, u*, and & in our present case.
From Theorem 3.2, (1.1) has a solution w such that w > u(> u* > u). Hence w € S.
Because w > u* and u* is a maximal element of S, one must have w = u*. Thus
u* = w > u > v. This contradicts (4.13) and shows that u* is in fact the greatest
element of S. Our proof is complete. O

By employing analogous arguments, one can show the existence of solutions and
extremal solutions of (1.1) between the sub- and the super-solutions. In fact, we have
the following result.

THEOREM 4.2. Under the assumptions of Theorem 3.4, there exist a smallest solu-
tion u, and a greatest solution u* betweenu and u, that is, u., u* are solutions of (1.1)
satisfying u < u, < u* < u, and if u is any solution of (1.1) such that u < u < u,
then u, <u <u*.
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