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In this note we investigate the existence of solutions of initial and boundary value prob-
lems defined on a compact interval to some classes of functional differential inclusions.
We shall rely on a fixed point theorem for contraction multivalued maps due to Covitz
and Nadler and Schafer’s theorem combined with lower semicontinuous multivalued op-
erators with decomposable values.
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1 Introduction

In this paper we prove existence results for the following functional differential inclu-
sions:

(p()y' (1)) € F(t,y:), ae. tel0,T], (1.1)
subject to inital
Yo=0, y'(0)=n (1.2)
or boundary conditions
Yo =¢, y(T) =n (1.3)

respectively, where F' : J x C([-r,0],IR") — P(IR") is a multivalued map, ¢ €
C([-r,0,IR"), pe C(J,Ry), n € R", P(IR") is the family of all subsets of IR".
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For any continuous function y defined on the interval [—r, T] and any ¢ € [0, T, we
denote by y: the element of C([—r,0],IR"™) defined by

ye () =yt +6), 6¢€l—r0].

Here y;(+) represents the history of the state from time ¢ — r, up to the present time ¢.

Recently, in [1], the authors studied first and second order initial value problems
for equation (1.1), in the case where p(t) = 1, by using a fixed point theorem for
contraction multivalued maps due to Covitz and Nadler [5] (see also Deimling [6]). Using
a fixed point theorem for condensing multivalued maps due to Martelli, the authors
have obtained an existence result for the initial value problem (1.1)-(1.2). Here, by
using the fixed point theorem for contraction maps and Schaefer’s theorem combined
with a selestion theorem of Bressan and Colombo for lower semicontinuous multivalued
operators with decomposable values, existence results are proposed for problems (1.1)-
(1.2) and (1.1)-(1.3).

2 Preliminaries

In this section, we introduce notations, definitions, and preliminary facts from multi-
valued analysis which are used throughout this note.
C([-r,0],IR™) is the Banach space of all continuous functions from [—r, 0] into IR"
with the norm
6]l = sup{|¢(0)] : —r < 6 < 0}.

By C([0,T],IR™), we denote the Banach space of all continuous functions from [0, T
into IR™ with the norm

[Yllfo.zy == sup{ly(#)] : ¢ € [0, TT}.

LY([0,T],IR™) denotes the Banach space of measurable functions y : [0,7] — IR"
which are Lebesgue integrable normed by

T
Iyl = / y(O)ldt forall ye L'([0,T),R").
0

ACH([0,T],IR™) is the space of i-times differentiable functions y : [0,7] — IR"™, whose
it" derivative, y, is absolutely continuous.

Let A be a subset of [0, 7] x IR". A is £ ® B measurable if A belongs to the o-algebra
generated by all sets of the form N x D where N is Lebesgue measurable in J and D
is Borel measurable in IR™. A subset B of L([0,T],IR") is decomposable if, for all
u,v € B and N C [0,T] measurable, the function uxy + vxs—n € B, where x denotes
for the characteristic function.

Let E be a Banach space, X a nonempty closed subset of F and G : X — P(FE) a
multivalued operator with nonempty closed values. G is lower semi-continuous (l.s.c.)
if the set {x € X : G(x)NC # 0} is open for any open set C'in E. G has a fixed point
if there is z € X such that z € G(z).

Definition 2.1: Let Y be a separable metric space and let N : Y — P(L*([0, T],IR™))
be a multivalued operator. We say N has property (BC) if

1) N is lower semi-continuous (l.s.c.);



Functional Differential Inclusions 193

2) N has nonempty closed and decomposable values.

Let F : [0,T] x C([-r,0],IR") — P(IR") be a multivalued map with nonempty
compact values. Assign to F' the multivalued operator

F:C([-r,T),R") — P(L'([0,T],IR"™))
by letting
Fly) = {w € LY(0,T],IR") : w(t) € F(t,y,) for ae. t € [0,T]}.

The operator F is called the Niemytzki operator associated with F. We say I is of
lower semi-continuous type (l.s.c. type) if its associated Niemytzki operator F is lower
semi-continuous and has nonempty closed and decomposable values.

Next we state a selection theorem due to Bressan and Colombo.

Lemma 2.1: (3] Let Y be separable metric space and let N :' Y — P(L'([0,T],IR"))
be a multivalued operator which has property (BC). Then N has a continuous selection,
i.e. there exists a continuous function (single-valued) g : Y — L*([0,T],IR"™) such that

g(y) € F(y) for every y €Y.
Let (X, d) be a metric space. We use the notations:

PX)={Y e P(X) : Y #0}, Pyu(X)={Y € P(X) : Y closed}, P(X)=
{Y € P(X) :Y bounded}.
Consider Hy : P(X) x P(X) — IR U {oo}, given by

Hy(A, B) = max {sup d(a, B),sup d(A, b)} ,
a€cA beB

where d(A,b) = ;161:[“4 d(a,b), d(a,B) = L}gg d(a,b).

Then (P, (X), Hy) is a metric space and (P (X), Hy) is a generalized metric space.
Definition 2.2: A multivalued operator N : X — P, (X) is called

a) ~-Lipschitz if and only if there exists v > 0 such that
Hy(N(2), N(y)) < 1d(z,y), for cach z, y € X,

b) contraction if and only if it is y-Lipschitz with v < 1.

For more details on multivalued maps and the proof of known results cited in this
section we refer to the books of Deimling [6], Gérniewicz [8], Hu and Papageorgiou [9]
and Tolstonogov [11].

Our considerations are based on the following fixed point theorem for contraction
multivalued operators given by Covitz and Nadler in 1970 [5] (see also Deimling, [6]
Theorem 11.1).

Lemma 2.2: Let (X,d) be a complete metric space. If N : X — Py(X) is a
contraction, then FizN # ().

3 Initial Value Problems

Now, we are able to state and prove our main theorems. In this section we shall give
two results for the IVP (1.1)-(1.2). Before stating and proving these results, we give
the definition of a solution of the IVP (1.1)—(1.2).
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Definition 3.1: A function y : [-r,T] — E is called solution for the IVP (1.1)-
(1.2) if y(), p()y(:) € C([-r,T],IR"™) N AC([0,T],IR™) and satisfies the differential
inclusion (1.1) a.e. on [0,7] and the conditions (1.2).

Theorem 3.1: Assume that:

(H1) F : [0,T] x C([-7,0],IR") — P,(IR"™) has the property that F(-,u) : [0,T] —
P, (IR"™) is measurable for each u € C([—r,0],IR");

(H2) Hy(F(t,u), F(t,w) < I(t)|lu—ul, for each t € [0,T] and u,u € C([-r,0],IR"),

where 1 € LY([0,T],IR), and d(0, F(t,0)) <I(t) for a.e. t €[0,T].

T
Then the IVP (1.1)-(1.2) has at least one solution on [—r, T| provided Tpy* / I(s)ds <
0

1, where pg = min{p(¢) : t € [0,T]}.

Proof: Transform the problem into a fixed point problem. Consider the multivalued
operator N : C([—r,T),IR") — P(C([-r,T],IR")) defined by:
N(y) =

¢(t)7 ift € [—7’7 0]

ds

he C(l=r, T),R") : h(t) = { 9(0)+p(0) / -
t s ‘
+/O @/0 g(T)drds, ift€[0,T],9 € Sp(y)
where
SF(y) = {g S Ll([O,T],IRn) :g(t) € F(t,y,) forae. te [O,T]}.

Remark 3.1:
(i) Tt is clear that the fixed points of N are solutions to (1.1)-(1.2).

(ii) for each y € C([-r,T],IR") the set Sp(,) is nonempty since by (H1) F has a
measurable selection (see [4], Theorem IIIL.6).

We shall show that N satisfies the assumptions of Lemma 2.2. The proof will be
given in two steps.

Step 1: N(y) € Py(C(-r,T),IR"™) for each y € C(|-r,T],IR").

Indeed, let (yn)n>0 € N(y) such that y, — § in C[-r,T],IR"). Then g €
C[-r,T],IR™) and

t t s
ds 1
() €60+ o [t [ [ P(ryndrds, e fo.17),
o p(s) o r(s) Jo

Using the fact that F' has closed values and from the second part of (H2), we can

t
easily show that / F(s,ys)ds is closed for each t € [0, T]. Then

0

Yn(t) — ¢(0) +P(0)77/0 % +/O ﬁ /OS F(r,y;)drds, t€[0,T)].

So § € N(y).
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Step 2: Ha(N(y1), N(y2)) < vllyr —v2llj=r1) for each y1,y2 € Cl—r,T],IR") (where
v<1).

Let y1,y2 € C([-r,T],IR™) and h; € N(y1). Then there exists g1(t) € F(t,y1;) such
that

ha(t) = $(0) + p(0)1 / [jj)+ / ﬁ /Osgmchds, te0.7)

From (H2) it follows that
Ha(F(t,y1), F(t,y2r)) < UOyae — vl
Hence there is w € F(t,ya;) such that
lg1(t) = wll < UB)llyre — yaell, £ €[0,T7.
Consider U : [0,T] — P(IR"), given by
Ut) ={w e R" : [lgr(t) — wl < 1) llyre — yaell}-

Since the multivalued operator V(t) = U(t) N F(t,y2:) is measurable (see Proposition
II1.4 in [4]), there exists g2(t) a measurable selection for V. So, g2(t) € F(t,y2:) and

l91(8) = g2 (D) < UE)[[y1e — yarll, for each ¢ € [0, T].

Let us define for each t € [0, T

ha(t) =¢(0)+p(0)n/0 %4‘/0 ﬁ/o g2(7)d7ds.

Then we have

T t
[h1(t) —ha ()] < o ) lg1(s) — g2(s) |l ds

T t

< = [ Ul s
Po Jo
T t

= L[ (Cswp b - o)) s
Lo Jo —r<6<0
T t

= — l(s)( sup |y1(s+9)—y2(5+9)>ds
Po Jo —r<0<0
T t

= L[ sw_ i)~ mi) as
Lo Jo s—r<z<s
T t

< L[ (Csw in) - ) ds
Lo Jo —r<z<T

<

T T
<_/ l(s)d8> lyr = vell (=17
po Jo

T T
[h1 = hell(—r7) < (—/ l(S)d8> lv1 = v2ll—r.-
pPo Jo

Then
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By the analogous relation, obtained by interchanging the roles of y; and ys, it follows
that

T
Hq(N(y1), N(y2)) < (%/0 Z(S)d«S) Iy = yell (-

So, N is a contraction and thus, by Lemma 2.2, it has a fixed point y, which is solution
o (1.1)-(1.2).

By the help of the Schaefer’s theorem combined with the selection theorem of Bressan
and Colombo for lower semicontinuous maps with decomposable values, we shall present
an existence result for the problem (1.1)-(1.2). Before this, let us introduce the following
hypotheses which are assumed hereafter:

(H3) F:[0,T] x C([-r,0],IR") — P(IR"™) is a nonempty compact valued multivalued
map such that
a) (t,u) — F(t,u) is L ® B measurable;
b) u — F(t,u) is lower semi-continuous for a.e. ¢t € [0, T];

(H4) For each q > 0, there exists a function h, € L'([0,T],IR™) such that
IE(E = sup{[v] : v € F(t,u)} < hg(t)

for a.e. t € [0,T] and u € C([-r,0],IR™) with |u]] < g.

In the proof of our following theorem, we will need the auxiliary result:
Lemma 3.1: [7]. Let F : [0,T] x C([-r,0],R") — P(IR") be a multivalued map
with nonempty, compact values. Assume (H3) and (H4) hold. Then F is of l.s.c. type.
Theorem 3.2: Suppose, in addition to hypotheses (H3), (H4), the following also
holds:

(H5) ||[F(t,w)| := sup{|v| : v € F(t,u)} < p(&)¥(||lull) for almost all t € [0,T] and all
u € C([-r,0], E), where p € L'([0,T),IR) and 1 : Ry — (0,00) is continuous

and increasing with
T /T > dr
— p(s)ds < —,
o0 do PP )T

T
where ¢ = ||9|| +p(0)|7l|%-

Then the initial value problem (1.1)—(1.2) has at least one solution.

Proof: (H3) and (H4) imply by Lemma 3.1 that F' is of lower semi-continuous
type. Then, from Lemma 2.1, there exists a continuous function f : C([0,7],IR") —
LY([0,T],IR™) such that f(y) € F(y) for all y € C([0,T], R™).

We consider the problem

(p()y' ()" = f(y)(t), ae teJ=I[0,T], (3.1)

=9, y'(0) =n. (3.2)

Remark 3.2: If y € C([-r,T],IR™) is a solution of the problem (3.1)—(3.2), then y
is a solution to the problem (1.1)-(1.2).
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Transform problem (3.1) - (3.2) into a fixed point problem. Consider the multivalued

map, N : C([-r,T],IR") — C([-r,T],IR") defined by:
¢(t)v ifte [—7”, O]

N(u)(t) = s

t o s )
e _|_/O w/o f(y)(u)duds, ifte[0,T].

¢@+NMA

Clearly from (H4) and the Arzela-Ascoli theorem, the multivalued operator N is con-
tinuous and completely continuous.
In order to apply Schaefer’s theorem, it remains to show that the set

E(N) :={y e C([-r,T],R"): \y = N(y), for some A > 1}

is bounded. Let y € £(N). Then Ay = N(y) for some A > 1. Thus, for each ¢ € [0, T

y(t) :A—1¢(0)+A—1p(0)n/0 ,Océz)+x—1/0 p(ls)/osf(y)(T)des.

This implies by (H5) that for each ¢ € [0,T] we have

MWswww@m%+£Ap@wmww

We consider the function u defined by

ult) = sup{ly(s)| s —r<s<t}, 0<t<T.
Let t* € [—r,t] be such that p(t) = |y(t*)|. If t* € [0,T], by the previous inequality we
have for t € [0, T]

M@SWMW®W%+%AP@MMWM

If t* € [—r,0], then u(t) = ||¢| and the previous inequality holds.
Let us take the right-hand side of the above inequality as v(t); then we have

¢ =v(0) = |4l +P(0)|n\p—:’;7 u(t) <w(t), te€l0,T]

and
v'(t) = T p(t)(u(t)), tel0,T].
Po

Using the nondecreasing character of ¥, we get

S () < Spyp(u(t)), te0,T].
Po

This implies for each ¢ € [0, 7] that

v du T (T * du
P d g
/U(O) Y(u) = Po /0 pls)ds < [J(o) P(u)
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This inequality implies that there exists a constant b = b(T, p, ¢) such that v(t) < b, t €
[0,T7], and hence pu(t) < b, t € [0,T]. Since for every ¢ € [0, T, ||y+]| < p(t), we have

Y7y == sup{ly()] : —r <t < T} < max(b, [|])-

This shows that £ (N) is bounded. As a consequence of Schaefer’s theorem (see [10]),
we deduce that N has a fixed point which is a solution of (3.1)-(3.2) and hence from
Remark 3.2, a solution to the problem (1.1)-(1.2) .

4 Boundary Value Problems

In the next theorem we give an existence result for the BVP (1.1), (1.3).

Definition 4.1: A function y : [-r,T] — IR" is called solution for the BVP (1.1),
(1.3) if y(-), p()y(:) € C([-r,T],R™) N AC([0,T],IR"™) and satisfies the differential
inclusion (1.1) a.e. on [0,7] and the boundary condition (1.3).

Theorem 4.1: Let F satisfies (H1) and (H2). Then the BVP (1.1), (1.3) has at
least one solution on [—r, T.

Proof: As in Theorem 3.1 we transform the problem into a fixed point problem.
Consider the multivalued operator Ny : C([-r,T],IR") — P(C([-r,T],IR")) defined

by:
Ni(y) ==
(:b(t)a if t S [—7”, O}
h e C([-r,T],R") : h(t) = <Z>(O): o(T) w(t)
+ G(t,s)g(s)ds, ifte€[0,T),g € Spy

t

1

where w(t) = / (—)ds and G is the Green’s function for the corresponding homogen-
0 P\s

uous problem which is given by the formula

G(t,s) = w@)(%_), f0<s<t<T
o) (2 1), osi<ssr

We shall show that N; satisfies the assumptions of Lemma 2.1.
Using the same reasoning as in Step 1 of Theorem 3.1, we can show that Ny(y) €
P, (C(-r,T],R"), for each y € C([-r,T],R").

N; is a contraction multivalued map. Indeed, let y;,y2 € C[—r,T],IR") and hy €
Ni(y1). Then there exists g1 (t) € F(t,y1¢) such that

_ 1 —6(0) ’
hi(t) = ¢(0) + Wu}(t) —l—/o G(t, s)g1(s)ds, t€[0,T].

From (H2) it follows that

Hd(F(tu ylt)u F(t>y2t)) S l(t)Hylt - y2t||-
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Hence, there is w € F(t,ya:) such that

l91(t) — wll < UH)llyre — y2ll, t€[0,T].

Consider U : [0,T] — P(IR"), given by
U(t) = {w € R" : [|lg:(t) — wl| <U(H)lly1e — yael}-

Since the multivalued operator V(t) = U(t) N F(t,y2:) is measurable (see Proposition
IT1.4 in [4]), there exists g2(t) a measurable selection for V. So, ga2(t) € F(t,y2:) and

91(8) = g2 ()| < 1) [ly1e — yarll, for each ¢ € [0, T].

Let us define for each t € [0, T

B n — ¢(0) 4
ma(t) = 00) + 20 + [ Gl om(s)ds
Then we have
1) — ha(8)]| < / G(t, 5) 191 (5) — ga(s)]| ds

< sup |G(t,s |/ s)|ly1s — yasllds
[0,7]x[0,T]

( sup \/ > ly1 — y2llj—r1)-
[0,T]x[0,T]

T
A1 = ha|l{—r7) < ( sup |G(t, 5)|/ l(t)dt> ly1 — vall[—
[0,7]x[0,T] 0

By the analogous relation, obtained by interchanging the roles of y; and ys, it follows
that

IN

Then

Hy(N1(y1), N1(y2)) < (SUP|G (t,s |/ ) lyr — y2lli—r.m

So, if we choose sup |G(t,s \/ t)dt < 1, Ny is a contraction, and thus, by
[0,T]x[0 T]
Lemma 2.2, it has a fixed point y, which is solution to (1.1), (1.3).
Using the reasoning used in the proof of Theorem 3.2, we can obtain the following
result where the details are left to the reader.
Theorem 4.2: Let F' satisfy (H3) and

(H6) there eists a function h € L([0,T],IR™") such that

|1E(t,w)| :=sup{|v| : v € F(t,u)} < h(t) for a.e.t €[0,T] andu € C([-r,0],IR™).

Then the BVP (1.1), (1.3) has at least one solution on [—r,T).
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