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Abstract: In this paper, we study a third-order differential inclusion with three-point boundary
conditions. We prove the existence of a solution under convexity conditions on the multi-valued
right-hand side; the proof is based on a nonlinear alternative of Leray-Schauder type. We also study
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1. Introduction

Various aspects of the theory of third-order differential inclusions with boundary conditions
attract the attention of many researchers (e.g., [1-10]).
In the present paper we study third-order differential inclusions of the form

—u" (t) e F(t,u(t)), t€(0,1), (1)
with boundary conditions of the form:

' (0) =u' (1) = au (), u(0) = pu(y), @

where &, B, and 7 are constants in R, F : [0,1] x R — P (R) a multi-valued map, and P (R) is the
family of all subsets of R.

This paper is a continuation of the work in [11], where the authors discussed the existence of
solutions of the problem (1)-(2) when the multi-valued map F is nonconvex and lower semi-continuous.

The aim of our present paper is to provide some existence results for the problem (1)—(2) under
assumptions of convexity and upper semi-continuity of the right-hand side. To this end, we use
a nonlinear alternative of Leray-Shauder type, some hypothesis of Carathéodory type, and some facts
of the selection theory. More exactly, we discuss the existence of solutions for the problem (1)-(2) when
F is convex and upper semi-continuous and satisfies a Carathéodory condition. We also prove that the
set of solutions is compact, and we end our results by presenting a Filippov’s-type result concerning
the existence of solutions to the considered problem. An illustrative example of a boundary value
problem satisfying the mentioned conditions is also given.

The paper is divided into three sections. In the second section, we give some necessary background
material. In Section 3, we prove our main results.
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2. Preliminaries

In this section we introduce some notations, definitions, and preliminary facts which will be used
in the remainder of the paper. Let C ([0,1],R) denote the Banach space of all continuous functions
from [0, 1] into R, equipped with the norm

||| = sup {|u (t)|, forallt € [0,1]}.

We also denote the Banach space of measurable functions u : [0,1] — R which are Lebesgue
integrable by L' ([0,1],R), normed by

1
Il = [ (8]t
By ACi([0,1],R) we denote the space of i—times differentiable functions  : [0,1] — R, whose ith
derivative, u()is absolutely continuous.

Let (X,d) be a metric space induced from a normed space (X, |.||). Denote Py(X) =
{AeP(X):A#Q}, Py(X) = {A € Py(X) : Aisclosed}, Py(X) = {A € Py(X) : Aisbounded},
Peomp(X) = {A € Py(X) : Ais compact}, and Pey(X) = {A € Py(X) : Ais convex}.

Consider Hy : P (X) x P (X) — RU {oo} given by

H; (A, B) = max {supd (a,B),supd (b, A) },
acA beB

where d (a,B) = infycpd (a,b) and d (b, A) = inf,cad (a,b) . Then, (Py (X), Hy) is a metric space
and (P (X), Hy) is a generalized metric space (see [12]).

Let E be a separable Banach space, Y a nonempty closed subset of E and G : Y — P,(E)
a multi-valued map. G is said to be upper semi-continuous (.s.c) at the point yg € Y if for every
open W C Y such that G (yg) C W there exists a neighborhood V(i) of yo such that G (V (yp)) C W.
We say that G has a fixed point if there is x € Y such that x € G(x). G is also said to be completely
continuous if G (Q) is relatively compact for every Q) € Py, (Y). If the multi-valued map G is completely
continuous with nonempty compact values, then G is upper semi-continuous (u.s.c) if and only if G
has a closed graph; that is, x, — X, ¥n — Vs, ¥n € G (x) imply that y, € G (xy).

For more details on the multi-valued maps, see the books of Aubin and Cellina [13], Aubin and
Frankowska [14], Deimling [15], Gorniewicz [16], and Hu and Papageorgiou [17].

We recall here some definitions and Lemmas needed below.

Definition 1. A multi-valued map F : [0,1] x R — P (R) is said to be Carathéodory if

(1) t— F(t,u) is measurable for each u € R,

(2)  u — F(t,u) is upper semi-continuous for almost all t € (0,1) , and further a Carathéodory function F
is called L' —Carathéodory if

(3)  foreachr > 0, there exists @, € L' ((0,1),R"), such that

IE (£, u)|| = sup {[o| : v € F(t,u)} < D (F)
forall ||u|| < rand forae. t € (0,1).

For eachu € C ((0,1),RR), define the set of selections of F by

Spy = {v e L1 ((0,1),R) : v (t) € F(t,u(t)) forae. t € (0,1)}.
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Lemma 1 ([18]). Let E be a Banach space, let F : [0,T] x E — Peomp,co (E) be a L'—Carathéodory
multi-valued map, and let © be a linear continuous mapping from L' ([0,1],E) to C([0,1],E). Then,
the operator

©oSp:C([0,1],E) = Peomp,co (C([0,1],E))

u— (@oSp)(u) =0 (Spu)
is a closed graph operator in C ([0,1],E) x C([0,1] ,E).

Lemma 2 (See [16], Theorem 19.7). Let X be a separable metric space and G a multi-valued map with
nonempty closed values. Then, G has a measurable selection.

Lemma 3 ([19]). Assume 1 — B — an # 0, then fory € C ([0,1],R) the problem
W (1) £y () =0, te (0,1), )

' (0) = ' (1) = au(n), u(0) = pu(n), 4)

where «, B, and 1 are constants with « € [0, %), 0 <y <1,B#1—an, has a unique solution

—— 1 at+ B 1
u(t) = 2 /o (t—s)2y(5)ds+2[t2+7721“175]/0 (1—5s)y(s)ds —
_mﬂé_t;ﬁ_ﬁ)/o” (7 —5)y (s) ds.

3. Main Results

3.1. Existence of Solutions

Before giving some results on the existence of solutions for the problem (1) and (2), let us introduce
the following hypotheses which are assumed hereafter:

Hp) F:[0,1] X R = Peomp,co (R) is Carathéodory,
( 2 b
(Hy) there exists a function p € C ([0,1], R™) such that

|E(t,u)||p =sup{|w|:w e F(tu)} <p(t), foreach (t,u) € [0,1] x R.

Theorem 1. Assume that (Hy), (Hpy) hold, then the boundary value problem (1) and (2) has at least one
solution on [0,1].

Proof. Define the operator T : C ([0,1],R) — P (C ([0,1],R)) by

T(u) = {heC([O,l],]R):h(t): ;O(t—s)f(u)der
+1 [t2+;721"‘f;;ﬂ5} f01 1—5) f (u)ds—
~anp Jo (1 )ds}

for f € Sr,, we will show that T satisfies the assumptions of the nonlinear alternative of
Leray-Schauder type. The proof consists of several steps.

Step 1: Let us begin by proving that T is convex for each u € C ([0,1],R).
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Let hy, hy € Tu. Then, there exist w1, wy € Sf,, such that for each t € [0, 1], we have

hi(t) = _% Ot(t—s)2wi(5)ds+;[t2+ﬂz%}/01(1_s)wj(s)ds_
at + B i o
_m/o (1—s) wi(s)ds, i=1,2

Let0 < u < 1. So, for each t € [0,1], we have

i () + (1= ) = [ 6= 5 oy (5)+ (1= pywa (5)) ds +

1 at +p
w3 [Pt i)
08 o 5)+ (0= ) () s -

B [ 5 G (94 (1 s ) s

Since Sr ,, is convex, it follows that phy + (1 — ) hy € Tu.
Step 2: In this step, we prove that T maps bounded sets into bounded sets in C ([0,1],R).

For a positive number r, let B, = {u# € C([0,1],R) : ||u|| < r} be abounded ball in C ([0,1],R).
So, for each h € Tu, u € B,, there exists w € S, such that

b = = [ t-Fwds 3 [P g
at + f U 2
_m/o (1 —s)2w (s)ds,

1
ol < (1o B [ B s

= R
So,
1l < R.
Step 3: Here we verify that T maps bounded sets into equicontinuous sets of C ([0,1],R).

Let t1,tp € [0,1], with #; < tp and B, be a bounded set of C([0,1],R). So, for each h € Tu,
we obtain

ht) ()] < i/tfz<tz—s>2w<s>|ds+

+% [(t%—t%)wZM] /01(1—5)|w(s)|ds+

w(ty—ty) 7
Ty gy (1 R Olds+

+% /Otl ((tl — 5)2 — (ta — S)2> [w (s)] ds,

+
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IN

5]
/ (tp — s)zp (s)ds+

5]

+% {(t%—t%) +r72|f£ti;il)ﬁd /01 (1—s)p(s)ds+
a(tr —t1)

U
2 —an—fl Jo (7 —5)*p(s)ds+

by [ (=P = (= 5P) p(5) s

N =

Obviously, the right-hand side of the above inequality tends to zero independently from u € B, as
ty —t; — 0. As T satisfies the above three assumptions, it follows by Ascoli-Arzela’s theorem that
T:C([0,1],R) — P(C([0,1],R)) is completely continuous.

Step 4: In this step we prove that T has a closed graph.

Let uy, — s, hy € T (u,) and hy, — hy. Then, we need to show that h,. € Tu..
Associated with h, € T (u,), there exists w, € Sf,, such that for each t € [0,1],

W) = - O't(t—s)an(S)ds—k;{t2+ﬂ2%]/0-1(1_s)wn(s>ds_
at+ B 1]
_m/o (1 —5)% wn (5) ds.

So, we have to show that there exists w« € Sg,, such that for each t € [0,1],

I’l*(t) = _% Ot(t—s)zw* (S)ds+;|:t2+1721j€ta—;53:| /(Jl(l_s)W*(S>dS_
at+p U
“TTay =) Jy (1 w0

Let us consider the continuous linear operator © : L! ([0,1],R) — C ([0,1],R) given by

t

w — Ouw(t)= (t—s) w (s)ds +

-
+;[t2+1721f;;ﬁ_ﬁ} ./(;1(1—s)w(s)ds—
at+ B U
_2(71_“’7_‘3)/0 (—s)*w (s)ds.
Observe that
(0= O == [t 90 (0 (5) — . () s+

sy [Pt ] [ a9 @ - ) ds-

. attp
2(1—an—p)

then ||h, (t) — hs (t)|| = 0asn — oo.
So, it follows from Lemma 1 that © o S is a closed graph operator.

7

=9 (n (5) — . (5)) ds
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Further, we have h;, (t) € ® (Sg,, ). Since 1, — us, therefore,
o 1 t 2 1 2 2 Dlt + 'B 1
at + B

b s

for some wy € Sg, .
Step 5: We end our proof by discussing an a priori bounds on solutions.

Let u be a solution of (1) and (2). So, there exists w € L! ([0,1],R) with w € Sg,, such that
fort € [0,1], we have

u(t) = —% Ot(t—s)zw(s)ds—k;[tz—i—qz%]/ol(l—s)w(s)ds—
at+ B n
_2(17_007_[3)/0 (—s)*w(s)ds.

In view of (Hy), for each t € [0, 1], we obtain
a + | ] !
u(t) < |1+ 27/ s)ds = L.
ju (1)] [ Ty —pl) Jo P

Let us set
U={ueC(0,1],R):|ul|<L+1}.

Note that the operator T : U — P (C([0,1],R)) is upper semi-continuous and completely
continuous. From the choice of U, there is no u € 9U such that u € ATx for some A € (0,1).

Consequently, by the nonlinear alternative of Leray-Schauder type (see [20]), we deduce that T
has a fixed point u € U which is a solution of the problem (1) and (2). This completes the proof. [

Example 1. Consider the boundary value problem given by

_ulll (t) c [_uz log(t + 2) + 1,t#ueu +2:| 7 t S (0/1) 7 (5)

w (0) = (1) =u (), u©)=-u(}), (6)
wherea = 1,8 = —1,1 = L. and F (t,u (t)) = [—uzlog(t—i—Z) + 1,t1fr% —1—2] ,

For f € F, we have

ell
< —u? — < .
Lf] \max< u log(t+2)+1,t1+eu —i—Z) <3, uelk
Applying Theorem 1, we get that F is a Carathéodory multi-valued map and there exists a function
p(t) € C([0,1],R") ||[F(t,u)||p < p(t) for each (t,u) € [0,1] x R, where p (t) = 3. By a simple
calculus we get R = ¥, L = 7Z. Then, the boundary value problem (5) and (6) has at least one solution

on [0,1].
3.2. Compactness of the Set of Solutions

Theorem 2. Under Assumptions (Hy), (Ha), the set of solutions to Problem (1) and (2) is not empty, and it
is compact.
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Proof. Let S = {u € C([0,1],R) : u solutions of the problem (1) and (2)}. From Theorem 1, S # @.
Now, we prove that S is compact.
Let (uy),cn € S, then there exist v, € Sr,, such that

t

Up (t) = —= 0 (f—S)Zvn(s)ds+% {t2+772

at+ B
1—an—B
at+ B

“2(1—an—p) /077 (17 —5)* 0 (s) ds.

From (H;), we can prove that there exists an M > 0 such that

]Al(l—s)vn(s)ds—

l|lttn]| o < M, forevery n > 1.

As in Theorem 1, we can show by using (H;) that the set {u,, n > 1} is equicontinuous in
C ([0,1],R) ; hence, by Arzela-Ascoli’s theorem we can conclude that there exists a subsequence {uy, }
such that u,,, converges to some u in C ([0, 1], R). We shall now prove that there exists v (.) € F (.,y (.))
such that

u(t) = —% Ot(t—s)zv(s)ds—b—;[tz—kiyz%]/ol(l—s)v(s)ds—
ot + B U
_m/o (1 —s)2v(s)ds.

Additionally, as F (¢, .) is upper semi-continuous, then for every € > 0, there exists 1 (€), such that
for every n > np we have

vy (t) € F(t,un (t)) C F(t,u(t))+€B(0,1), ae.t€[0,1].
Since F (.,.) has compact values, there exists a subsequence v,,,, such that
Uy, () = v () asm — o

and
v(t) € F(t,u(t)), ae t€]0,1], and VYm € N.

It is clear that
U, (1) <p(t), ae tel0,1].

By Lebesgue’s dominated convergence theorem, we conclude that

ve L10,1],R) = v € Sg,.

Thus,
; 1
u(t) = —% ; (t—s)zv(s)ds—t—;[tz—i—nz%]/o (1-s)v(s)ds—
at + U 2
_m/o (n—s)"v(s)ds.

Then, S € Peomp (C([0,1],R)). O

3.3. Filippov’s Theorem

Now, we present a Filippov’s result for the problem (1) and (2). Let u € AC?([0,1],R) be a solution
of the following problem:
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w" (8 +8(t)=0,t€(01),
w (0) =u' (1) = au (i), u(0) = pu(n).
We will consider the following two assumptions:
(C;) The function F : [0,1] x R — P, (R) is such that

(a) for all v € R, the map t — F(t,v) is measurable,
(b) the map -y, : t — d (g(t), F(t, u(t)) is integrable.

(C,) There exists a function p(t) € C ([0,1],R™) such that, for a.e. t € [0, 1]
Hy(F(t,wq), F(t,wz)) < p(t)|wq(t) — wy(t)|, foralla.e € [0,1].
Theorem 3. Assume that the conditions (C;) and (C,) hold. If

<1+'f1jH#3DHPM1<L

ay —p
then the problem (1) and (2) has at least one solution v satisfying, for a.e. t € [0,1], the estimates

o(t) —u(t)| < o(t),

where .
wws( z)mwnHmem
L a+pB

— |y, and L =14 9| 2P|

e (il Py

Proof. Let go = —u"" and vy (t) = u (t) fora.e. t € [0,1],i.e. Then, by Lemma 3

w(t) = —L i (t—s) g0 (s)dst
+3 {t2+1721“;;ﬁﬁ} fol 1—s5)g0(s)ds—
1M;7ﬁ,5 fo 80 (s) ds.

8of 12

@)
)

©)

Let U; : [0,1] = P (R) be given by U; (t) = F (t,vg (t)) "B (g (t),7v+). The multi-valued map
U; (t) is measurable (see Proposition IIL.4 in [12]), so there exists a function t+ — ¢ (¢) which is

a measurable selection for Uj.

Let , )
v (t) = —%fo (t—s)" g1 (s)ds+
1
+3 {t2+1721a;;/3ﬁ} fo (1—s)g1(s)ds—
t
1‘"0“7/3 B) fO )ds

Then, we have

M 1(1—5)7*(s)ds—|—

+;721

or(8) ~oo(8)] < %fu—@ (s)ds 3 o

B [T ) ds,

(10)
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So, we obtain

lo1(®) — 0(8) Q+n ZﬁﬁDHwh« a1

In the same way, the multi-valued map Uy (t) = F (t,v1 (t)) N B (g1 (¢),p (t) [v1(t) —vo(t)]) is
measurable with nonempty closed values (see [12,16,19]). By Lemma 2 (Kuratowski-Ryll-Nardzewski
selection theorem), there exists a function g, which is a mesurable selection of Uy.

Let the function

() = —1[i(t—s g (s)ds+
+1 2+t ﬁ] fo1 1-5) g2 (s) ds— (12)

t
1“ ;;f B Jo (o g2 (s)ds.

Then
joa(t) — o1 ()] < 2/t—s £) o1 (£) — oo ()| ds +

P B 00 p () foa(8) —vo(t) ds +

/07] (11 =) p (¢) [0 () — 0o (1) ds.

1
+=

at+ B

2
1
2|1—an—p

Hence

[P0 o (6) — () s +

x4+ B 1
1—

lo2() — o1 (8)] < %
+ p (1) [01(8) — 00 (1)) o ds +

e T IOE OIS

2
WN%WWH§O+n ;ﬁﬁ)|mumnp 13)

As above, the multi-valued map Us(t) = F(t,va(t)) N B(g2(t),p(t)|va(t) —o1(t)|)
is measurable, so there exists a measurable selection g3 of U3. Consider the function

vs(t) = 1[5 (t—s)"gs(s)ds+

1
+3 {tz +’721a;§5} fo (1—5)gs(s)ds— (14)

t
1“ Zf B I (n g3 (s)ds.

Then
os(t) =220 < 3 [ (=92 p(6)foa(t) —oa(0)| ds +

Pt B 1) p (1) oat) — oa(t) s+

1
2

1 attp
2(1—an—p)

" 1= 92 p (1) o2(8) — 01 (0)| s
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Hence

os() —ealt)l < 5 [ P oa(t) —or(0) s+

1 R /1 N
F Ty =g Jo PO o2t —on(B) oo ds +
5 a+pB /77 _
STy =)y PO 02() —or(0) s,
os(t) ~ o201 < (142 |- E 1Y Ry ol 15)
- 1—an—p L L
Repeating the process forn =0, 1, 2,3, ...., we arrive at the following bound:
o+ " _
o) = oua (0] < (142 |2 B ) ol 6

Suppose that (15) holds for some 7, now it is left to check (16) for n + 1. The multi-valued map
Uyt () = F(t,0, (1)) NB(gn (t), p (t) |[0n(t) — vy—1(t)]) is measurable (see Proposition IIL.4 in [8]);
then, there exists a function  — ¢, 11 (¢), which is a measurable selection for U, ;1.

We consider

1t 5
vnt () = =5 | (t—5)" gnt1(s)ds +
1
+% [tz‘*"?z%}/o (1—5)&n+1(s)ds —
—M/OW (1= 5) gus1 (s) ds.

Then
1 rt
[Ons1(t) —on(t)] < 5/0 p () [[on(t) — vn—1(t)]|oo ds +
!
2

) 8+p /Olp@anm—vn,l(wnmdw

1—an—p
2
+L 1_"‘;7/3_ﬁ L p @ ln) = vua (9l ds,
< (1| 2R ) ol o) - o)

Since (1 +n? ‘ 1f;7’iﬁ D llpll;1 < 1, we deduce that {v, } is a Cauchy sequence in C ([0,1],R),
converging uniformly to a function v € C ([0,1],R) . From the definition of U,, n € N,

|€h1 () —gn ()] < p () |on(t) —v,_1(t)| forn € N,ae,t € [0,1].

Hence, for almost every t € [0,1], the sequence {g,(t):n €N} is Cauchy in R,
then {gy (t) : n € N} converges almost everywhere to a measurable function {g (.)} in R.
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Moreover, since g9 = —u’" and by using the least inequality, we get
gn (1) =80 (D] < 1gn (8) = gn1 (D) + [8n—1 (£) = gn2 ()| + . + g2 (1) — &1 (£)[ +
+ |g1( ) =80 ()],
< Ek 1 P () Jor(t) — o1 ()] + 181 () — g0 (H)],
k
atp k-1
< pOT (10 |2 B ) el ol 9 0,
< Kp(t)+7 (1),
where
L a+p
= —————||7]l, and L = 1+ ¢* | -—F— .
T V==
Then, foralln € N,
[8n ()] < Kp (£) + 7+ (8) - (17)
By (17), we deduce that g, converges to ¢ in L! ([0.1],R) . Consequently,
v(t) = -1y (t—s)zg(s)ds—i-
+} [t2+n21“$%} fo (1-5)g(s)ds— 18)
t+8
2(1“007 B) Jo )ds

is a solution for the problem (1) and (2) with conditions v’ (0) = ¢’ (1) = av(y), v(0) = pv(y).
Then, v € Sf.
Finally, we prove that the solution v (t) verifies the estimate:

lu(t) —v(t)] < ¢(t) forallt € [0,1].

)=o) = |3 [ =P g ds+

by [Pt B (-9 0 g o) ds
el MURDRCICEHCIE

< 5 [ =P ls0 ) —g )+
bl B ) g ) - g o)l s+

e = MURER OIS

< (1 DB ) o) - o)1as+

+(1+’722 R P M EEACIES

As n — oo, we conclude that
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() —o(t)| < (1+L+ >/01(Kp(t)+’y*(t))ds,

L—-1
(1+L+527) Kol + 170,

IN

O
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