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The existence of bounded solutions of nonlinear elliptic
variational inequalities is shown. The nonlinear second order
elliptic operator involved has at most an exponential growth in
% and a polynomial growth in Du. The regularity of the
solutions is studied.

Let K be a closed convex subset of a reflexive Banach space V
and let A be a pseudo-monotone coercive operator from V into V*.
Then for any f in V* it is known that there exists w in K such that:

Au — f,v—u) =0 for all » in K.

The existence of solutions of nonlinear elliptic variational inequal-
ities has been shown by Brezis [1], Browder [4], Lions-Stampacchia
[10] and others. The regularity of the solutions when A is a linear
second order elliptic operator written in divergence form has been
studied by Brezis [2], Lewy-Stampacchia [8], Lions [9] and an abstract
regularity result has been obtained by Brezis-Stampacchia [3] when
A is nonlinear.

It is the purpose of this paper to show the existence of bounded
solutions of nonlinear variational inequalities when A is a pseudo-
monotone coercive operator defined on V' N L=(G) and mapping V N L=(G)
into V*. V is a given closed subspace of W-?(G) with Wi *(G) cV
W'?(F). The nonlinear elliptic operator A may have an exponential
growth in u and a polynomial growth in Du. Abstract existence
theorems are proved in §2. The applications and the regularity of
the solutions are studied in §3. The notations and the basic assum-
ptions are given in §1.

1. Let @G be a bounded open subset of B* with a smooth boundary
0G. Set: D; =0d/ox;,5j =1, ---,n and

W (G) = {u:u in L°(G), D;u in L*G),j=1,---,n}.

W »(G) is a real reflexive separable Banach space with the norm:
n i/p
lwlhs = {llullte + 2 Duliraf 52<p < o .

Wie(G) is the completion of C3(G), the family of all infinitely differen-
tiable functions with compact support in G, in the ||-||,, norm.
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Let V be a closed linear subspace of W*?(G) with Wi ?(G) cV C
W? and let H = L*G). The pairing between V and its dual V* is
denoted by (-, -).

Let W be a closed linear subspace of W'?**(G) with Wi *(G) c
W< Wretn(G). The Sobolev imbedding theorem gives W < C(cl G).
The pairing between W and W* is denoted by ((-, -)). Throughout
the paper we shall agsume:

@ WcV.

(b) If w is in W then |u|u is also in W for all s with 2 <
8 < co. The assumption is verified if V = Wy*(G), W = Wi*(G) and
if V.= Wh(G) with W= W*»(G).

C*(G),0< a< 1, is the family of all functions u which are
Holder-continuous with exponent o on any compact subset of G.

Set:

F=VnLG).

In this paper nonlinear operators A(u, v) mapping F'X V into V*
satisfying the following assumption are considered.

Assumption (I): (1) A(u,v) maps bounded sets of F X V into
bounded sets of V*.

(i) If w,— u weakly in V, u, — u in the weak*-topology of L=(G)
and lim sup (A(w,, %), U, — %) < 0 then:

lim inf (A(um u’n)y Uy — /U) = (A(u’ u’); U — 1))
for all v in V.

The pseudo-monotone operators from V into V* satisfy all the
conditions of Assumption (I).
Let A(u, v) be the operator defined by:

(A, v), w) = ZS (1 + ¢(@) exp )| Do "Dy wda
i=t Je
+ S b(x)u exp u-wdx
G

% is in F,», w in V, ¢(x) and b(x) are two nonnegative bounded func-
tions on G.A(u, v) is the prototype of operators considered in this
paper. It is not difficult to check that A(u, v) satisfies all the condi-
tions of Assumption (I).

In the proof of the existence theorems we need the following
auxiliary nonlinear monotone operator:

Ap = — 3 D(|Dpw|r*Dw) + v.
j=1
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2. In this section the existence of bounded solutions of nonlinear
elliptic variational inequalities is shown.

The following theorem gives a generalization of a result of Browder
[4], Hartman-Stampacchia [6] and others when V is a closed linear
subspace of W*?(G).

THEOREM 1. Let A(u, v) be a nonlinear operator mapping F X
V into V* and satisfying Assumption (I). Let K be a closed convex
subset of V with 0€ K and let B be the penalty operator associated
with K. Suppose that:

(i) (A(u, w), u) > cllully for all w in F.

(ii) (A, w), |u]"u) > c||u]lise for all w in W and all s with
2 s < . The positive constant ¢ is independent of s.

(iii) (Bw), |u"u) =0 for all w in Wand all 5,2 < s < o. Then
for any f in L=(G) there exists u in F N K such that:

Au,u) — f,bv—u) =0 for all v in K.

THEOREM 2. Let A(u,w) be as in Theorem 1 and let K be a
closed convex subset of both V and W with 0€ K. Let B be the penalty
operator associated with K considered as a subset of W. Suppose all
the hypotheses of Theorem 1 are satisfied with (iii) replaced by:

(Bw), Wh/l|wlly — + = as ||wlly — + oo .
Then for any f in L=(G) there exists u in F N K such that:
(Au,u) — f,v—u) >0 for all v in K.

For a smaller class of nonlinear operators A(u, v) we have the
following theorem which extends a result of Dubinskii [5].

THEOREM 3. Let A(u, v) be a nonlinear operator mapping bounded
sets of L=(G) XV into bounded sets of V*. Suppose that:

(i) (A(w, v) — A(u, w), v — w = 0 for all w in L>(G) and all v, w
wmn V.

(ii) For fized u in L>(G), A(u, <) is continuous from the strong
topology of V to the weak topology of V*.

(iii) For fized v in V, tf u,—u a.e. on G and u,—u in the
weak*-topology of L=(G) then: A(u,, v)— A(u,v) in V*.

(iv) (A(wu|""w, u), u) > c||ul]lz for all w in W and all s with 1 <
8§ < oo,

(v) (AQw|"w, w), |w|"u) > c||u|[jriczee for all w in W with
1<s< o and 2<r < . The constant ¢ is independent of r.

Then for any f in L™(G) there exists u in L=(G) with |u|**u in
V such that:
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A, |u|*"w) = f .
a 18 any number with 1 < a < .

Proof of Theorem 1. (1) Let 0 < np< e <1 and let .o7(u, v) be
the nonlinear operator:

7 (u, v) = A + Au, uw) + e7'BW) .

& (u, v) maps bounded sets of W x W into bounded sets of W*
and is coercive. Being the sum of a monotone operator and a pseudo-
monotone operator, .& is a pseudo-monotone operator from W into
wW*. It follows from the theory of coercive pseudo-monotone operators
that there exists u., in W, solution of the equation:

DAy + Ay, Uer) + € BWy) = f «
It is clear that:
U |15 + [|uglly < C .

C is a constant independent of both ¢ and 7.
Since u., is in W, |u.,|"*u., lies also in W for all s with 2 < s < oo.
Thus:
77((A2us71, [uw}s_zus'])) + (A(us% us’i), Iuwls-—-zuw)
+ S_I(B(uw), [usﬂls—zusv) = (f’ Iusvls—zuev) *

An elementary computation gives:

((Agery |%er P Uey)) = 0 &
From the hypotheses of the theorem, we get:

[Uerllzser < Cll fllz=e »

Since #., is in W hence in L*(G) we may let s — + .
So:

[|Uer |22y < C | S ||z

C is a constant independent of both & and 7.

(2) From the weak compactness of the unit ball in a reflexive
Banach space we obtain by taking subsequences if necessary: ., — u.
weakly in V, u., —u. in the weak*-topology of L*(G), »'**"u.,,— 0
weakly in W, A(u.,, w.,) — g. weakly in V* and B(u.,) — k. weakly in
V* as p—0.

So:

Huelly + ll%ellzoe < C
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Moreover:
g.+¢eh.= f.
We show that g, = A(u., w.) and h, = B(u.).
We have:

lim Sup (A(ue% us’?) + 5_1/8(uw), us’]) < (gs + s_lhe; us) *
7—0

On the other hand:
(A(us’h usﬂ), Uey — us) = (A(uw; ué?) =+ 6—1:8(/”’577)7 Wey — u’a)
- E—I(B(uev) - B(uE)y Uey — ue} - 5—'1(‘3(@65), WUen — ’ME) .
Taking into account the monotonicity of the penalty operator, we get:
(A(ueﬂs u’eﬂ)v Weny — u’s) < (A(u’aﬁ, ue’i) + s_lﬁ(uw); Uep — u5)
- 5—1(18(7’('5)’ Wen — ue) .
Thus:

lim sup (A, Uey), Uy — U) = 0.

p=—0
Assumption (I) gives:
Au., w) = g. .

It is now easy to show that 2. = p(u.).

(8) Again from the weak compactness of the unit ball in a
reflexive Banach space we get by taking subsequences if necessary:
u. — % weakly in V, u, — u in the weak*-topology of L~(G) and A(u,,
%) — g weakly in V* as ¢ — 0.

Since:

Au,, u) + e7Bu) = f
it is clear that
Bu)——0 in V* as e—0.

The penalty operator g is a monotone hemi-continuous operator
from V into V*. A standard argument gives:

Bu) =0 ie., ueK.
We have:

(A(uei ue), U, — %) = (f - 6-1‘8(%5)) U, — ’M/)
= (f’ Ue — ’Ll/) - 6_1(‘8(%5) - B(u)’ U — ’Ll/) .
Thus:
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(A(U/E, us), U, — u) = (f’ U, — u’) .
Hence:

lim sup (A(u., u.), u. — u) < 0.
=0

Assumption (I) gives:
A(u’ u) =4g
and

lim ionf (A(us, ue), Ue — ?)) = (A(u; u)9 U — ,U) .

Let ve K and we have:

(A(usa us) - fs v — us) = - s_l(ﬁ(us): v — u5)
= e7(B(v) — Bud, v — u.) .

So:

(Aw,u) — fLo—u)=>0 for all v in K.
Let ¢ — 0 and we obtain:

(Au,u) — f,v—u) =0 for all v in K.

The theorem is proved.

Proof of Theorem 2. The proof is similar to that of Theorem 1,
we shall not reproduce it.

Proof of Theorem 3. (1) Let 0 < ¢ < 1 and consider the nonlinear
operator .7 (u, v) defined by:

& (u, v) = €A + A(lu|""u, u)

# and v are in W and l/a + 1/’ = 1.

57 is coercive and maps bounded sets of W x W into bounded
sets of W*. Being the sum of a monotone operator and a pseudo-
monotone operator, .&~ is pseudo-monotone. Therefore, there exists
v, in W, solution of the equation:

eAw. + A(v. " v, v) = f .
It is easy to show that:
ellv. |l + llvlly < C.

C is a constant independent of .
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Since v, is in W, |v,|* ™. lies in W for all s with 2 < s < .
Thus:

e((Agv,, [v:[:7%0.)) + (A([v. [, ), [0.[0) = (f, [v.["7"0.)

An elementary computation shows that the first term of the left
hand side of the above equation is positive. It follows from the
hypotheses of the theorem that:

v llf T2 < Cll fllz=w -
Since », is in W we may let s— + . Hence:
Nz < M

M is independent of e.

(2) The weak compactness of the unit ball in a reflexive Banach
space gives by taking subsequences if necessary: v, — v weakly in
V, v.— v in the weak*-topology of L>(G),¢&'/**"v,— 0 weakly in W,
|v.|* v, — h weakly in L*(G) and

A(lv. )" ™,v) — 9 weakly in V* as ¢—0.

Since the injection mapping of V into H is compact, the Lebesgue
convergence theorem yields:

v.— v In L%(G) for any s with 1 <s < .
Thus:
|v ], — [v|¥* v a.e. on G and h=|v]"™.
We have:
lim sup (A(]v.|* ., v.), v.) < (g, ?) .
So:

lim sup (A(|v.|* ., ), v. — ?) < (g, v — @)
for all p in V.

It follows from the hypotheses of the theorem that:
(09— A(v|" ™, 9,v—9) >0 forallpinV.
Hence:
A(lv["7v,0) =g = f -
Set:

u=|v|* .
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Then:
ue L™(G) and v = |u|"uecV.
Moreover:
A, |w|*u) = f .
The theorem is proved.
3. We shall now give some applications of the theorems proved

in the previous section and study the regularity of the solutions.
First consider the case when the constraint is in G.

THEOREM 4. Let V = W?(G), K = {u: u in L*(G), v = 0 a.e. on G}
and let A(u,v) = — >0, DA (e, w, Dv).
Suppose that:
(i) Foreach j, A;(x, u, Dv) is continuous with respect to x, v, Dv.
(i) [A(x, w, Dv)| < C{1 4+ exp (ju]) + [Dv|"™ exp (|u])}.
(i) >, (A, u, Dv) — Az, u, Dw))(D;e — D;w) = 0.
(iv) S Ay, u, DD > ¢ ., | Dyulm,
Then for any f in L™(G) there exists w in KNV N L°(G) such that:
Aw,u) — f,v—u) =0 forall vin VNK.

Moreover:

Au, w) € L=(G) .

Proof. (1) K is a closed convex subset of V and 0e K. Let
By = — [v7|*"*~ where v~ = 0 if v(2) > 0 and v~ = — v(x) otherwise.
It is easy to check that 2 verifies the hypothesis of Theorem 1. Let
0 < n <1 and consider the operator:

A (w, v) = A(u, v) + D .

A (u, v) and 1A 4+ A,(u, v) satisfy all the hypotheses of Theorem 1.
Therefore, from Theorem 1, we get:

77A2us’7 + Al(usm ua’/) + 8'_1[8(%5,7) = f . 0 < 77 < &€ < 1 .
Moreover, from the proof of Theorem 1 we have:
DU 15" + e Iy + 7l llzme < C

C is a constant independent of both & and 7.
Since u,, is in W and hence in C(cl G) we get:

ess sup |u.,| = 0.
G
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It follows from Theorem 7.1 of [7], p. 287 that || u.,||.= is majorized
by |l 4ylly, ¢, the L=(G)-norm of f.
Hence:

% |2 < C' s

C is again a constant independent of both ¢ and 7.
(2) We have:

77((14271/5,], - Iu:’ils_zu;?)) + (Al(uem ue’?)’ - Iue_?[s—zu:v)
-+ 6_1Hus_77”i—:$;iz(a) < Hf”L”(G)Hu;H;;ip__Z(G) .

s is any number with 2 < s < .

It is not difficult to see that the first two expressions of the left
hand side of the above inequality are nonnegative.
Hence:

5-11171537]]{;%—2(0) < N fllz=ion -
Since u;, € L=(G), we may let s— + o and get:
e |uglli=an < C.

C is independent of both ¢ and 7.
(3) Let »— 0 and the proof of Theorem 1 gives:

A(’LLE, M’S) + E_IB(U’E) = f .
Moreover:
ez + %]y + €7 us 2=l < C.

u, is the weak limit in V of u,, as »—0.
Let ¢ — 0 then again the proof of Theorem 1 gives:

Aw,u) — f,v—u) >0 forall vin K V.
Since ¢7'B(u.) — ¢ in the weak*-topology of L=(G), we have:
Aw,w) = f — 9.

The theorem is proved.
With some further hypotheses on A;, we have a regularity result.

THEOREM 5. Let V, K be as in Theorem 4 and let
A, vy = — Ei] D;A(x, w, Dv) .

Suppose that:
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(i) A, u, Dv) is continuously differentiable with respect to ,
u and Dv.

(ii)) @ + [Dul) (14;(, w, Du)| + |[04;/0u] + |Au(x, u, Du)|) +
[0A;/0x,| < C(L + exp (Jul) + [Du|" exp (ul).

A (e, u, Du) = 0A(z, u, Dw)/6(Dyw) . J, k=1, n.

(i) X% Aal@, w, Dv)DwDw > ¢ 3=, (1 + [Du|[") | D
Then for any f in L™(G), there evists u in KNV N L=(G) such
that:

(Atw,u) — f,v—u)=>0 for all v in KV.
Moreover:
ue C(G) N C-YG") N W (G) .

0<a,v<1land G' is any subset of G with clG' CG.

Proof. With the above hypotheses on A;, A(u,v) is a semi-
monotone operator and satisfies all the hypotheses of Theorem 4.
Therefore, there exists w in KNV N L=(G) such that:

(Atw,u) — f,v—u)>0 for all » in V.
Moreover:
A(u,w) = f — ge L=(G) .
From the theory of second order elliptic equations, we get:
ueC"(QG) .

E.g. cf. [7] Theorem 1.1, p. 251.
It has been shown by Dubinskii [5] that the solution of A(u, u) =
f — g is in W*?(@) and moreover:

Z SG,“ + | grad u|)"*| D, Dyuffdy < oo .

J

The above relation together with the Holder-continuity of » gives:
S | gradw [P*°da < oo .
o

G’ is any subset of G with el G’ CG.
It follows from [7] that esssup, |gradu| < o and therefore
Theorem 6.2 of [7], p. 282 gives:

we CH(G") N WG .
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The theorem is proved.
If the principal part of A is linear, stronger results could be obtained.

ProPOSITION 1. Let V and K be as in Theorem 4 with p = 2.
Let:

A(u, v) = — 3, Di(a;(®)Dyv) + uexp (u) .

n
k=1

Suppose that:
(i) a;eC*(cl@).
(i) SFe-epDwDw > e >0, | Dwl*.
Then for any f in L™(G) there exists uw in K NV N W*(G) such that:

(Afw,u) — f,bv—u) >0 forall vin KV.

s 18 any number with 1 < s < oo,

Proof. We may write
A, v) = v + wexp(u) .

A(u, v) satisfies all the hypotheses of Theorem 4. Thus there exists
% in L=(G) N KNV such that:

Aw,u) — f,v—u)=0 for all v in K V.
Moreover:
Yu + uexp(u) = g€ L™(G) .
So:
U =g — uwexp ) e LG .

It follows from the theory of linear elliptic operators that ue
W(G) for any s with 1 < s < oo,

THEOREM 6. Let V = Wi*(G), K ={u:u in V,|gradu| <1 a.e.
on G} and let A(u,v) be as in Theorem 4. Then for any f in L=(G)
and for any N > 0, there exists  in KN L™(G) such that:

(Atu,u) +yvu— f,v—u)>=0  forall vin K.

Proof. K is a closed convex subset of both ¥V and W with 0 ¢ K.
Let

B(v) = — g D,{(1 — | grad v [****)~Dv} .
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B maps bounded sets of W = W{***(G) into bounded sets of W* and
is a monotone hemi-continuous operator. Cf. Lions [9].
Moreover:

((B(), v)) = lIvllF™ — (en + e[ v][F™7) .

It is not difficult to check that g satisfies all the hypotheses of
Theorem 2. Thus the result follows from Theorem 2.
Along the lines of Theorem 2, we may consider the case when

K={uu in Wi*(G),v>0a.e. on G, |gradu| < la.e. on G}.

It suffices to apply Theorem 2 with
B = — o=~ — 3, Dy{(1 — | grad v[>**)~D,v} .
J=1

We shall now consider the case when constraint imposed on the
solution is at the boundary of G.

THEOREM 7. Let V = W"*(G), W=W"G), K ={u:um V,u >
0 a.e. on 0G} and let A(u, v) be as in Theorem 5. Then for any A >0
and for any f in L™(G) there exists u € C**(G) N C**(G’) N K such that:

(Aw,w) — f,o—u) =0 for all v in K.

G' is any subset of G with clG' C G and 0 < a, ¢t < 1.
Proof. (1) Let g be the penalty operator defined by:
(BW), P) = — SGGWP dz , ® in V.

G satisfies all the hypotheses of Theorem 1. Cf. Lions [9]. Let
0 < &< 1, then from Theorem 1 we have:

A(u, u) +vu, = f on G,ou/dv,= —c¢cu; on 0G.
Moreover, from the proof of Theorem 1 we get:
e lly + %=y < C o

C is a constant independent of e.
(2) Let €¢— 0 then:

(Au,u) + v — f,bo—u)y =0 for all ve K.
Moreover:

Aw,u) + = f on G.



ON STRONGLY NONLINEAR ELLIPTIC VARIATIONAL INEQUALITIES 291

u is the weak limit in V of u, as ¢— 0.
Thus:
A(u, u) = f — zvue L™(G) .
Hence:
ue C"(G) .

A standard argument of the theory of elliptic operators gives:
3 S (1 + | grad w|>) | D,Dyul'ds < o .
Jrk=1 JG’

G' is any subset of G with el G’ c G.
The Holder-continuity of u together with the above relation implies
that:

‘. | grad w|? dx < oo .
JG

Thus:
ueC"*(G") where clG'CcG celG c@G.

The theorem is proved.
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