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NONLINEAR PERIODIC PARABOLIC PROBLEMS WITH
NONMONOTONE DISCONTINUITIES

by DIMITRIOS A. KANDILAKIS and NIKOLAOS S. PAPAGEORGIOU
(Received 9th January 1996)

In this paper we consider a nonlinear periodic parabolic boundary value problem with a discontinuous
nonmonotone nonlinearity. Using a lifting result for operators of type (S,), a general surjectivity theorem for
operators of monotone type and an auxiliary problem defined by truncation and penalization we prove the
existence of a solution in the order interval formed by an upper and lower solution. Moreover we show that
the set of all such solutions is compact in L*(T, W, *(Z)).

1991 Mathematics subject classification: 35KS55.

1. Introduction
Let T =[0, b} and Z C R" a bounded domain with a C'-boundary I. In this paper

we study the following nonlinear periodic parabolic boundary value problem:

% - ZkN=| D.a,(t,z,x,Dx) =f(x,Dx)on T x Z } M

x(0,2) =x(b,z)a.e.onZ,x |7, r=0

Here D=3, ke {(l1,2,...N}, D=(D,)._, =grad and f:RxR" - R is a locally
bounded, measurable but not necessarily continuous function. In the absence of
continuity hypotheses on f(x, y) we know that even the corresponding initial boundary
value problem need not have a solution. In this case it is a good idea to consider
instead a multivalued version of (1) for which an adequate existence theory can be
established. Roughly speaking the appropriate multivalued variant of the original
problem can be obtained by filling in the gaps at the discontinuity points of f(.,.). This
approach was first considered by Filippov [8] in the context of systems of ordinary
differential equations. Later Rauch [13] considered semilinear elliptic problems and his
work was extended further by Stuart [14] (who established the existence of maximal
and minimal solutions within the interval determined by a lower and an upper solution)
and by Chang [3] (whose approach is based on the critical point theory for nondifferen-
tial functionals). Since then most of the works deal with the stationary (elliptic)
problem, while the study of the corresponding dynamic (parabolic) problem is lagging
behind. Only recently some special classes of semilinear problems were considered by
Carl and Heikkila [2], Feireisl [6] and Feireisl and Norbury [7]. In this paper we go
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beyond these works and consider a fully nonlinear problem with the discontinuous
term depending also on the gradient Dx(., .) of x.

The multivalued version of (1) that we will be studying is defined in the following
way. We set f(x,y) =lim ¢, f(x,¥) and f(x,y) =limy y) () (X', ¥) and then
define the multivalued (set-valued function) (x, y) > F(x, y) = [f(x, y),f(x, y)]. Then we
consider the following multivalued variant of problem (1) -

& _ ZL, D.a,(t,z,x,Dx) e F(x,Dx)on T x Z ] @

x(0,2) = x(b,z) a.e.on Z,x |r,r=0

It is problem (2) that we will study. Our approach is based on some properties of operators
of monotone type and on the method of upper and lower solutions. Our existence theorem
extends the result of Deuel and Hess [4] who assume that the upper and lower solutions
belong in L™(T x Z), f(x, y) is continuous and the growth condition on f(.,.) is more
restrictive than ours. In addition the approach of Deuel and Hess [4] is different from ours
and is based on an auxiliary variational inequality which the authors solve (see {4, p.
95]). Instead here we rely on a general surjectivity result for a class of nonlinear
pseudomonotone operators. In order to be able to use that theorem we also prove a result
for operators of type (S, ) which is actually of independent interest (see Proposition 3.6).

2. Preliminaries

In this section we introduce some auxiliary material that we will need in the sequel
and also fix our hypotheses concerning the data of problem (1).

Let 2 <p <oo and let W'?(Z) be the usual Sobolev space and W'?(Z)" its dual.
The spaces W'P(Z) < L*(Z) € W'"(Z)* form an evolution triple with all the
embeddings being continuous, dense and compact (see Zeidler [16, Section 23.4
p. 416)). Also by W,?(Z) we denote the subspace of W'?(Z) whose elements have zero
trace. As usual the dual of W,"’(Z) is denoted by W~"%(Z) where ‘1,+}l= 1. Then is
Wo?(Z) € LY(Z) € W%(Z) also an evolution triple with all the embeddings being
again continuous, dense and compact. We introduce the following function spaces:

W(T) = Uf € AT, (@) : L & LT, Whe(zy))
¥

2 € LT w(2)),

and W,(T) = {f € LT, W"(2)) :

In these definitions the derivatives % are defined in the sense of vector-valued
distributions. Both spaces equipped with the obvious norm Il =If ||,+||%||q
become separable, reflexive Banach spaces. Moreover both W, (T) and W, (T) embed
continuously in C(T, L%(Z)) and compactly in L?(T x Z) (see Lions [11, Theorem 5.1]

or Zeidler [16, Proposition 23.23 p. 422 and p. 450]).
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Now let us introduce our hypotheses on the functions a,(¢, z, x, y), k € {1,2,...N},
involved in the definition of the partial differential operator in problem (1).

H(a): a,:TxZxRxR"Y—> R,ke{l,2,...N}, are functions such that:
(i) (t, 2) = ay(t, z, x, y) is measurable;
(ii) (x,y) = ay(t, z, x, y) is continuous;

Gil) Yon (@it z, x, ) — ay(t, 2, x, ¥))(e — ¥i) > O for almost all (t,z) e T x Z, all
xeRandally,y e RY, y £y,

@iv) ZL, alt, z,x, )y = ¢ |yl — B,(t,z) a.e. on T x Z with B, € LY(T x Z), ¢, > 0;
and .

™) lat z,x, y) |< Bt 2) + (I x IP* +]lylI”™") a.e. on T x Z with 8, € LT x Z),
¢, > 0 (here as before 2 < p<ocoand ; +1=1).

Because of hypothesis H(a) we can define the semilinear Dirichlet form
a: L (T, W"(2)) x L(T, W'?(Z)) - R by

a(x,y) = f /; ZN:ak(t, z, x, Dx)D, y(t, z)dzdt
0 k=1

In what follows by ((.,.)) we will denote the duality brackets for the pairs
(LX(T, W"*(Z)), LT, W'*(2)")) and (L*(T, W, *(2)), L(T, W~"%(Z))). Recall that if X
is a reflexive Banach space (or more generally if X* has the Radon-Nikodym property)
and 1< p<oo, then LX(T, X)' = LYT, X*) with i+‘1,= 1 (see Diestel and Uhl [5,
Theorem 1]).

Definition 2.1. A function ¢ € W,,Q(T) is said to be an upper solution of problem

Q) if
((a—‘p,u))ﬂ((p, u) > f / f(o(t, 2), Do(t, 2))u(t, z)dzdt

for all ue L’(T, W(,""(Z))p I(Tx 2Z),,9(0,2) > ¢(b,z) ae. on Z and @ |rr>0.
Similarly a function ¢ € W, (T) is said to be a lower solution of problem (2) if the
above inequalities are reversed and f is replaced by f.

We make the following hypothesis concerning the existence of lower and upper
solutions of problem (1):

H,: there exist an upper solution ¢ € %(T) and a lower solution § € WN(T) such
that Y(t,z) < ¢(t,z) a.e.on T x Z.
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Our hypothesis on the discontinuous term f(., .) is the following:

H(f): f:RxR¥ > R is a measurable function such that for almost all
(t,2) € T x Z and all v € [Y(t, 2), @(t, 2)], | f(v, ) |< Bt, 2) +cllyll’" a.e. on T x Z with
B, € LY(T x Z)and ¢; > 0.

Now we introduce the notion of a (weak) solution for problem (2).

Definition 2.2. A function x € W,,(T) is said to be a solution of (2), if there exists
a function g € L(T x Z) such that g(t, z) € F(x(t, z), Dx(t, z)) a.e. on T x Z and

((%u)) +a(x, u) = /: /Z o(t, 2ut, 2)dzde

for all u € L*(T, W, *(Z)), x(0, z) = x(b, z) a.e. on Z and x | = 0.

We will establish the existence of solutions for problem (2) by solving an auxiliary
periodic boundary value problem which is defined through truncation and
penalization.

3. Auxiliary results

First we introduce the truncation operator. So given x € L*(T, W'*(Z)) we define
its truncation t(x)(., .) as follows:

o(t, z) if o(t, 2) < x(t, 2)
w(x)(t,z) = { x(t,z) if Y(t,z) < x(t,2) < ot,2)
U(t, z) if x(t, 2) < yY(t, 2).

Proposition 3.1. 1: L°(T, W"?(Z)) - L*(T, W"?(Z)) is continuous.

Proof. From Lemma 7.6, p. 145 of Gilbarg and Trudinger [9] we know that given
x € L*(T, W'?(Z)), for almost all t € T t(x)(t, .) € W"(Z) and also :

Do(t, z) if @(t, 2) < x(t, 2)
Di(x)(t,z) = { Dx(t,z) if Y(t,z) <x(t,z) < o(t,2)
Dy(t, z) if x(t, z) < Y(t, 2).

Hence, 1(x)(.,.) € L(T, W"?(Z)). Now let x, = x in L’(T, W'?(Z)) as n — oo. Then

by passing to a subsequence if necessary we may assume that x,(¢, z) - x(t,z) and
Dx,(t,z) - Dx(t,z) a.e. on T x Z as n — oo for every k € {1,2,... N}. In addition by
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virtue of Theorem 2.8.1, p. 74 of [10] we can find functions 6,6, € L*(T x Z),
ke{1,2,...N} such that |x,(t,2) |<6(t,z) and | D;x,(t,2) |< 6,(t,z) ae. on Tx Z.
Observe that | t(x,)t, z) |< max{8(t,z), |¢(t,2)|, |¥(t z)|} ae. on TxZ and
| Dyt(x,)(t, 2) |< max{6,(t,2z), |D,pt,z)|, |DWY(z)|} ae on TxZ for all
ke{l,2,...N} and all n> 1. Thus the dominated convergence theorem implies that
x, = x in L’(T x Z) and Dx, — Dx in L*(T x Z, R") as n — oco. Therefore we can
conclude that t(x,) — 1(x) in L*(T, W"?(Z)) as n — oo, which proves the continuity of
the truncation map t(.). O

Next we introduce the penalty function u: T x Z x R — R defined by

(x—o@ 2y ifolt2)<x
ut,z,x)=40 if Y(t,2) <x < o(t,2)
—W(t2) —xy" if x < Y(t,2)

This definition and a routine calculation give us the following properties of the
penalty function u(t, z, x).

Proposition 3.2. u:T x Z x R —> R is a Caratheodory function (i.e. measurable in
(t,z) and continuous in x), |u(t,z,x)|< Bt.2)+c,|x|”" ae on TxZ with
B, e L(Tx Z), ¢, >0, and j: S, u(t, z, x(t, 2)x(t, 2)dzdt > c5l| x|l prezy — CslXWirirez for
some cs, ¢ > 0 and for all x € L’(T x Z).

Next let X = W,”(Z). By virtue of hypothesis H(a) we can define the operator
A: TxX — X' by

N
(AL, x), y) = Z f a,(t, z, x, Dx)D, y(z)dz
=12

for all ye X. Here by (.,.) we denote the duality brackets for the pair (W;”"(Z),
W™'9(Z)). In the next proposition we establish a useful property of x — A(t, x). First a
definition (see for example Zeidler [16, p. 583)).

Definition 3.1. If Y is a reflexive Banach space and A: Y — Y* an operator, we
say that A(.) is of type (S,) if x, — x in Y as n > oo and Tim (A(x,) — A(x), x, —x) <0
imply that x, & x in Y as n — oo (as before by {.,.) we denote the duality brackets
for the pair (Y, Y*)).

Remark 3.1. A uniformly monotone operator is of type (S,) (see Zeidler [16,
p. 584)).

Proposition 3.3. If hypothesis H(a) holds and A: T x X — X* is defined as above,
then t — A(t, x) is measurable and x — A(t, x) is demicontinuous and of type (S,).
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Proof. By Fubini’s theorem for every y € Xt — (A(t,x),y) is measurable. So
t - A(t, x) is weakly measurable and since X* = W™9(Z) is separable, from the
Pettis measurability theorem (see Diestel and Uhl [S, Theorem 2, p. 42]) we
conclude that t — A(t, x) is measurable. Next let x, = x in X = W,"*(Z) as n - oo.
Then by passing to a subsequence if necessary we may assume that x,(z) - x(z) and
Dx,(z) > Dx(z) ae. on Z as n—o0o. By virtue of hypothesis H(a)(ii)
a(t, z, x,(2), Dx,(2)) = a(t, z, x(z), Dx(z)) a.e. on Z as n— oo for all ke {1,2,...N}
and so by the dominated convergence theorem (see hypothesis H(a)(v)) we infer that
for all y e X = W,""(2)

N
(4 x). 0 = Y [ e 2. %6, DrEIDuta)d:
k=12

N
-y /z a,(t, z, x(z), Dx(2))D, ¥(2)dz = (A(t, x), y)

Since y € Y was arbitrary, we conclude that A(t, x,) 5 A(t, x) in X* as n — oo and this
proves the demicontinuity of A(t, .).

Finally we will show that A(t, .) is of type (S,). To this end let x, — x in X as n - 0o
and assume that Tim (A(t, x,) — A(t, x), x,— x) <0. By virtue of hypothesis H(a)(iii)
(A(t, x,) — A(t, x), x, — x) = 0 for all n > 1. So (A(t, x,) — A(t, x), x, — x) = 0 as n - o0.
From [10, Theorem 2.8.1], we know that by passing to a subsequence if necessary, we may
assume that

i(ak(m Z, Xp, Dxn) - ak(t’ Z, X, Dx))Dk(xn - X)(Z) =< hl(z)
k=1

for all ze€ Z\N,,A(N,) =0, with h, € L'(Z) and A(.) being the Lebesgue measure on
Z. Using hypotheses H(a)(iv) and (v) we see that for every z € Z\N, and n > 1

hl (Z) = i(ak(tv Z, X5, Dxn) - ak(tv z, x, Dx))Dk(xn - X)(Z)

k=1

2 ¢,(I1Dx,(I|* + IDx(2)I’) — 2B,(t, 2)

N
= Y 1 Dx(@) | Byt 2) + (1l x,(2) P + | Dyx,(2) IP7Y))
k=1

= 3 1 Dx(2) | (Bt 2) + co(I X(2) " + | Dyx(2) 7). €)

Since by hypothesis x, 5 x in X and X = W,""(Z) embeds compactly in L*(Z), we
deduce that x, — x in L*(Z) as n — 0o. Then by passing to a subsequence if necessary,
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we may assume that x,(z) — x(z) for all ze Z\N,, A(N,) =0 and | x,(z) |< hy(z) for
all z e Z\N, with h, € L'(Z). Using this fact in (3) we infer that for all z € Z\N,
N = N, UN,, A(N) =0, the sequence {||Dx,(2)]|},», is bounded. So for fixed z € Z\N we
can find a subsequence ({x,(2)}..; Oof {x,(2)},»;, such that x,(z) = x(z) and
Dy x,(z) = y(z) as m — oo. Hence passing to the limit as m — oo we obtain for all
z€Z\N

N
Y (@t z, x, y) — ay(t, 2, x, Dx)(yx — Dyx)(z) = 0
k=1

and so y,(z) = Dyx(z) for all k € {1,2,...N} (see hypothesis H(a)(iii)). Since the limits
y:.(2) are uniquely determined, we deduce that Dx,(z) - Dx(z) for all ze€ Z\N as
n — 0o. Moreover from (3) it follows that

IDx, (N7 < hy(2) + & IDx()IIP + 2B,(t, 2)
N
+ ) 1 Dyx(2) | (Baft, 2) + () x4(2) P + | Dex,(2) P71))
k=1
N
+ 3 1 Dyx,(2) | (Bo(t, 2) + a1 x(2) P + | Dyx(z) 7)) @)
k=1

for all z € Z\N. Note that for C € Z measurable
N
3 [ 10 1 Bt )+l 5 I +1 s, @) 1
k=1 vC

N
< D lteDexlBa(t, )+ ol x40 P + 1 Dexo () P,
k=1

N % N
< (gj uxcokx,u:) (kz_j [1:X ¢S] M

1
q
+ e llx, O} + czllD,‘x,,H:) for some ¢, >0

1

N I
<c Z | Dyx,(2) P dz} for some cs > 0. (&)
k=1 YC

Also
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N
3 [ 1001 (Bt + e X6 17 + 1 Dexta) P
k=1 vC
N
< Y (Bt ) + el () 7' + 1 Dux() )1 IDux, 1,
k=1

N
=) / (Bt 2) + €3l X(@) P! + | Dex(2) )iz ©

for some cg > 0. From (4), (5) and (6) we deduce at once that {||Dx,()|I’},»; is
uniformly integrable. Hence from the generalized dominated convergence theorem (see
for example Ash [1, Theorem 7.5.2]), we infer that Dx, — Dx in L(Z, R") as n - oo.
Therefore x, — x in X = W,"’(Z) as n — oo and so A(t,.) is of type (S.,). O

Our proof of the main existence theorem (see Section 4) will use an auxiliary periodic
problem and a general surjectivity result for the sum of two operators of monotone
type. Although the result is known (see for example Lions [11, Theorem 1.2] or B-A.
Ton [15, Corollary 1]), nevertheless for the convenience of the reader we recall it here.
We start with a definition:

Definition 3.2. Suppose that Y is a reflexive Banach space, L: D(L) S Y > Y' isa
linear densely defined maximal monotone operator and V' : Y — 2" \{#} a multivalued
operator with weakly compact and convex values. We will say that V(.) is pseudomono-
tone with respect to D(L) if for {y,},., € D(L) with y, = yin Y and L(y,) = L(p) in

Y" as n— oo and for y, € V(y,), n=1, satisfying y; 5y in Y as n— oo and
lim(y;, y) < (0, y), we can deduce that y* € V(y) and (y;, y,) = (), y) as n — oo.

In a similar way we can define the notion of an operator of type (S,) with respect
to D(L):

Definition 3.3. Let Y and L: D(L) S Y — Y be as in the previous definition. An
operator V' : Y — Y" is said to be of type (S,) with respect to D(L) if for {y,},», S D(L)
with y, = y in Y and L(y,) = L(y) in Y* as n — oo for which im(V(y,), y, — y) <0,
we obtain y, > yin Y as n — oo.

The surjectivity result that will give us a solution for the auxiliary problem is the
following:

Proposition 3.4. If Y is a reflexive Banach space, L :D(L)C Y — Y* is a linear
densely defined maximal monotone operator and V : Y — 2V \{@} is a multivalued map
with weakly compact and convex values, which is bounded (ie. maps bounded sets to
bounded sets), pseudomonotone with respect to D(L), sequentially closed in Y x Y, (here
Y, denotes the Banach space Y* furnished with the weak topology) and coercive (i.e.
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inf{s-vi:yvll’2 :y e V() > o0 as |yl > o), then R(L+V)=Y" (ie the operator
(L 4 V)(.) is surjective).

Now we recall from the general theory of maximal monotone operators (see for
example Zeidler [16, Theorem 32.I]) that L : D(L) € Y — Y" is a linear densely defined
maximal monotone operator iff L(.) is closed and monotone and L*() is also
monotone.

Using this fact we can easily establish the next proposition concerning the operator
L(.) of our problem.

Proposition 3.5. If L:D(L)C LT, W,"(Z)) > LY(T,W™%2)) is defined by
L(x) = x (as before the time derivative is defined in the sense of vector valued distributions )
with x € D(L)={y € (T, W*(Z)) : y € LT, W'(2)), y(0) = y(B)} € W,(T), then
L(.) is a densely defined, linear and maximal monotone operator.

Proof. Observe that L(.) is linear, monotone and densely defined. The density of
the domain D(L) of L(.) in L*(T, Wy"*(Z)) follows from the fact that the functions
y € C°(T, W,?(Z)) such that y(0)= y(b) are dense in L*(T,W,”?(Z)). This last
statement is proved easily by means of homogenizing operators (see for example
Zeidler [16] or Zhikov, Kozlov and Oleinik [17]). Also L*: D(L*) € L(T, Wy %(Z)) —
LT, W™%Z)) is defined by L'(y)=~jy for all ye D(L*)=D(L). Hence L*® is
monotone too and so we conclude that L is maximal monotone. a

Now let A:L°(T,X)— LYT,X*) be the Nemitsky (superposition) operator
corresponding to A(t, x); i.e. A(x)(.) = A(, x(.)). From Proposition 3.3 we know that for
every y € X the function (t, v) - (A(t,v), y) is measurable in ¢, continuous in v (i.e. a
Caratheodory function) hence it is jointly measurable. So if x e L*(T,X) then
t - (A(t, x(¢)), y} is measurable on T. Because y € X was arbitrary we infer that
t — A(t, x(t)) is weakly measurable from T into X* = W™"9(Z) and since the latter is
separable reflexive, as before from the Pettis measurability theorem, we conclude that
t - A(t,x(t)) is measurable. Then hypothesis H(a)(v) tells us that A(.,x()) =
A(x)() € LT, X*").

In the next proposition we show that the property that A(t,.) is of type (S.) (see
Proposition 3.3.) can be lifted to A(.) in the sense that A(.) is of type (S,) with respect
to D(L).

Proposition 3.6. If hypothesis H(a) holds and A: LT, X) > LYT, X*) is defined as
above, then A(.) is of type (S.) with respect to D(L).

Proof. Let {x,},,, € D(L) and assume that x, = x in W, (T) as n - oo (i.e. x, > x
in L*(T, X) and x, - x in L%T, X*) as n — 00) and that im((A(x,), x, — x)) < 0 (recall
that by ((.,.)) we denote the duality brackets for the pair (L°(T, X), L%(T, X"))). Put
&) = (A(t, x,(1), x,(t) — x(t)). Since W,,(T) embeds continuously in C(T, L*(Z)), we
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deduce that x, = x in C(T, L*(Z)) as n — oo and so for every t € T x,(t) = x(t) in L(Z)
as n — 00. On the other hand let N C T be the exceptional Lebesgue-null set outside of
which we have (A(t, x),x) > & lIx|% — B,(t) for some & >0 and B, € L'(T) and
A, X)llxe < Bo(t) + &lIx|1%5" for some B, € LY(T) and &, > 0 (see hypotheses H(a)(iv) and
(v)). Then for t € T\N we can write

E1) = @,(8) = & lIxN% — Br(®) — Bat) + Sllx HIx()llx 0

If C={teT:limé(t) <0} (which is measurable) and u(C)> 0 (u(.) being the
Lebesgue measure on T), then from (7) above we deduce that for t € CN(T\N)
{x,()},>1 is bounded in X = W, *(Z). Since X is reflexive and x,(t) > x(¢) in LZ) as
n — oo, we infer that x,(t) > x(¢) in X as n — oo. Fix t € CN(T\N) and choose a
suitable subsequence so that lim¢&,(f) = lim £, (£). Then by virtue of the fact that A(,.)
is of type (S,) (see Proposition 3.3) we obtain that x, (t) - x(t) in X as k — oo and so
&, (D = (A(t, x,, (1)), x,(t) —x(t)) - 0 as k — oo, which contradicts the definition of
C. Therefore limé,(t) > 0 a.e. on T. Then from Fatou’s lemma it follows that

0< f limé (t)d < lim f £t
0 0
< Tm f &0t = TR((A(x), x, - x)) <0

hence fo" E.(Ddt — 0 as n — oo. Note that | £,(t) |= & (1) + &, (t) = £,(t) + 2&,(1). Since
0 <limé,(t) a.e. on T, we deduce that £,(t) = 0 a.e. on T as n — oo. Recall that
e, () <&(t) ae. on T (see (7)) with {¢,()},»; uniformly integrable. Then
0 <& () < @,(t) ae. on T and of course {¢, ()}, is uniformly integrable too. So we
can apply the extended dominated convergence theorem (see Ash [1, Theorem 7.5.2])
and obtain that j;' &, (dt -0 as n—oo. So finally we can write that
f: | €,(8) | dt — 0 as n = oo and so by passing to a subsequence if necessary we may
also assume that £ (f) - 0 a.e. on T as n — oo. Then because A(t, .) is of type (S,) (see
Proposition 3.3) we obtain that x,(t) — x(t) in X a.e. on T as n — oo. Also

() = 5O < 27 %O + 27 X1
p—1
< 2 (4G, %), %00 + Bi@) + 27 X
1
— 2p_l
-z

(A, x,(D), () + £.(8)) + By (8) + 2° M Ix(®)Ik a.e.on T

from which it follows that {||x,(.) — X(.)lI%}.s: is uniformly integrable. Therefore a new
application of the extended dominated convergence theorem gives us that
Ix, — x|l o720 = 0 as n — 00 so we conclude that A is of type (S,) with respect to D(L). O
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4. An existence theorem

In this section using the auxiliary tools of Section 3 we will prove the existence of
a solution x € W,(T) for problem (2) such that y(t,2) < x(t,2) < ¢(t,z) a.c. on
T x Z.

Theorem 4.1. If hypotheses H(a), H, and H(f) hold, then problem (2) has a solution
x € W,(T) such that Y(t, z) < x(t,z) < ¢(t,z) a.e. on T x Z. Moreover the set of all such
solutions of (2) is compact in L*(T, Wy *(2)).

Proof. Let : L°(T, W'?(Z)) - L*(T, W'?(Z)) be the truncation at {p, ¥} map and
u:TxZxR— R the corresponding penalty function. We consider the following
auxiliary periodic boundary value problem

& _ S Dyay(t, z, w(x), Dx) + Aut, z, x(¢t, z))
€ F(z(x)(t, z), Dr(x)(t,z)) on T x Z ®)
x(0,z) = x(b,z) a.e.on Z,x |7, =0

where A >0 will be fixed in the process of the proof. Let A: LT, Wy (Z2)) —»
LYT, W"%Z)) be defined from (8) as in Section 3. Also define U: LT x Z) —
LYT x Z) by U(x)(t, z) = u(t, z, x(t, z)) (the Nemitsky operator for the map u(t, z, x))
and G:LXT,W,"*(Z)) » 21T by G(x)=1{geL(TxZ):g(t,2)e F(x(x) 2),
Dr(x)(t, 2)) a.e. on T x Z}. Set V(x) = A(x) + AU(x) — G(x).

Claim 1: V: LT, W;"(Z)) —» 2% "*?\(g} is pseudomonotone with respect to
D(L).

It is clear that V(. has weakly compact and convex values. Next let x, = x in
Wo(T) as n — oo, v, € V(x,), n> 1, with v, > v in LT, W"%Z)) and assume that
lim((v,, x, — x)) <0. By definition v, = A(x,) + AU(x,) — g, with g, € G(x,), n> 1.
Because of hypothesis H(f) | g,(t, z) |< By(t, 2) + c;[ID1(x,)(¢, 2)|I”" a.e. on T x Z, which
implies that {g,(.,.)},»: is bounded in L(T x Z) and so by passing to a subsequence if
necessary, we may assume that g, - g in L%T x Z) as n — oo. Also from Proposition
3.2 and Krasnoselskii’s theorem (see for example Zeidler [16, Proposition 26.7]) we
know that U:L°(T x Z) » LYT x Z) is continuous. Because W, (T) embeds
compactly in L°(T x Z), we see that x,—>x in L (TxZ) as n—> oo and so
U(x,) = U(x) in LYT x Z) as n > oo. Hence ((U(x,), x, — x)) = (U(x,), x, — x),, = 0
as n —» oo. Here by (.,.),, we denote the duality brackets for the pair (L’(T x Z),
LT x Z)). Also (g, X, — X)) = (gn» X» — X),, = 0 as n > oo. Therefore we deduce that
lim((A(x,), x, — x)) < 0. But from Proposition 3 6 we know that A() is of type (S,) with
respect to D(L). Therefore x, — x in L*(T, Wy*(Z)) as n — oo and so ©(x,) = (x) in
L*(T, W, *(Z)) as n — oo. Also by passing to a subsequence if necessary we can say
that Dt(x,)(t,.) = Dt(x)(t,.) in L*(Z) a.e. on T as n - oo. Note that for almost all
(t,2) e T xZ | Dt(x,)t,z) |<max{| Do(t,2)|, |DY(t,2z)|, |Dx,(t,z)|}, so by the
extended dominated convergence theorem we have that Di(x,) » Dt(x) in L*(T x Z) as
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n — oo. Therefore at least for a subsequence we can say that t(x,)(t, z) = t©(x)(t, z)
ae. on Tx Z and Dt(x,)(t,z) - Dt(x)(t,z) a.e. on Tx Z as n— o0o. So invoking
Theorem 3.1 of Papageorgiou [12] we obtain

g(t, z) € convlim{g,(t, z)} S convlimF(z(x,Xt, z), Dt(x,)(t, z))
C F(z(x)(t, 2), Dt(x)(t,z)) a.e.on T x Z.

The last inclusion is a consequence of the fact that GrF = {(x,y,v1) e Rx R" x R:
v € F(x, y)} is closed, which in turn follows from the fact that (x, y) > f(x, y) is lower
semicontinuous and (x, y) = f(x, y) is upper semicontinuous (see Chang [3]). Thus
g € G(x) which means that v € V(x) and so we have proved that V(.) is pseudo-
monotone with respect to D(L).

Claim 2: G: L*(T, W,"(2)) - 2-'™*?\{g} is bounded (i.e. maps bounded sets to
bounded sets).

This is an immediate consequence of the growth condition on f(x, y) (see hypothesis
H(f)).

Claim 3: GrG ={(x,g) € L(T, W,""(Z)) x LT x Z) : g € G(x)} is sequentially
closed in L*(T, W, "*(Z)) x LY(T x Z),,.

Let (x,,g,) € GrG and assume that (x,,g,) = (x,g) in L*(T, W, *(2)) x LT x Z),
as n — 00. As in claim 1 at least for a subsequence we can write that 1(x,) — 7(x) in
L*(T x Z) and Di(x,) = D1(x) in L°(T x Z,R™) as n— oo. Hence as above via
Theorem 3.1 of Papageorgiou {12] we obtain that g(¢, z) € F(z(x)(t, z), D1(x)(t, z)) a.e.
on T x Z and so g € G(x), i.e. GrG is sequentially closed in L(T, W, *(Z)) x LYT x Z),,.

From claim 2 and 3 above, we deduce at once that V() is bounded and has a
sequentially closed graph in L?(T, W,"*(Z)) x LY(T, W™"4(2)),.

Claim 4: V(.) is coercive

From hypothesis H(a)(iv) it follows that

((A(x), x)) = ZN: f / a,(t, z, 1(x), Dx)D,x(t, z)dzdt

N
4 z /:/ | Dix(t, 2) |” dzdt — ||B, 1, = & IxILecr.xo — IBi 1 ®
k=1 z

for some ¢, > 0 (recall that ||Dx]||, is an equivalent norm on X = W,"*(Z)). Also for
every g € G(x)

(=g, x)) = —lgllLaaxnlXllsrxz)- (10

Using Young’s inequality with ¢ > 0 we obtain

]
€ 1
"g"LG(TxZ)"x“LP(TxZ) = E Ilgll}'.c(nz) + eTp "x"‘l’.P(TxZ) @an
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Moreover from hypothesis H(f) and Minkowski’s inequality it follows that

-1
gl Lecrxzy < IBsllLarxzy + €3 "x"ir(r,xy

hence,
Igliersz < 27 1Bsl Lz + 27 c3lIXLocr 0 (12)
Finally from Proposition 3.2 we know that
(UG), %)) = (U(x), X)yg Z CslxlEer) = csllxIErrez (13)
for some ¢;, ¢ > 0. Combining (9) to (13) above we obtain for all g € G(x)
(A(x) + AU(x) — g, x))

) a €.,
=€ ||x||im',n = 1Bl — ;zq l||ﬂs "zﬂ(TxZ) - 22" Cy "X"ZP(T,X)

1 -1
- E ||x||in('er) + Acs "x"‘l’.P(TxZ) - lcsllx"ir(nzy (14)

First choose € > 0 such that ¢, > %2""0,. Then having chosen ¢ > 0 this way pick
4 > 0 large enough so that ics > ;.. With these choices of 4, ¢, from (14) we conclude
that V() is coercive.

Now rewrite problem (8) as the following equivalent abstract operator inclusion

0eL(x)+ V(x) (15)

By virtue of claims 1 to 4 and Proposition 3.4 (L + V)(.) is surjective which implies that
problem (15) has a solution x € D(L). Therefore there exists x € W, (T) which solves
the auxiliary periodic problem (8).

Claim 5: Every solution x € W,,(T) of (8) satisfies y(t, z) < x(t, z) < ¢(t,2) a.e. on
TxZ.

Since by hypothesis is i € W,,,(T) a lower solution of (1) it follows that

() + (AW). W) < ([@) W) for allw e W(DNIAT x 2), | o
Y(0,2) < yY(b,z) ae.on Z, Y |7,r< 0

where f: W), 2) = f(Y(t, 2), DY(t, 2)). Also because x € W,,(T) is a solution of (8)

(%, W) + ((A(x), W) + A(U(x), w)) = (9, w)) )

for some g € G(x) and all w e L*(T, W,"?(Z)). Subtracting (16) from (17) and using
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w = (¥ — x)* as a test function we get

(G =, @ = X)) + (AGx) — AW, (¥ - %))
+ AU, @ = 0" = (g - fW), @ — )")). (18)

From the integration by parts formula for functions in W, (T) (see Zeidler [16,
Proposition 23.23]) we obtain

(G = =)D = =310 ~ ) Osin + 510 ~ 0 Ollsy <0 (19)
Also from hypothesis H(a)(iii) we see that

(AGx) - AW), W —x)") =< 0. (20)

In addition since g € G(x), we deduce that
(g — f@). (0 —x)*) = 0. @1)

Using (19) to (21) in (18) we obtain

- f / W — x)7'(¢t, 2)(W — x)(¢, z)dzdt > 0
0 J{y=x)

hence Y(t, z) < x(t, z) a.e. on T x Z. In a similar way we can show that x(t, z) < ¢(t, 2)
a.e. on T x Z. So ©(x)(t, z) = x(¢t, z) and u(t, z, x(t, 2)) = 0. Therefore x € W,(T) is a
solution of (2).

Now we will show that the set of all such solutions of (2) is compact in
L*(T, Wy""(T)). To this end let {xa}ns1 © W,o(T) be a sequence of solutions of (2) such
that ¥(t, 2) < x,(t, 2) < ¢(t, 2) a.e. on T x Z. So {x,},» is bounded in W,,(T). Hence we
may assume that x, > x in W, (T) as n— oco. Since W, (T) embeds compactly in
L*(T x Z) and continuously in C(T, L*(Z)), we see that x, = x in L°(T x Z) as n - 00
and x(0, z) = x(b, z) a.e. on Z. Also by definition x,(t) + A(t, x,(t)) = g,(t) a.e. on T
with g,(t, z) € F(x,(t, z), Dx,(t, z)). Because of hypothesis H(f) we may assume that
g, > g in LY(T x Z) as n — 0. So ((g,, X, — X)) = (gn, X, — X),, = 0 as n > co. Also
from the integration by parts formula for functions in W, (T) (see Zeidler [16,
Proposition 23.23]) we know that

(G =%, = 30) = 3 1%0) = Xy — 3 1%,0) = 5Oz =,

thus ((x,, x, — x)) = ((x, x, — x)) > 0 as n — oo.
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Therefore we deduce that H((/{(x,,), x, — x)) = 0 and since by Proposition 3.6 Ais of
type (S,) with respect to D(L), we infer that x, — x in L?(T, W;"’(T)) as n — oo.
Finally as above we can check that g(t, z) € F(x(t, z), Dx(t, z)) a.e. on T x Z. Thus in
the limit as n— oo we obtain x(t) + A(t, x(t)) = g(t) a.e. on T, x(0) =x(b) and
g(t, z) € F(x(t,z), Dx(t,z)) a.e. on T x Z, i.e. x € W,(T) is a solution of (2) and so we
have proved the compactness in L*(T, W, *(T)) of the solution set in the order interval

¥, ol a
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