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EXISTENCE RESULTS FOR
THIRD-ORDER DIFFERENTIAL INCLUSIONS WITH
THREE-POINT BOUNDARY VALUE PROBLEMS

A. REZAIGUIA anD S. KELATATA

ABSTRACT. In this paper, we investigate the solutions for a third-order differential
inclusion with three-point boundary value problem. First, we apply the Schaefer’s
fixed point theorem combined with a selection theorem due to Bressan and Colombo.
Secondly, our result is based on the fixed point theorem for multivalued maps due
to Covitz and Nadler.

1. INTRODUCTION

Realistic problems arising from economics, optimal control, stochastic analysis can
be modelled as differential inclusions. So much attention has been paid by many
autors to study this kind of problems, see [5, 6] and the references therein.

By using Shaefer’s fixed point theorem and some results on selections for lower
semicontinuous multivalued maps, in this work, we prove some existence results
for the three point boundary value problem of the third-order differential inclusion

(1.1) —u"'(t) € F(t,u(?)), te(0,1),
(1.2) u'(0) = /(1) = au(n),  u(0) = Bu(n),
where «, 8 and n are constants with « € [0, %), O<n<l,B#1—an F:[0,1] x

R — P(R) is a multivalued map, and P(R) is the family of all subsets of R. In
[12], the authors discussed the existence of positive solutions to the problem (1.1)
and (1.2) with F(t,u(t)) as a single-valued map (F(¢,u(t)) = a(t)f(t,u(t))) and
B =0.

This paper is organized as follows. In Section 2, we present some theorems and
lemmas that are used to prove our main results. In Section 3, we present existence
results for the problem (1.1) and (1.2) when the right-hand side is nonconvex,
where at first we apply the Schaefer’s fixed point theorem (see [1, p. 29]) combined
with a selection theorem due to Bressan and Colombo for lower semicontinuous
multivalued maps with nonempty closed and decomposable values [2]. The second
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result is based on the fixed point theorem contraction multivalued maps due to
Covitz and Nadler [3].

2. PRELIMINARIES

In this section, we introduce notations, definitions, and preliminary facts from
multivalued analysis which are used throughout this paper.

Here C([0, 1], R) denotes the Banach space of all continuous functions from [0, 1]
into R with the norm |ju|| = sup{|u(t)| : for all t € [0,1]}, L'([0,1],R), the Ba-
nach space of measurable functions u: [0,1] — R which are Lebesgue integrable,
normed by ||ul|: = fol lu(t)|dt, and AC*([0,1],R) the space of i-times differen-
tiable functions u: [0,1] — R whose i-th derivative u(?) is absolutely continuous.

Let A be a subset of [0,1] xR. A is £ ® B measurable if A belongs to the
o-algebra generated by all sets of the form Z x D, where Z is Lebesgue measurable
in [0,1] and D is Borel measurable in R. A subset A of L([0,1],R) is said to
be decomposable if for all u,v € A and Z C [0,1] = I measurable, the function
uxz + vxr—z € A where x denotes the characteristic function.

Let (X,d) be a metric space induced from the normed space (X,| - ||). We
denote

)
X)={A € Py(X): Ais bounded},
) ={A € Py(X): Ais compact}.
Consider Hy: P(X) x P(X) — RU {oco} given by

H;(A, B) = max {sup d(a, B),sup d(b, A)} ,
acA beB
where d(a, B) = infyep d(a,b) and d(b, A) = inf,c 4 d(a,b). Then (P, a(X), Hy) is
a metric space and (P (X), Hy) is a generalized metric space see [7].

Let E be a separable Banach space, Y a nonempty closed subset of E and
G:Y — Pq(F) a multivalued operator. G is said to be lower semicontinuous
(Ls.c.) if the set {x € Y : G(z) N U # B} is open for any open set U in E. G has
a fixed point if there is € Y such that € G(z).

For more details on the multi-valued maps, see the books of Aubin and Cel-
lina [4], Aubin and Frankowska [8], Deimling [9], Gérniewicz [10] and Hu and
Papageorgiou [11].

Definition 1. Let Y be a separable metric space and let N: Y—Pq(LY([0, 1], R))
be a multivalued operator. We say N has the property (BC) if
1. N is lower semi-continuous (l.s.c),

2. N has nonempty closed and decomposable values.

Let F: [0,1] X R = Peomp(R) be a multivalued map. Assign to F' the multival-
ued operator
F:C([0,1],R) = Po(L'([0,1],R))
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by letting
F(u) = {w € L*([0,1],R) : w(t) € F(t,u(t)) for a.e. t € [0,1]}.

The operator F is called the Niemytzki operator associated with F'. We say F' is
of the 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 1 ([2]). LetY be aseparable metric space andlet N: Y —Po(L'([0,1],R))
be a multivalued operator which has the property (BC). Then N has a contin-
uous selection, i.e., there exists a continuous function (single-valued) g: Y —
LY([0,1],R) such that g(u) € N(u) for everyu € Y.

Definition 2. A multivalued operator N: X — Pg(X) is called
a) 4-Lipschitz if and only if there exists v > 0 such that
Hy(Nz, Ny) < vd(z,y) for each z,y € X,

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

Lemma 2 ([3]). Let (X,d) be a complete metric space. If N: X — P(X) is
a contraction, then Fix N # ().

3. EXISTENCE RESULTS

By the help of Schaefer’s theorem combined with the selection theorem of Bressan
and Colombo for lower semicontinuous maps with decomposable values, first we
shall present an existence result for the problem (1.1) and (1.2). Before this, let
us introduce the following hypotheses which are assumed hereafter:
(H1) F:[0,1] x R = Peomp(R) be a multivalued map verifying:
a) (t,u) = F(t,u) is L ® B measurable.
b) u — F(t,u) is lower semicontinuous for a.e. t € [0,1].
(Hz) F is integrably bounded, that is, there exists a function m € L'([0,1],R})
such that ||F (¢, u)| = sup {||v|| : v € F(¢t,u)} < m(t) for almost all ¢ € [0, 1].

Lemma 3 ([13]). Let F: [0,1] xR = Peomp(R) be a multivalued map. Assume
(Hy) and (Hg) hold. Then F is of the ls.c. type.

Definition 3. A function u € AC?([0,1],R) is called a solution to the BVP
(1.1) and (1.2) if u satisfies the differential inclusion (1.1) a.e. on [0,1] and the
condition (1.2).

In the first result, we study the case when F' is not necessarily convex valued.
Our strategy to deal with this problem is based on Schaefer’s fixed point theorem
with the selection theorem of Bressan and Colombo [2] for lower semicontinuous
maps with decomposable values.

Theorem 1. Suppose that hypothesis (Hy) and (Hy) hold. Then the problem
(1.1) and (1.2) has at least one solution.
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Proof. (Hy) and (Hs) imply by Lemma 3 that F' is of the lower semi-continuous
type. Then from Lemma 1, there exists a continuous function g: C([0,1],R) —
L([0,1],R) such that g(u) € F(u) for all u € C([0, 1], R).

We consider the problem

(3.1) —u"" = g(u), a.e. tel0,1],
W' (0) = /(1) = au(n), w(0) = Bu(n).

Remark 1. If u € C(]0, 1], R) is a solution to the problem (3.1) and (3.2), then
u is a solution to the problem (1.1) and (1.2).

Transform problem (3.1) and (3.2) into a fixed point problem. Consider the
operator T': C([0,1],R) — C([0, 1], R), defined by

t a 1
1)t = — 5 [ = sPatwds+ 5+ [ (s
1 at+p n
- im A (n— S)QQ(U)dS-

We show that T is a compact operator.
Step 1. T is continuous.
Let {u,} be a sequence such that u, — u in C([0, 1], R). Then

[P0 = T)O] < 5 [ (0= 5 la(w,) —gta)] s

1 t 1

gl 2 [ sl — g(wlds
1 at+p n )
3T a7/, ) lolun) —g(w)ds,

Since g is continuous, then
IT(un) —T(w)|]] -0 as n — oo.
Step 2. T is bounded on bounded sets of C([0, 1], R).
Indeed, it is enough to show that there exists a positive constant ¢ such that

for each h € T(u),u € B, = {u € C([0,1],R) : |Ju|| < r}, one has ||h|| < ¢. By
(Hs), we have for each ¢ € [0,1],

|h(t)] < [1+ 1_010125/8}/ m(s)ds + — ‘1_62’;]6 ﬁ‘/onm(s)ds:

Then |h| < ec.
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Step 3. T sends bounded sets of C([0,1],R) into equicontinuous sets.
Let t1,t3 € [0,1],¢1 < t2, and B, be a bounded set of C([0,1],R). Then we
obtain

|h(t2) — R(ty)]

1 t2 1 o 1
§2A;uQ—@ﬂmwms+2&§—ﬁ+nzffzn?g}A(1_@gw”®

EM ! — 9)2lg(w)|ds 1 " _ )2 _ — O a(w)lds
s [ = sPlalds+ 5 [ (6 = 97 = (2 = 9P)lglalas,

<3 [ srmars [ 4 2T PG g

21 —an =B
EM ! — $)2m(s)ds 1 " _ 52— — Om(s)ds
S [ = om(as+ g [ (=9 = (o= 5ym(s)as

As to — t1 the right-hand side of the above inequality tends to zero.

As a consequence of Steps 1 to 3, together with the Arzela-Ascoli theorem, we
can conclude that T is completely continuous.

In order to apply Schaefer’s theorem, it remains to show next step.
Step 4 The set

Q={ueC(0,1],R) : \u = T'(u) for some A > 1}

[\]

is bounded.
Let w € 2. Then Au = T'(u) for some A > 1 and

1
:——/ (t — s)? ds+)\2[t2+n2m}/o(l—s)g(u)ds
AT Loat+ 8
21— an — ﬁ/ =) ds,
this implies by (Hz) that for each ¢ € [0, 1], we have

u(t)] < ;/tu— sPm(s)ds + g | +n2‘%” [ = omisias

atJrﬂ ‘/ —5) s)ds,
1—an I53

<y (¢ 5Pm(s)ds + 3 [1 " ﬂ%ﬂ / (1 - s)m(s)as

1 oa+f _
+ - ‘10”7 5’/ —5) s)ds =

This shows that € is bounded.

As a consequence of Schaefer’s theorem (see [1, p. 29]), we deduce that T has
a fixed point which is a solution to (3.1) and (3.2), and hence from Remark 1, a
solution to the problem (1.1) and (1.2). O

thus
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Now we prove the existence of solutions to the problem (1.1) and (1.2) with a non
convex valued right-hand side by applying a fixed point theorem for multivalued
map due to Covitz and Nadler [3].

Theorem 2. Assume that
(Hg) F:[0,1] x R = Peomp(R) is such that F(-,u)[0,1] X R = Peomp(R) is mea-
surable for each t € [0, 1].
(Hy) Ha(F(t,u), F(t,u)) < p(t)|u —a| for almost all t € [0,1] and u,u € R with
p € L1([0,1],R*) and d(0, F(t,0)) < p(t) for almost all t € [0,1].
Then the problem (1.1) and (1.2) has at least one solution on [0,1] if
2
{1 e sar _O‘Jf_ E } lpllze < 1.

Proof. For each u € C([0,1] x R), define the set of selections of F' by
Spy = {w € L*[0,1],R) : w(t) € F(t,u(t)) for a.e. t € [0,1]},
and the multi-valued operator © : C([0,1] x R) — P (C([0,1] x R)) by

Qu) = {h e C([0,1] xR) : h(t) = —%/0 (t — 5)%f(u)ds

1 at + 3 !
+§[t2+n271_0m_5}/0 (1= s)f(u)ds.

n

for f € Sp,. Observe that the set Sg,, is nonempty for each u € C([0,1] x R), by
the assumption (Hj), so F' has a measurable selection (see [14, Theorem IIL.6]).
Now we show that the operator () satisfies the assumptions of Lemma 2. To show
that Q(u) € PaC([0,1] x R), for each u € C([0,1] x R), let {v,}n>0 € Q(u) be
such that v,, = v (n — o0) in C([0,1] x R). Then v € C([0,1] x R) and there
exists wy, € Sg,, such that for each ¢ € [0, 1],

1t 1 ot + B !
vp(t) = — 5/0 (t — 5)%wp(s)ds + 3 [tQ + UQW} /0 (1 — s)wp(s)ds
1 « K
- 5% ; (n = s)*wn(s)ds.

As F has compact values, we pass onto a subsequence to obtain that w,, con-
verges to w in L*([0,1] x R). Thus, w € Sg,, and for each ¢ € [0, 1]
1/t 1 t !
v (t) = u(t) = — 5/0 (t — s)*w(s)ds + 3 {tQ + nz%} /0 (1—s)w(s)ds
1 at+p K
21—an—p Jo
Hence, v € Q(u).
Next we show that there exists v < 1 such that
H;(Qu, Qu) < v|lu — for each u,w € C([0,1] x R).

(1 = 5)*w(s)ds,
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Let u,w € C([0,1] x R) and hy € Q(u). Then there exists v1(t) € Sp,, such,
that for each ¢ € [0,1],

ha(t) = —;/Ot(t—s)%l(s)dH;[t%n?%} /01(1—s)vl(s)ds

1 ateg
21— an— 5 Jo
By Hy4, we have

(n — s)%v1(s)ds.

Hq(F(t,u), F(t,w) < p(t)|u(t) —u(t)].
So, there exists w € Sgy such that
lv1 —w| < p(t)|u — 7|, t €10,1].
Define U: [0,1] — P(R) by
U() = {w € R : oy — w| < p(t) ult) — u(0)]}.

Since the multivalued operator V(t) = U(t) N F(¢,u(t)) is measurable ([14,
Proposition I11.4]), there exists a function v, (t) which is a measurable selection for
V. So va(t) € Spa, and for each t € [0, 1], we have |v1(t) —va2(t)| < p(t)|u(t) —w(t)].
For each t € [0,1], let us define

ha(t) = — ;/Ot(t— 5)2ua(s)ds + %[t? +n2%} /01(1 _ s)ua(s)ds

1 ot + 5 n('f] _ 8)2’02(8)(18,

_51*0”7*5 0
t 1
ha(t) = 7%/0 (ts)%l(s)dﬁi[tun?%}/o (1 — s)vi(s)ds
1 at+p n

T —an 3 ), (n — s)%vy1(s)ds.

Thus,
[ha(t) = ha(t)] < %/o (t—5)2|711(5)—v2(8)|ds+%‘t2
o at + 8 ‘/ (1 —5)|v1(s) — va(s)|ds

1*0477 1—an—§
at+ 0
1—a77 /8‘/ |U1 ) — va(s)|ds,
< - .
B [1+ 2 ’1—0”7_5]/0 p(s) lu(s) —u(s)|ds
Hence,
1+n? a+p B
|h1 — hel| < {1+ n ‘1 ﬂ‘:||p||L1||u—u||_
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Analogously, interchanging the roles of u and u, we obtain

1 2
Hi(9(0,2@) < llu — ] < 14+ 5|2 il o~ .
Since (2 is a contraction, from Lemma 2, it follows that €2 has a fixed point u which
is a solution to the problem (1.1) and (1.2). This completes the proof. O
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