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Abstract

In this paper some fixed point principle is applied to prove, in a separable Banach
space, the existence of solutions for delayed second order differential inclusions with
three-point boundary conditions of the form

i(t) € F(t,ut), u(h(t)), a(t)) + H(t, u(t), u(h(t)),a(t)) a.e.t € [0,1],

where F' is a convex valued multifunction upper semi continuous on £ x E x E, H is
a lower semicontinuous multifunction and h is a bounded and continuous mapping on
[0, 1].

The existence of solutions is obtained under the assumptions that F(¢,x,y,z) C
I (t), H(t,z,y, z) C T'2(t), where the multifunctions I'y, T's : [0, 1] = E are uniformly-
Pettis integrable .
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1 Introduction

The present paper deals, in a separable Banach space E, with the existence of solutions
for the second order differential inclusion with delay of the form

i(t) € F(t,ult ), w(h(8)), i (8)) + H(t,u(t), u(h(t)), (t)), a.e.t € [0,1];
(Pr)  ult) = @(t), Vte[-r0];
O;MQZUHL
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where 7 > 0 and 6 is a given number in [0,1[, F: [0,1]x EX Ex E = E, H :[0,1] x E x
ExE=E h:[0,1] = [-r1],t—r < h(t) <t,and ¢ : [-r,0] — E. The given mappings
h and ¢ are continuous, F' is a convex closed valued multifunction Lebesgue-measurable
on [0,1] and upper semi-continuous on E x E' x E and H is a closed valued multifunction
measurable and lower semi-continuous on E'x Ex E. Furthermore, F'(t,x,y,z) C I'1(¢) and

*Corresponding author. Email: laouir.dalila@gmail.com

EJQTDE, 2012 No. 88, p. 1



H(t,z,y,2) C Ty(t) for all (t,z,y,2) € [0,1]x E x E x E where, fori =1,2,T; : [0,1] = E
is Pettis uniformly integrable.

A solution u of (P,) is a mapping u : [—r, 1] — F satisfying ii(t) € F (¢, u(t), u(h(t)),u(t))+
H(t,u(t ) u(h(t)),u(t)) for almost every ¢ € [0,1], u(t) = @(t) for all t € [—r,0] and
u(0) = 0; u(f) = u(l), with u € X := Cg([-r,1]) N W?E( 0,1]) equipped with the norm

[ullx = max{ sup [lu(t)]|, sup [lu(t)]}.
te[—r,1] te0,1
Second order differential inclusions with three-point boundary conditions have been
studied by serval authors (see [1] [3], [5] and [14]). For example, the authors in [3] studied
the existence of solutions for a second order differential inclusion with three-point boundary
conditions of the form

i(t) € F(t,u(t),u(t)) + H(t, u(t),u(t)),

where F' : [0,1] x E x E =% E is a convex compact valued multifunction, Lebesgue-
measurable on [0, 1] and upper semicontinuous on F x F and H a nonempty closed valued
multifunction, such that H is £([0, 1]) @ B(E)®@B(E)-measurable and lower semicontinuous
on E x E, under the assumptions that F(t,z,y) C I'1(t), H(t,x,y) C I's(¢) in the case
where 'y and T’y are integrably bounded. The same differential inclusion has been studied
in [1] with the same conditions on F' and H where I'j, I'y are uniformly Pettis integrable.

The existence of solutions for second order delayed problems has also been discussed
in the literature, we cite for example the results given in [4], [7], [8], [9], [12], [14] and [16].

The paper is organized as follows. After we recall some basic notations and preliminary
theorems in section 3 we present our main result.

2 Notation and Preliminaries

Let (E,| - ||) be a separable Banach space and E’ is its topological dual, B(0, p) is the
closed ball of E of center 0 and radius p > 0 and B is the closed unit ball of E; £([0, 1])
is the o-algebra of Lebesgue-measurable sets on [0,1]; A = dt is the Lebesgue measure
n [0,1]; B(E) is the o-algebra of Borel subsets of E. By LL([0,1]) we denote the space
of all Lebesgue-Bochner integrable E-valued mappings defined on [0,1]. We denote the
topology of uniform convergence on weakly compact convex sets by 7. Restricted to E,
this is the Mackey topology, which is the strongest locally convex topology on E’ and we
denote it by T (E', E).
Let Cg(]0,1]) be the Banach space of all continuous mappings « : [0, 1] — E, endowed
with the sup-norm, and CL([0,1]) be the Banach space of all continuous mappings u :
[0,1] — E with continuous derivative, equipped with the norm

luller = max{/max Jlu(®)], max ()]}

Now, let f : [0,1] — FE be a scalarly integrable mapping, that is, for every 2’ €
E’, the scalar function ¢ — (2/, f(t)) is Lebesgue-integrable on [0,1], f is said to be
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Pettis integrable if, for every set A € L£([0,1]), the weak integral [, f(t)dt defined by
(', [, f()dt) = [,(&, f(t))dt for all 2’ € E’, belongs to E.

We denote by P1L([0,1]) the space of all Pettis-integrable E—valued mappings defined on
[0,1]. The Pettis norm of any element f € P (]0,1]) is defined by

1 fllpe = sup/ (2, f())]dt.

xIEEE/ [071}

The space PL([0,1]) endowed with ||.||pe is a normed space. A subset K C PL([0,1]) is
Pettis uniformly integrable ((PUI) for short) if, for every ¢ > 0, there exists § > 0 such
that for each measurable subset A of [0, 1] we have

A(A) <6 = sup [1afllpe < e.
fexk

If f € PL([0,1]), the singleton {f} is PUI since the set {(z/, f) : ||2’|| < 1} is uniformly
integrable.

For more details on the theory of the Pettis integration we can refer the reader to [6], [10],
[11] and [15].

A mapping v : [0,1] — E is said to be scalarly derivable when there exists some
mapping v : [0,1] — FE (called the weak derivative of v) such that, for every z’ € F,
the scalar function (z/,v(-)) is derivable and its derivative is equal to (z’,0(-)). The weak
derivative ¢ of ¥ when it exists is the weak second derivative.

By W?D’}E([O, 1]) we denote the space of all continuous mappings u € Cg([0,1]) such
that their first usual derivatives @ are continuous and their second weak derivatives belong
to PL(]0,1]).

For closed subsets A and B of E, the excess of A over B is defined by

¢(A, B) = supd(a, B) = sup(inf |a — b)),
a€B acA bEB

and the support function §*(-, A) associated with A is defined on E’ by

5*(2', A) = sup(z’, a).
acA

Recall also that a set K C P1([0,1]) is said to be decomposable if and only if for every
u, v € K and any A € £([0,1]) we have u.1l4 +v.(1 —14) € K.

In the sequel, we need the following lemma that summarizes some properties of some
Green type function, see [1] and [3].

Lemma 2.1 Let E be a separable Banach space and let G : [0,1] x [0,1] — R be the
function defined by

—s if 0<s<t

G(t,s)=¢ —t if  t<s<#b (2.1)
’ (s—1)
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if 0<t<6, and

s if 0<s<®0
Gt,s) = 2=t if 0<s<t (2.2)
s=1) if  t<s<l,

(1-0

N

if 0<t<l.
Then the following assumptions hold.

(1) G(., s) is derivable on [0, 1], for every s € [0, 1] except on the diagonal, and its derivative
s given by

0 if 0<s<t
2 (1) = 1 t<sss (2.3)
(1=0) if  0<s<l1,
if 0<t<#6, and
0 if 0<s<#
%—Cj(t, 5) = %g% if 0<s<t (2.4)
el if t<s<l,
if 0<t<l.
(ii) G(.,.) and %—?(., .) satisfies
t sup |G(t,s)] <1, sup ]aa—c;(t, s)| < 1. (2.5)
,5€[0,1] t,s€[0,1]
ts

(iii) Let f € PL([0,1]) and let uy : [0,1] — E be the mapping defined by

1
ug(t) = /0 G(t,s)f(s)ds ,Vt € [0,1], (2.6)

then one has
(1) up(0) =0 and up(0) = us(1).
(2) The mapping t — us(t) is continuous, i.e uy € Cg([0,1]).
(3) The mapping uy tis scalarly derivable, that is, for every ' € E', the scalar function
2’ ur(.)) is derivable, and its weak derivative u s satisfies
f f

; up(t+h) —up(t)

lim (2, - ) = (2,up(t))
e ,
= ; E(t,s)(m , f(s))ds
. [toG

= <$, 0 E(t’s)f(s)d5>
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for all t € [0,1] and for all 2’ € E' . Consequently

1
it = [ s ps)s viea) (2.7
0

and g is a continuous mapping from [0,1] into E.
(4) The mapping 1y is scalarly derivable, that is, there exists a mapping iy : [0,1] — E
such tha, for every x' € E', the scalar function (z',4s(.)) is derivable with %(x' us(t)) =
(' g (t)); furthermore

iy =f a.e.onl0,1]. (2.8)

Let us mention a useful consequence of Lemma 2.1.

Proposition 2.1 Let E be a separable Banach space and let f : [0,1] — E be a continuous
mapping (respectively a mapping in P+([0,1])). Then the mapping

1
us(t) = /0 G(t,s)f(s)ds,Vt € [0,1]

is the unique C%([0,1])-solution (respectively W?;}E([O, 1])-solution) to the differential
equation

{u(t) = f(t) Vt€0,1];
u(0) = 0; u(f) = u(1).

Proposition 2.2 (See [2]) Let X be a compact space and M : X = PL([0,1]) be a
lower semicontinuous multifunction with closed and decomposable values. Then M has a
continuous selection.

For the proof of our main result, we also need the following fixed point theorem which
is the multivalued analogue of the Shaefer continuation principle. For more details for the
fixed point theory we refer the reader to [13].

Theorem 2.1 LetY be a normed linear space and A :' Y =Y be an upper semicontinuous
compact multivalued operator with compact conver values. Suppose that there exists an
R > 0 such that the a priori estimate

reXMzx 0<A<1)=|z||<R (2.9)

holds. Then A has a fived point in the ball B(0, R).

3 Main result

Now, we are able to prove our main existence theorem.
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Theorem 3.1 Let E be a separable Banach space, F: [0,1] x Ex Ex E = E be a convex
closed valued multifunction, Lebesgue-measurable on [0,1] and upper semicontinuous on
ExXEXE. Let H:[0,1] x Ex Ex E = E be another multifunction with nonempty closed
values such that H is L£(]0,1]) @ B(E)®@ B(E)® B(E)-measurable and lower semicontinuous
on E x E x E. Assume that, for i = 1,2, there is some convez || - ||-compact valued, and
measurable multifunction T'; : [0,1] = E which is Pettis uniformly integrable, such that
F(t,z,y,z) C I'1(t) and H(t,x,y,z) C Ta(t) for all (t,z,y,2z) € [0,1] x E x E x E. Let
h:[0,1] — [—r, 1], with t —r < h(t) < t, be a continuous mapping and ¢ € Cg([—r,0])
with ¢(0) = 0. Then the boundary value problem (P,) has at least one solution in X :=
Cr([=r, 1)) N WE([0,1).

Proof. Step 1. Taking co({0} UT;(t)) if necessary, we may suppose that 0 € I';(¢)
for all t € [0,1] and i = 1,2.

For t € [0,1], let T'(t) = I"1(t) + I'2(¢), and observe that the multifunction I' inherits
all the properties of I'y and T'9, that is, I' is convex || - ||-compact valued, and measurable
multifunction, further, it is Pettis uniformly integrable.

Let us consider the differential inclusion

w(t) e I(t), ae. tel0,1];

(t) =(t), Vte[-r0]; (3.1)
u(0) =0; w(f) =wu(1).

m

We wish to show that the X-solutions set Xp of (3.1) is nonempty and convex compact
in the Banach space X endowed with the norm ||.||x.

Let us recall (see [10]) that the set SE® of all Pettis integrable selections of T is
nonempty, convex and sequentially compact for the topology of pointwise convergence
on Ly’ ® E' and that the multivalued integral

1 1
/ T(t)dt = {/ f(t)dt; f € S£°}
0 0

is convex and norm compact in F.
In view of Lemma 2.1 and Proposition 2.2, the solutions set Xr of (3.1) is characterized
by

1
Xr={ueX: u=¢pon|[-r0 and u(t) = / G(t,s)f(s)ds,Vt € [0,1]; f € SK°}.
0
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Clearly Xr is convex. Furthermore, for all u € Xr thereis f € SE¢ such that for t,¢ € [0,1]

Ju(t) —u()] = sup [(2’,u(t) —u(t))]

:B’EEE/

1 1
- s 16! | ctareas = [ e ssas)

< s [ 1609 - G, elas
:B’EEE/

< sup / Gt 5) — G(, )|16" (', T(s))ds
Z‘IEEE/ 0

and by Lemma 2.1,

Ju(t) — ()| < sup /\ (’,s)ua*(x’,r(s))\ds.

xeB

The function G is continuous on the compact set [0, 1] x [0, 1], so it is uniformly continuous

there. In addition, the set {|0*(2/,T'(.))| : 2’ € Bg/} is uniformly integrable in L ([0, 1]).

Then, the right-hand side of the above inequalities tends to 0 as ¢ — t'. We conclude that

the sets Xr and {@ : v € Xp} are equicontinuous in Cg([0,1]). Since ¢ € Cg([—r,0])

we get the equicontinuity of Xp in X. On the other hand, for each ¢t € [—r, 1] and each

7 € [0,1], the sets Xp(t) = {u(t) : u € Xr} and {us(7) : w € Xr} are relatively
1

compact in E because they are included in the norm compact sets / G(t,s)I'(s)ds and
0

1
oG
E(t’ s)I'(s)ds respectively. The Ascoli-Arzela theorem yields that Xr is relatively

0
compact in X with respect to [|.||x. We claim that Xr is closed in (X, ||.||x). Let (u,) be

a sequence in X converging to { € X with respect to ||.||x. Then, for each n, there exists
fn € SE¢ such that

-/ LGt ) fu()ds, V€ [0,1]
0

and u,(t) = p(t) for all t € [-r,0]. As SE® is sequentially compact for the topology of
pointwize convergence on Lg® ® E’, we extract from (f,) a subsequence that we do not
relabel and which converges J(P}E,Lﬁf’ ® E') to a mapping f € Sllfe. In particular, for
each 2/ € F’ and for every t € [0, 1], we have

1

1
lim <x’,/0 G(t,s)fn(s)ds) = lim [ (G(t,s)x’, fu(s))ds

n—oo n—oo 0

- /0 (G(t, 5)2', f(s))ds (3.2)

1
= x',/o G(t,s)f(s)ds),
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and

nler;O<x/7 01 %—f(t, s)fn(s)ds> = T}LII;O (;(%—f(t’ s)x/7fn(s)>d8
-/ (G (s)ds (33)

Loa
= x/,/ —(t,s)f(s)ds).
W [ G
1 1 le
As the set valued integral / G(t,s)T'(s)ds and / E(t’ s)I'(s)ds (t € [0,1]) are norm-
0 0

1
compacts, (3.2) and (3.3) show that the sequences (uy,(:)) = (/ G(.,s)fn(s)ds) and
0

1
(Un(+)) = ( %—Cj(.,s)fn(s)ds) converge pointwise to u(.) and 4(.) respectively, for E

0
endowed with the strong topology, where

1
u(t) :/0 G(t,s)f(s)ds, ¥Vt e [0,1],

oG
U(t) = _(t7 S)f(S)dS, vt e [07 1]7
g Ot
and u(t) = p(t) for all t € [—r,0]. Thus we get £ = u. This shows the compactness of Xp
in X.
Step 2. Let ® : Xr = PL([0,1]) be the multifunction given by

®(u) = {v e PL([0,1]) : v(t) € H(t,u(t),u(h(t)),u(t)), a.e. on [0,1]}.

We will prove that, for Xr endowed with the norm | - ||x, the multifunction ® admits
a continuous selection. It is clear that ® has nonempty closed decomposable values.
According to Proposition 2.2, it sufficient to prove that & is lower semicontinuous. Let
up € Xr, v9 € ®(up) and let (u,) be a sequence in Xr converging to ug in (X, || - ||x)-
Since ug € Xr, there exists fo € Sff’ ¢ such that

1
ug(t) :/0 G(t, s)fo(s)ds, Vte[0,1]

and ug(t) = ¢(t) for all t € [~r,0], and since (u,) C Xr, for each n, there exists f,, € Sk
such that

1
un(t) :/ G(t, s)fn(s)ds, Vt e [0,1]
0
and uy,(t) = ¢(t) for all t € [—r,0].
For any n € N, H(.,upn(.), un(h(.)),4y(.)) is measurable with nonempty closed values,
so according to [10, Theorem III. 41], the multifunction A,, defined from [0, 1] into E by
An(t) = {w € H(t, un(t), un(h(t)), in(t)) : [lw—=vo()] = d(vo(t), H (¢, un(t), un(h(t)), in(t)))},
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is also measurable with closed values, and since H (., uy(.), un(h(.)),u,(.)) has compact
values, A,, has nonempty values. In view of the existence theorem of measurable selections
(see [10]), there is a measurable mapping v, : [0,1] — E such that v,(t) € A, (t), for all
t € [0,1]. This yields v, (t) € H(t,un(t), un(h(t)),un(t)) and

Tim[on (8) —vo(®)] = lim_d(vo(t), H(E, un(t), un(h(1)), tn(t)))
< lim e(H (2, uo(t), uo(h(t)), o (1)), H (¢, un(t), un(h(t)), in(t)))
=0,
the last equality follows from the fact that H is lower semicontinuous with compact values
and hence it is h-lower semicontinuous. This shows that (v,) converges pointwise to vy

and since H(t,z,y,z) C I'y(t) for all (¢t,z,y,2) € [0,1] x E x E x E, the convergence also
holds strongly in PL([1,0]). Indeed,

tim_[lv, — vollpe = lim  sup /f (&, o (t) — v (1)) dt
n—00 1' GBE/

l1m sup / (2, v (8)) — (2, vo(¢))]|dt.

$ EBE/

As vy, (t) € T'a(t) for all n € N and as I'y is scalarly uniformly integrable and hence the set
{(z',v,(.)) : ||| < 1} is uniformly integrable in L ([0, 1]), we get

1
lim |jv, — vg||pe = sup / lim |(z/, v, (t)) — (@, vo(¢))|dt = 0.
n—oo 0

= n— o0
:B’EBE/

Therefore ® is lower semicontinous. An application of Proposition 2.2 implies that, for
Xr endowed with the norm || - ||x, there exists a continuous mapping K : Xr — PL([0,1])
such that K(u) € ®(u) for all w € Xr, or equivalently, for each v € Xr the inclusion
K(u)(t) € H(t,u(t),u(h(t)),u(t)) holds for a.e. t € [0, 1].

Step 3. We transform the problem

(1) € F(t,u(t), u(h(t)), i(t) + K(w)(t), ae.te 0,1
(P) § u(t) = (t), Vte[-r0];
u(0) = 0; u(f) =u(l),
into a fixed point inclusion in the Banach space Xp. By Lemma 2.1 and Proposition 2.2,
the existence of solutions of (P) is equivalent to the problem of finding v € Xr such that

/ G(t,s) yu(s),u(h(s)),u(s)) + K(u)(s))ds, Vte[0,1];

(3.4)
u( =p(t), Vte [ ,0].
Define the operator A on Xr by
Au={veX/v=ypon|[-r0] and v(t) fo s)ds, Yt € [0,1],9 = f + K(u),
fe S?%u)} (3.5)
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where
SF(u) = {9 € PL((0,1))/ 9(t) € F(t,u(t),u(h(t)),q(t)), a.et € [0,1]}. (3.6)
Then, the integral inclusion (3.4) is equivalent to the operator inclusion

u(t) € Au(t), Vte [-r1]. (3.7

Let us show that S?e has nonempty values. Indeed, for any Lebesgue measurable mappings
u,w:[0,1] — Eand v : [-r,1] — E, there is a Lebesgue-measurable selection s € SE® such
that s(t) € F(t,u(t),v(h(t)),w(t)) a.e. Indeed, there exist sequences (uy), (v,) and (wy,)
of simple E-valued mappings which converge pointwise to u, v and w respectively, for £
endowed with the norm topology. Notice that the multifunctions F(., up(.), vn(h(.)), wn(.))
are Lebesgue-measurable. In view of the existence theorem of measurable selection (see
[10]), for each n, there is a Lebesgue-measurable selection s, of F(.,uy(.), v, (h(.)), wn(.)).
As sp(t) € F(t,un(t), va(h(t)), wn(t)) C T1(t), for all t € [0,1] and as S{¢ is sequentially
weakly compact in PL([0,1]), by Eberlein-Smulian theorem, we may extract from (s,) a
subsequence (s},) which converges o(PL,L¥ ® E') to a mapping s € Sffle. That is, for
each 2/ € E' and each ¢ € LY we have

lim (C()2’, s, (1)) = (C()2', s(+))

n—oo

or equivalently
1

1
lim [ (C(t), s, (t))dt = /0 (), s(e)dt,

n—oo 0

ie.,
1

1
im [ ), sl (1))dt = /0 ), s(t))dt.

n—oo 0

This last equality shows that for each 2/ € E’, the sequence ((z/,s),(-)))n o(Lg,L)-
converges to (z',5(-)). Let (e;),y be a dense sequence for the Mackey topology 7(E', E).
Let k € N be fixed. Applying the Banach-Mazur’s theorem trick to ((e}, s},(.)))» provides
a sequence (z,), zn € co{(e;,sy,(.)) : m > n} such that (z,) converges pointwise a.e to
(e, s(.)). Using this fact and the pointwise convergence of the sequences (uy), (v,) and
(wy,), the upper semicontinuity of F(¢,. ,. ,.) and the compacity of its values, it is not
difficult to check that s(t) € F(t,u(t),v(h(t)), w(t)) a.e. Indeed, for almost every t € [0, 1]
we have

(eins(t) € (oo | (ek sm(®)

m>n

c (e (ef o Pt wm(t), v (h(1)), win(t))))

= @ollimsup(ef o Pt un(t), v (A1), 0 (1))

= co(eg o F(t, u(t),v(h(t), w(t))) = (e} o F(t,u(t),v(h(t)), w(t)))
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since F' has closed convex values. This implies that s(t) € F(t,u(t),v(h(t)),w(t)) a.e, and
then the operator A is well defined. Using Lemma 2.1 and the assumption ¢(0) = 0, it is
clear that A has its values in Xr.

Now, we will show that the multivalued operator A satisfy all the conditions of Theorem
2.1. Clearly Au is convex for each u € Xp. First, we prove that A has compact values
in Xp. Since Xt is compact, it suffices to see that A has closed values in X. For each
u € Xr, let (v,) be a sequence in Au converging to v € Xp. Then by (3.5), for every n
there exists f, € SE¢(u) C Sff’f such that

1
v (1) :/0 G(t,s)gn(s)ds, Vt e [0,1],

where g, = f, + K(u) € SE¢ and v, (t) = ¢(¢t) for all t € [-r,0]. Since Sllff is sequentially
o(PL,L¥® E')-compact, we may extract from (f,,) a subsequence (that we do not relabel)
converging (P, L ®E') to a mapping f € Sllff. Since F'(t, -, -, -) is upper semicontinuous
and has convex compact values, by repeating the arguments given above, we get f(t) €
F(t,u(t),u(h(t)),u(t)) a.e. t € [0,1]. Hence (gy,) converges o(PL, L¥® E’) to the mapping
g = f+ K(u) € SRe. In particular, for every 2’ € E’ and for every ¢ € [0, 1], we have

1 1
lim (x',/o G(t,s)gn(s)ds) = lim (G(t,5)x, gn(s))ds

n—oo n—oo O
1
= /O<G(t,s)x',g(s)>d5
1
= <x,/0 G(t,s)g(s)ds).

1
As the set-valued integral / G(t,s)I'(s)ds (t € [0,1]) is norm compact the last equality
0
1
shows that the sequence (vy,(.)) = (/ G(-,s)gn(s)ds) converges pointwise to fol G(.,s)g(s)ds,
0
for £ endowed with the strong topology. At this point, it is worth to mention that the
LG
o Ot
endowed with the strong topology using as above, the weak convergence of (g,) and the

oG
sequence (0,,(.)) = ( (., 8)gn(s)ds) converges pointwise to fol E(.,S)g(s)ds, for £
. e .
norm compactness of the set-valued integral E(t’ s)I'(s)ds. As (vy) converges in Xp
0
to the mapping v, then

v(t) :/0 G(t,s)g(s)ds, Vt e |0,1]

and v(t) = ¢(t) for all t € [-7,0]. Since g = f + K(u) and f € SP¢(u), we get v € A.
This says that Au is compact in Xr.

Next, we show that A is a compact operator, that is, A maps bounded sets into
relatively compact sets in Xr. Let S be a bounded set in Xp. We have A(S) C Xr. But
Xr is compact in X, then A(S) is relatively compact in X and hence A is compact.
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Now, we show that the graph of A, gph(A) = {(u,v) € Xr x Xr/ v € Au} is closed.
Let (un,v,) be a sequence of gph(A) converging uniformly to (u,v) € Xr x Xp with
respect to || - [|x. Since v, € Auy, for cach n, there exists fn, € SE¢(u,) C SE® such that

_ /1 G(t, 8)gn(s)ds, Vit € [0,1],
0

where g, = fn + K(uy,) and v, (t) = o(t) for all t € [-r,0]. As SE€ is sequentially com-
pact for the topology of pointwise convergence on LY ® E’, we may extract from (g,) a
subsequence (that we do note relabel) converging o (P, L¥ ® E’) to a mapping g € SEe.
Observing that f,(t) = gn(t) — K(un)(t) € F(t,un(t),un(h(t)),un(t)). Since |un, —
ullx — 0 and F(t,.,.,.) is upper semicontinuous on E x F x E with convex compact
values, repeating the arguments given above, we conclude that f(t) = g(t) — K(u)(t) €
F(t,u(t),u(h(t)),u(t)). Equivalently, fe SPe( ). On the other hand, it is not difficult to

1
see that the sequence (vy,(. / G(.,s)gn(s)ds) converges pointwise to / G(.,s)g(s)ds

0
, Loa L Loa

and that the sequence (0, (.)) = ( En (., 8)gn(s)ds) converges pointwise to W(, s)g(s)ds,

0

0
for F endowed with the strong topology. As (v,) converges to v in (Xp, || - ||x) we get
1
v(t) :/ G(t,s)g(s)ds, Vte|0,1],
0

where g = f + K(u) and v(t) = ¢(¢t) for all t € [—r,0]. This shows that A has a closed
graph and hence it is an upper semicontinuous operator on Xr.
Finally, we show that there exists an R > 0 such that the a priori estimate

u€EXMMu 0<A<1)=|u]| <R

holds. We have
u € Mu <« there exists f € Sp¢(u) C S{*

such that
t—)\/GtS ds, Vte€[0,1];
u(t) = Ap(t), Vte[-r,0],
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where g = f + K(u) € SE°. For each t € [0,1], using relation (2.5) and the assumption
over I', we have

lu®ll = sup | u(t)]
:L‘/EBE/
= sup [(z /Gts s)ds)|
:BEBE/
= s | [ Gt gle)ds|
:L‘/EBE/ 0
1
< sw [ Gl glo)lds
:BIEBE/ 0
1
< s [Tl
Z'IEEEI 0

and

la(t)|| < sup/\ (t,8)|[{x', g(s))|ds < sup / |6 (2", T(s))|ds.
z'€B gy ot :BEBE/

Since the set {|0*(2/,T(s))| : 2’ € Bg/} is uniformly integrable in Ly ([0, 1]), there exists a
function k € LL([0,1]) such that, for all 2/ € By and for all s € [0, 1] we have

0% (2", T(s))| < [k(s)].
We get )
)l < [ 1i(s)ds = Kl
and
[ < [kl -
On the other hand, for each t € [—r,0] we have
[u@) = M@ < llellcp-r.on-

Taking the above inequalities into account, we obtain
Jullx <max(||kLL, [ellcy o) = B

Hence by Theorem 2.1, we conclude that A has a fixed point u in the ball B(0, R),
what, in turn, means that this point is a solution in Xrp to the problem (P). That is,
u(t) € F(t,u(t),u(h(t)),u(t)) + K(u)(t),a.e. t € [0,1] and u(t) = p(t) for all t € [—r,0].
Since K (u)(t) € H(t,u(t),u(h(t)),u(t)), we get that u is a solution in Xr to our boundary
value problem (P,) and the proof of the theorem is complete. |
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