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1. INTRODUCTION

Recently, in [3] we studied the existence of mild solutions and extremal mild solutions
for first order semilinear functional differential inclusions in a separable Banach
space (E, |-|) of the form

Y0 —Ay(@®) € F(t,y) + G(t,y), 1 € J:=[0,T] ey

y(t) = (I)(t)’ te [_ra O]a (2)
where F, G : J x C([-r, 0], E) — P(E) are given multivalued maps satisfying some
assumptions that will be specified later, P(E) is the family of all nonempty subsets of
E, A : D(A) c E — E is a nondensely defined closed linear operator on E,
¢ :[-r,0] > D(A) agiven continuous function. For any continuous function y defined
on [-r, T] and any 7 € J we denote by y the element of C(-r, 0], E) defined by

y(0) =y(t+0), 0 €[-r,0].
Here y (.) represents the history of the state from 7 — r, up to the present time z.

In problem (1)-(2) the operator A was densely defined. However, as indicated in
[6], we sometimes need to deal with nondensely defined operators. For example,
when we look at a one-dimensional heat equation with Dirichlet conditions on [0, 1]

2
and consider A =? in C([0, 1], R) in order to measure the solutions in the
X

sup-norm, then the domain,
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D(A) ={¢ € C([0, 1], R) : $(0) = ¢(1) =0},

is not dense in C([0, 1], R) with the sup-norm. See [5] for more examples and
remarks concerning the nondensely defined operators. Recently evolution functional
differential equations with nondensely defined linear operators have received much
attention (see for instance the papers by Adimy and Ezzinbi [1], Ezzinbi and Liu

[11D).

In this paper, we extend the results of the problem (1)-(2) in the case when A is
nondensely defined. We shall prove existence of integral solutions as well as existence
of extremal integral solutions for the problems (1)-(2) under the mixed generalized
Lipschitz and Carathéodory’s conditions. Our approach will be based on the theory
of integrated semigroups and fixed point theorems, for the existence of integral
solutions, on a fixed point theorem for the sum of a contraction multivalued map
and a completely continuous map and, for the extremal integral solutions, on the
concept of upper and lower integral solutions combined with a similar version of
the above cited fixed point theorem on ordered Banach spaces established very
recently by Dhage [8]. The results of the present paper extend some one considered
in Benchohra et al. [3] in the case of densely defined operators, and in Benchohra et
al. [4] and Kamenskii ef al. [16] in the case when G =0.

2. PRELIMINARIES

In this section, we introduce notations, definitions, and preliminary facts which are
used throughout this paper. C(J, E) is the Banach space of all continuous functions
from J into E with the norm

IYll,, = sup{ly(@)| : ¢ € J},
and B(FE) denotes the Banach space of bounded linear operators from E into E, with
norm

V]|, = sUp{ N = [y = 1}.
L'(J, E) denotes the Banach space of measurable functions y : J/ — E which are
Bochner integrable normed by

T
I, =[] e

Definition 2.1([2]): Let E be a Banach space. An integrated semigroup is a
family of operators (S(2)) ., of bounded linear operators S(z) on E with the following
properties:

@ $0)=0;
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(i) ¢ — S(r) is strongly continuous;

(iii) S(s)S(r) =], (S(t+r)=S(r))dr, forallz, s >0.

0

If A is the generator of an integrated semigroup (8(2)) ., which is locally Lipschitz,

then from [2], S(-)x is continuously differentiable if and only if x € D(A). In particular
S'(t)x:= diS(t)x defines a bounded operator on the set E:= {x € E: t —> S()x is
!

.o 18 a C semigroup on D(A). Here
and hereafter, we assume that A satisfies the Hille-Yosida condition (see [20]), that
is, there exists M > 0 and ® € R such that (®, ) < p(A),

sup{(A— )" |[AM —A)"| : ho,n € N} <M,

continuously differentiable on [0, )} and §'(#))

where p(A) is the resolvent operator set of A and / is the identity operator in E.

Let $(7)) ., be the integrated semigroup generated by A. We note that, since A
satisfies the Hille-Yosida condition, [|S'(?)|[,,, < Me*', t > 0, where M and w are the
constants considered in the Hille-Yosida condition (see [18]).

In the sequel, we give some results for the existence of solutions of the following
problem:

y'() =Ay(t) + g(1), 1 =0, 3)
y(0)=a € E, “4)

where A satisfies the Hille-Yosida condition, without being densely defined.

Theorem 2.1[18]: Let g : / - E be a continuous function. Then for y, € D(A),

there exists a unique continuous function y : J — E such that

@) J: y(s)ds € D(A) fort e J,
(i) y(t)=a+ AI; v(s)ds + I; g(s)ds,teJ,

(iil) [y(r)| < Me*" (|a| + jo e

g(s)|ds),te].

Moreover, y is given by the following variation of constants formula:

y(t)=S{t)a+ d

o [ st-9g(sds. t=0. )
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Let B, = AR(A, A) := MM —A)™". Then ([17]) forall x € D(A), B,x — x as L — co.
Also from the Hille-Yosida condition (with n=1) it easy to see thatlim, _ |B, x| <M
x|, since

M
A—w

Thus lim, __|B,| <M. Also if y satisfies (5), then

B, = —4)"| <

¥(0)= ')y, + lim [ §'(t = 5)B, g(5)ds, 1 > 0. ©)

Let (X, d) be a metric space. We use the notations:
P (X)={Y e P(X) : Y closed},
P, (X)={Y € P(X) : Y bounded},
P _(X)={Y e P(X): Y convex},
PCP(X) ={Y e P(X) : Y compact}.
Consider: H,: P(X) x P(X) > R_U {o} given by:
H,(A, B)=max{supd(a, B),supd(A, ),

acA beB

where d(ADb) = in£ d(a,b),d(a,B) = ibniE:3 d(a,b). Then (P,, (X), H)isametric space
and (P (X), H ) is a generalized metric space [17].

A multivalued map N:J — P _(X) is said to be measurable if, for each x € X, the
function Y : J — R* defined by

Y(1) = d(x, N(t)) = inf{d(x, z) : z € N(t)},
is measurable.

Definition 2.2: A measurable multivalued function F': J — P, " ,X) is said to be
integrably bounded if there exists a function w € L'(J, R*) such that ||v|| < w(¢) a.e.
t € Jforallv e F(¥).

A multivalued map G : X — P(X) is convex (closed) valued if G(x) is
convex (closed) for all x € X. G is bounded on bounded sets if G(B) =U__ G(x) is

bounded in X for all B € P, (X) i.e. sup{sup {|y| (ye G(x)}} < 0. G is called upper
xeB
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sem-continuous (u.s.c. for short) on X if for each x, € X the set G(x,) is nonempty,
closed subset of X, and for each open set U/ of X containing G(X,), there exists an
open neighborhood V of x such that G())) c U. G is said to be completely continuous
if G(B) is relatively compact for every B € P, (X). If the multivalued map G is
completely continuous with nonempty compact valued, then G is u.s.c. if and only
if G has closed graphi.e. x —>x,,y —y,,y € G(x,) imply y, € G(x,).

Definition 2.3: A multivalued operator N : J — P _(X) is called
(a) y-Lipschitz if and only if there exists y > 0 such that

H (N(x), N(y)) <yd(x, y), for each x, y € X,
(b) contraction if and only if it is y-Lipschitz with y < 1.
(c) N has a fixed point if there exists x € X such that x € N(x).

For more details on multivalued maps and the proof of known results cited in
this section we refer interested reader to the books of Deimling [7], Gorniewicz
[12], Hu and Papageorgiou [15] and Kamenskii ez al. [16].

Our main result is based upon the following form of the fixed point theorem of
Dhage [8, 9].

Theorem 2.2: Let X be a Banach space, A: X — P
two multivalued operators satisfying

(X)and B: X —> PCP’CV(X)

cl, cv,bd

(a) A is contraction, and

(b) B is completely continuous.

Then either

(i) The operator inclusion Ax € Ax + Bx has a solution for A = 1, or

(ii) the set €= {u € Xju € AAu + ABu, 0 <A <1} is unbounded.

We also need the following definitions in the sequel.

Definition 2.4: A multivalued map 3 : J x E — P(E) is said to be Carathéodory if
(i) t+— PB(¢, x) is measurable for each x € E, and

(ii) x — P(z, x) is u.s.c. for almost all ¢ € J.

Furthermore, a Carathéodory map 3 is said to be L'-Carathéodory map if

(ii1) for each real number p > 0, there exists a function hp € L'(J, R ) such that

1B 01l = sup{v] - v & Bt )} < (0.
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for a.e. t € J, and for all |x| < p.

For each y € C([-r, T], E) let the set S Fy known as the set of selectors from F
defined by

SF,y ={veL'(J,E):v(t) € F(t, y)ae.tel}.
Then we have the following lemma due to Lasota and Opial [19].

Lemma 2.1: Let E be a Banach space. f3 is L'-Carathéodory, with compact convex
values, and let I : L'(J, E) —> C(J, E) be a linear continuous mapping. Then the
operator

[eS§ :CU,E)>P  (CU, E)
is a closed graph operator in C(J, E) x C(J, E).

3. EXISTENCE OF INTEGRAL SOLUTIONS

In this section we give our main existence result for problem (1)-(2). We assume
that F and G are compact and convex valued multivalued maps. Before stating and
proving this one, we give the definition of its integral solution.

Definition 1: We say that y : [-r, T] — E is an integral solution of (1)-(2) if
(l) y e C([_r7 T]v E)’

(i) j; y(s)dse D(A) for 7 e J,

(iii) there exist functions v, w € L'(J, E), such that v(¢) € F(z,y), w(t) € G(t,y)
a.e.in J, y(t) = ¢(¢), t € [-r, 0] and

y(t)zS’(t)¢(0)+% " S(1=5)[v(s)+ w(s)]ds.

Let us introduce the following hypotheses:

(HI) A satisfies the Hille-Yosida condition.

(H2) The operator S'(¢) is compact in D(A) whenever 7 > 0.

(H3) The multifunction # — G(t, x) is measurable, and integrably bounded for
each x € C([-r, 0)], E), and G(t, x) is convex for each (¢, x) € J x C([-r, 0],

E).
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(H4) There exists a function k € L'(J, R) such that the multifunction G satisfies:

(i) H(G(z, x), G(t,y)) <k(®) |lx—yll ae.t € J, forallx,y € C([-r, 0], E),
and

(i) M° jOT e *k(s)ds < 1, where M* = Me“" if w> 0 and M* = 1 if w < 0.

(HS) F is L'-Carathéodory with compact convex values.

(H6) There exists a function [ € L'(J, R) with [(f) > O for a.e. t € J, and
nondecreasing function ¢ : R_— (0, o0) such that

|E(t, X)), < 1) V(||x]]), a.e. t € J, for all x € C([-r, 0], E).

P(E)

Theorem 3.1: Assume that (H1)-(H6) hold and ¢(0) € D(A). Suppose that

© ds T
> s)ds,
[rntd R10 ™
where
* * T —_—
¢y =M [p(O)]+M"[ e |G(s,0)|ds
and

v(t) = max{Me “'k(t), Me™I(t)} for t € J.
Then the problem (1)-(2) has at least one integral solution.

Proof: Transform the problem (1)-(2) into a fixed point problem. Consider the
multivalued operators:

A, B: C([-r, T1, E) > P(C([-r, T, E))
defined by

o(1) if re[-r,0];
A(y)=1heC([-r.T].E):h(t)= §'(1)¢(0)
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and

0 if t € [-r,0];

B(y)=<heC(-r,TLE):h(t)=4 d ifreld,
], 8= 98)ds,

where f € Sy and g € Se.y

Then the problem of finding the integral solution of (1)-(2) is reduced to finding
the solution of the operator inclusion y(r) € A(y)(¢) + B(y)(¢), t € [-r, T]. We shall
show that the operators .4 and B satisfies all the conditions of Theorem 2. The proof
will be given in several steps.

Step 1: We shall show that the operator B is closed, convex and bounded valued
and it is a contraction. This will be given in several claims.

Claim 1: B(y) is closed for each y € C([-r, T1, E).

Let (y) ., € B(y)suchthaty —yin C(J, E). Then y € C(J, E) and there exists
8, €S, such that for each 7 € J

d et
t)=—| S(t—s)g(s)ds.
()= ], St-99(9
Using the fact that G has compact values and from hypotheses (H3), (H4), we

may pass to a subsequence if necessary to get that g converges to g € L'(J, E) and
hence g € S, . Then for each 7 € J,

3,0 = 50 =L [ S(t-5)g(s)ds.
dt 70

So, ¥ € B(y).
Claim 2: B(y) is convex for each y € C([-r, T1, E).
Leth, h, € B(y), then there exists 8,8 €S 6oy such that, for each r € J we have

d ¢t .
h(t) =aj0 S(t—s)g, (s)ds,i =1,2.
Let 0 <8 < 1. Then, for each t € J, we have

(Oh, +(1=93)h,)(t) = %J-; S(t—5)[0g,(s)+(1-0)g,(s)]ds.
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Since G(t, y) has convex values, one has

dh, + (1-0)h, € B(y).
Claim 3: B(y) is bounded for each y € C([-r, T], E).
Let h € B(y). Then, there exists g € S Gy such that

d et
h(t) = EJO S(t-s)g(s)ds, teJ.
By (H3) we have forall r € J

T
0

() < Me™ [ e

g(s)|ds
< M*IOT e g(s)ds.

Then ||h|| <M IOT e ' g(s)ds for all h € B(y). Hence B(y) is a bounded subset of
C([-r, T], E) for all y € C([-r, T), E).
Claim 4: B is a contraction.

Lety,y, € C(-r,1)], E), and h € B(y,). Then, there exists g (1) € G(1, y, ) such
that

h(t) = %.[; S(t—s)g,(s)dst € J.
From (H4) it follows that
H (G, y,), G(t,,) <k@®) |y, =¥,/
Hence there is v € G(t, y, ) such that
18,() = V[ < k@) |ly, =y, |t € J.
Consider U : J — P(E) given by
U ={veE:[g(0)-vI<k@®)lly,—y,l}

Since the multivalued operator V(1) = U(r) N G(z, y,) is measurable (see
Proposition II1.4 in [4]) there exists g,(#) a measurable selection for V. So, g.(7) €
G(t, y,,) and for each 7 € J we have

18,(1) = g,(D| < k(@) [ly,, =y, I



192 Mohammed Belmekki, Mouffak Benchohra & Sotiris K. Ntouyas

Let us define for each t € J

_ 9 g
hy(t) = & , S(t-9)g,(s)ds.

It follows that , € B(y,) and

A

(D =m0 < M [ e |g,(5) - g,(5)|ds

ds

IA

M [ e k(s)|y, — 3,

IA

(M*.[OT emk(s)ds)”y1 -y, ||w .

Taking the supremum over t, we obtain

], = o[ e <o) s .

From this and the analogous inequality obtained by interchanging the roles of y,
and y, it follows that

H,(B(»).B(»))<(m[] e ks [y~ o]

T
This shows that B is a contraction, since M~ IO e k(s)ds <1 by (H4).
Step 2: We shall show that the operator A is compact and convex valued and it
is completely continuous. This will be given again in several claims.
Claim 1: A(y) is compact for each y € C([-r, T], E).

Observe that the operator A is equivalent to the composition £ © S _ of two
operators on L'(J, E), where L : L'(J, E) — C(J, E) is the continuous operator defined
by

Lv(t) =S"(1)d(0) + ir S(t—s)v(s)ds, teJ.
dt 90

It then suffices to show that the composition operator L ° S, has compact values
on C(J, E). Lety € C(J, E) be arbitrary and let v_be asequence in S,(y). Then, by the
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definition of S, v (t) € F(z,y) a.e. t € J. Since F(z, y ) is compact, we may pass to a
subsequence if necessary to get that v (¢) converge to v € L'(J, E), where v(?) € F(z,
y) a.e. for ¢ € J. From the continuity of L, it follows that Lv (z) — Lv(f) pointwise
on J as n — oo. In order to show that the convergence is uniform, we first show that
Lv is an equicontinuous sequence. Let 1, T, € J, then we have

1Ly, (w,) =Ly (T)] <|8'(z) -5 (7)) = 5'(,)(0)]

+[lim [ " [S'(5, =)= S'(x, = $)IB,, (s)ds

lim [ S'(t, —s)B, v, (s)ds

A—0 Jd 1)

—+

As 1, — 1, the right hand-side of the above inequality tends to zero. Since S'(7)
is a strongly continuous operator and the compactness of S'(¢) for ¢ > 0 implies the
continuity in uniform topology. Hence {Lv } is equicontinuous, and an application
of Arzela-Ascoli theorem implies that there is a uniformly convergent subsequence.
Then we have [,vnj —> Lv e (Lo8,)(y) as j— o, and so (L o S,)(y) is compact.

Therefore A is a compact valued multivalued operator on C(J, D(A).
Claim 2: A(y) is convex for each y € C([-r, T], E).

As in Step 1, Claim 2 it is easily to show that 4 is a convex valued multivalued
operator.

Claim 3: A maps bounded sets into bounded sets in C([-r, T1, E).

Let B a bounded set in C([-r, T, E). There exists a real number g > 0 such that
Iv|l < g for any y € B. Now for each h € A(y), there exists f € S r., Such that

: d
h(t)= S0, +— [ St=s)f(s)ds, 1.
Then for each ¢ € J we get

[h(0) < M* 6O+ M* [ &, (s)ds.

This further implies that

[, < M o)+ M* [ &, (s)ds,

forall h € A(y) < A(B) = U, +A®). Hence A(B) is bounded.
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Claim 4: A maps bounded sets into equicontinuous sets.

Lett, 1, € J,T,<1,and B be, as above, a bounded set and /1 € A(y) for some y
€ B. Then, there exists f € S, R such that

h(t) = S'(1)$(0) +% jo S(t—s)f(s)ds,t e J.

Asin Step 2, Claim 1, we can easily show that |i(t,) - A(t )| > 0ast,—> 1. As
a consequence of Claims 1 to 3 together with Arzela-Ascoli theorem it suffices to

show that A maps B into a precompact set in D(A). Let 0 <7< T be fixed and let €
be a real number satisfying 0 < e <t. Fory € B, and f € Sy, we define

h (1) = S'(1)$(0) + S'(e) lim jo S'(t —s—€)B, f(s)ds.

Since §'(#) is a compact operator, the set H (1) = {h (¢) : h_< A(y)} is precompact

in D(A) for every ¢, 0 < € < t. Moreover, for every h € A(y) we have

() -h@| <M [ en (s)ds.
Therefore there are precompact sets arbitrarily close to the set H(¢) = {h(¢) : h €

A(y)}. Hence the set {h(¢) : h € A(B)} is precompact in E. Thus we can conclude
that A is a completely continuous operator.

Claim 5: A has closed graph.

Lety —y.,h e A(y),and h, — h,. We shall show that z, € A(y,). Now h e
A(yn) means that there exists f € S . such that

h, (1) =S'(t)d(0)+ %1_{1010 .[; S'(t—s)B, f,(s)ds, t € J.
We must prove that there exists f, € S, . such that
h,(t) =S"(t)d(0)+ %1_{1010 .[; S'(t—s)f.(s)ds, t e J.
Consider the linear and continuous operator K : L'(J, E) — C(J, E) defined by

Kv() = lim jo S'(t—5)B,_f(s)ds,t e J.
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We have
(A (1) = S"()(0)) - (h.(2) = S"(DH(O0))| = |(h (1) — h.(D)]
<[k () —-h,l 6 —0,asn+— .

From Lemma 2.1 it follows that K o S, is a closed graph operator and from the
definition of /C one has

h (1) - S'(O$0) € KS.(v,)
Asy —y,andh — h,, thereisaf, € §.(y,) such that

h.(1) = S'(1)$(0)+ lim jo S'(t—s5)f.(s)ds.

Hence the multivalued operator A is an upper semi-continuous operator on C([—
r, T, E).
Step 3: A priori bounds
Now it remains to show that the set
E={yeC(-r,T,E):y € cA®y) + oB(y) for some 0 < o< 1}
is bounded.

Let y € £€be any element. Then, there exists f € S ry andg e § Gy such that
¥(1) =08 (1)9(0) + 5 lim jo §'(t=5)f(s)ds +clim jo S'(t—s5)g(s)ds, 1 € J,
for some 0 < ¢ < 1. Then for each ¢ € J we have

y)] <M’

(O)|+ M jo 1)) (

Y, )ds

+M" J'; e k(s)||y,|ds+ M J'; |G (s,0)|ds.

Consider the function pu defined by
() =sup{|y(s)| : —-r<s<t},0<r<T.

Let " €[-r, t] such that u(r) = [y(t")|. If £ € J then by the previous inequality we
have

wo <M

SO+ M [ & Usyb(p(s)ds
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t T
—MFL@“M@M@&+AFL€“

G(s,0)|ds

< ¢+ [ ¥()[1(s) + V(p(s)] s

It #* €[-r, 0] then |u(7) < ||¢|| and the previous inequality holds.
Let us take the right hand-side of the above inequality as v(#). Then we have
() <v(r) forall t € J,

v0)=c¢,
and
Ve =y +blu)]
<y(Ov(@) + V((D)], ae. t € J.
Thus

vy du T © ds
ol RIS ey

Consequently, by condition (7), there exists a constant d such that v(r) <d,t € J
and hence |ly|| € d where d depends only on the constants M, w and the functions /,
k and w. This shows that the set £ is bounded. As a result the conclusion (ii) of
Theorem 2.2 does not hold. Hence the conclusion (i) holds and consequently A(y) +
B(y) has a fixed point which is an integral solution of problem (1)-(2).

4. EXISTENCE OF EXTREMAL INTEGRAL SOLUTIONS

In this section we shall prove the existence of maximal and minimal integral solutions
of problem (1)-(2) under suitable monotonicity conditions on the functions involved
in it.

Definition 4.1: A nonempty closed subset C of a Banach space X is said to be a
cone if

(i) C+CcC,
(i) \CcC
(i) {-C} N {C} = {0}

A cone C is called normal if the norm ||-|| is semi-monotone on C, i.e., there
exists a constant N > 0 such that ||x|| < N ||y||, whenever x <y. We equip the space X
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= C(J, E) with the order relation < induced by a cone C in E, that is for all
v,yeX:y<Yy if and only if y(¢)— y(t) € C, Vt € J. In what follows will assume
that the cone C is normal. Cones and their properties are detailed in [12,13]. Let a,
b € X be such that a < b. Then, by an order interval [a, b] we mean a set of points in
X given by
[a, b] = {x € X|a <x <b}.
Let D, Q € P (X). Thenby D <Q we mean a <b foralla € D and b € Q. Thus

a < D implies that a < b for all b € Q; in particular, if D < D, then, it follows that D
is a singleton set.

Definition 4.2: Let X be an ordered Banach space. A mapping 7: X — P(X) is
called isotone increasing if T(x) < T(y) for any x, y € X with x < y. Similarly, T is
called isotone decreasing if T(x) > T(y) whenever x < y.

Definition 4.3 [14]: We say that x € X is the least fixed point of G in X if x € Gx
and x <y whenever y € X and y € Gy. The greatest fixed point of G in X is defined
similarly by reversing the inequality. If both least and greatest fixed point of G in X
exist, we call them extremal fixed point of G in X.

In the sequel we use the following fixed point theorem.

Theorem 4.1 [10]: Let [a, b] be an order interval in a Banach space and let B , B, :
[a, b] = X be two functions satisfying

(a) B, is a contraction,

(b) B, is completely continuous,

(c) B, and B, are strictly monotone increasing, and

(d) B,(x)+ B,(x) € [a, b], Vx € [a, b].

Further if the cone C in X is normal, then the equation x € B (x) + B (x) has a

least fixed point x, and a greatest fixed point x* € [a, b]. Moreover x, =limx, and

x" =limy,, where {x } and {y } are the sequences in [, b] defined by

x. . €B((x)+B,(x)x,=aandy e€B(y)+B,(y)y,=b.

n+l

We need the following definitions in the sequel.

Definition 4.4: We say that a continuous function v : [-r, T] — E is a lower
integral solution of problem (1)-(2) if there exists functions f, g € L'(J, E) such that
flt) e F(t,y), () € G(t,y), a.e. onJ, y(t) < ¢(?), t € [-r, 0], and
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y(1) < S'(1)¢(0) +% jo S(t—s)[f(s)+g(s)]ds,1eJ.

Similarly an upper integral solution w of IVP (1)-(2) is defined by reversing the
order.

Definition 4.5: An integral solution x,, of IVP (1)-(2) is said to be maximal if
for any other integral solution x of IVP (1)-(2) on J, we have that x(¢) € x () for
eacht e J.

Similarly a minimal integral solution of IVP (1)-(2) is defined by reversing the
order of the inequalities.

Definition 4.6: A multivalued function F(¢, x) is called strictly monotone
increasing in x almost everywhere for ¢ € J, if F(¢,x) < F(t,y)a.e.t € Jforallx,y
E with x < y. Similarly F(z, x) is called strictly monotone decreasing in x almost
everywhere for ¢ € J, if F(¢, x) > F(t,y)a.e.t € Jforall x, y € E withx<y.

We consider the following assumptions in the sequel.

(H7) The multivalued functions F(¢, y) and G(¢, y) are strictly monotone
nondecreasing in y for almost each ¢ € J.

(H8) S'(?) is order-preserving, that is, S'(#)(v) = 0 whenever v > 0.

(H9) The IVP (1)-(2) has a lower integral solution v and an upper integral solution
w with v <w.

Theorem 2: Assume that (H1)-(H9) hold. Then IVP (1)-(2) has minimal and
maximal integral solutions on [-r, T].

Proof: It can be shown, as in the proof of Theorem 3.1 that .4 is completely
continuous and B is a contraction on [v, w]. We shall show that A and B are isotone
increasing on [v, w]. Let y, y €[a, b] be such that y<y, y#Yy. Thenby (H7), (HS),
we have for each r € J

Aly) = *h € C(J, E) :h(t) = S'(1)9(0) +% [ s@-9)f()ds, f SFJ

IA

*h e C(J,E): h(t) = S'(1)$(0) +% jo S(t—s)f(s)ds, f € SF,y}

= A(y).



Existence Results for Nondensely Defined Semilinear Perturbed... 199

Similarly, B( y) <B (i) Therefore A and B are isotone increasing on [v, w].
Finally, let x €[v, w] be any element. By (H9), we deduce that

v<AW) + B(v) < A(x) + B(x) < A(w) + B(w) <w,

which shows that A((x) + B(x) € [v, w] for all x €[v, w]. Thus, A and B satisfy all
conditions of Theorem 4.1. Hence IVP (1)-(2) has maximal and minimal integral
solutions on J. This completes the proof.

5. AN EXAMPLE

Consider the system:

2

%u(t, X)e 66—2u(t, Xx)+ F(ut(-, X))+ G(ut(-, x)),t€[0,T], x €[0, w] )]
X

u(t,0) =u(t, n),t € [0, T] 9)
u(0, x) = ¢(0, x), 0 €[-r, 0], x € [0, «], (10)
where r> 0, ¢ € C([-r, 0] x [0, ©], R) and F, G : C([-r, 0], R) - P(R).

To write (8)-(10) in the form (1)-(2) we choose X = C([0, =], R), and for each
0e[-r0],te[0,T],xe]0,n]

y(O)(x) = u(t, )(0)(x) = (8, x),
F(t, y)®) = Fu (-, 0), G(t, y)(0) = Gu,x),
and denote by Ay := y"” with domain
D(A) = {u € C¥([0, nt], R) : u(0) = u(n)}.
We have
D(A) ={ue C([0, 7], R) : u(0) = u(m)} # X.
It well known (see [5]) that satisfies the following properties

(@) (0,90) = p(4)
. 1
(i) ||R(7L,A)||Sx.

This implies that the operator A satisfies the Hille-Yosida condition (with M =1
and w =0) on X. Then problem (8)-(10) can be written as
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V() e Ay®) + F(t,y) + G(t,y), t € [0, T1,
u(t) =), t € [-r, 0].

Thus under appropriate conditions on the functions F and G as those in (H1)-(H9),
the problem (8)-(10) has an integral solution as well as extremal integral solutions.
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