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Abstract

We investigate the existence of solutions for nonlinear third order ordinary differential equations
and inclusions equipped with non-separated type strip-multi-point boundary conditions on an arbitrary
domain. We make use of standard fixed point theorems for single-valued and multi-valued maps to
obtain the desired results. Several new results appear as special cases from the present work by fixing
the parameters involved in the problems.

1 Introduction

In this paper, we discuss the existence and uniqueness of solutions for a third order ordinary differential
equation equipped with non-separated type strip-multi-point boundary conditions given by

W (t) = f(tu(t), a<t<T, a,T €R,
oru(a) + au(T) = a3 [ u(s)ds + 37 v;u(oy),
By (a) + Bout! (T) = By [2 w/(s)ds + X1y pjud' (o),
dyu(a) + dqu’ (1) = 05 [ (s)ds + Iy vyu (),

(1)

where f : [a,T] x R — R is a given continuous function, a < £ < 01 < 09 < -+ < o, < T, and
aj,B;,0; € R (j = 1,2,3),7,,p;,vj € RT (5 = 1,2,...,m). Secondly, we extend our discussion to the
multi-valued analogue of the problem (1):
u”(t) € F(t,u(t)), a<t<T, a,T € R,
T) = as [; u(s)ds + 5, v,u(0;),
Byl (@) + Bou(T) = By [/ (s)ds + Ly pyd (),
Bru"(a) + 00w (T) = 83 [ u”(s)ds + 37, vy (o),

aru(a) + asu(T

where F' : [a,T] x R — P(R) is a multivalued map, P(R) is the family of all nonempty subsets of R.
Nonlinear boundary value problems of differential equations appear extensively in a variety of areas
such as underground water flow, blood flow problems, population dynamics, chemical engineering, ther-
moelasticity, etc. For more details and explanation, see [1, 2]. Widespread applications of boundary value
problems motivated many researchers to develop the existence criteria, analytic techniques and numerical
methods for solving these problems. During the last few decades, there has been considerable development
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in the study of boundary value problems involving nonlocal and integral boundary conditions. In contrast
to the classical boundary data, nonlocal boundary conditions help to take into account certain peculiarities
of physical, chemical or other processes happening inside the domain. For the theoretical development of
nonlocal boundary value problems, see [3]-[13] and the references cited therein. On the other hand, integral
boundary conditions enable to formulate the real world problems involving arbitrary shaped structures, e.g.,
blood vessels in fluid flow problems. For application details and recent development of the topic, we refer the
reader to the works [14]-[23]. On the other hand, inclusions problems play a significant role in the study of
dynamical systems and stochastic processes. Examples include control problems [24, 25|, granular systems
[26], dynamics of wheeled vehicles [27], etc. In the text [28], one can find details of the pressing issues
in stochastic processes, queueing networks, optimization and their application in finance, control, climate
control, etc.

The objective of the present paper is to enhance the scope of third-order boundary value problems in the
context of strip and multi-point boundary data on an arbitrary domain. It is well-known that a significant
feature in the study of nonlinear boundary value problems is to examine how the properties of nonlinear
function/functions present in a problem influence the nature of its solutions. Keeping this important aspect
in mind, we derive a variety of existence results for the problem (1) subject to different kinds of nonlinearities
by applying different tools of functional analysis such as Krasnosel’skii fixed point theorem, Leray-Schauder
nonlinear alternative for single valued maps and Leray-Schauder degree theory. In order to ensure the
uniqueness of solutions for the given problem, we rely on contraction mapping principle. In relation to
the problem (2), we have proved two results: the first one deals with convex valued right hand side of the
inclusions and is based on nonlinear alternative for Kakutani maps, while the second one is concerned with
the nonconvex valued right hand side of the inclusions and relies on Covitz and Nadler fixed point theorem.

We organize the rest of the paper as follows. In Section 2, we prove an auxiliary lemma related to the
linear variant of the problem (1). The existence and uniqueness results for the boundary value problem (1),
together with illustrative examples, are presented in Section 3. Section 4 deals with the existence of solutions
for multi-valued boundary value problem (2) involving convex valued as well as non-convex valued maps.
We conclude the paper with Section 5 in which several special cases are presented.

2 Preliminary Result

The following lemma plays a key role in defining the solution for the problems at hand.

Lemma 1 Let h € C([a,T],R) and

Si+0—03E—a) =Y v | | B+Ba—Bs—a)=D p; | [+ 02 —as(E—a) =D 7, | #£0.
2 <

j=1
Then the following linear problem
u"(t) =h(t), a<t<T,
aru(a) + axu(T) = ag [ u(s)ds + Y5, v;u(0;),
By (a) + Bor (T) = By [5 ! (s)ds + X7y pyu (o),
d1u(a) + Sou” (T) = 05 [ u"(s)ds + 7y v (o),

is equivalent to the integral equation

e - /at (t— 8)2h(3)d5+ 1 [ o /aT Hh(s)ds

2 Ca

+as /; (i o ds—i—Z’yj/ Jh(s)ds}
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~ PO -5, / $(T - s)h(s)ds + / =y

+ ij / (o;—s h(s)ds] + %Pz(t) [ —ds /aT h(s)ds

5 / “(6— h(s)ds + i v, / " h(s)ds

where

A = (100, Pi(t) = (1C5 — (1C4(t — a), )
Py(t) = (3¢5 — (o€ — (3C4(t — a) + (24 (t—;) )
(1 =01+0—03(—a) =21 v; #0,
G =p +52_53(§_a)2_2?;1pj # 0,
Gy = Bo(T — a) = B3 55 = 37, pj (0 — a),
Co=a1tor—as(§—a) - 217, # 0,
(=T —a)— 03@ - Z;nzl ’Yj(aj —a),
Gy = T3 _ gy s’ _om - (ool

R 2
Proof. Integrating u'”(t) = h(t) three times from a to t, we get

u(t) =co+ei(t—a)+e (t ;a)Q + / U 8)2h(5)d57
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(7)

where ¢g, ¢; and ¢y are arbitrary real constants. Using the third boundary condition of (3) in u”(t) =

e + f; h(s)ds, gives

co = C11 [ 2 /aT h(s)ds + 03 /j(ﬁ — s)h(s)ds Jréuj /:j h(s)ds

(8)

Now, by using the second boundary condition of (3) in u/(t) = ¢1 + c2(t — a) + ft t — s)h(s)ds, we obtain

o = é{—ﬂg/aT(T—s)h(s)ds+ﬂ3/j(g +ij/ 0; — 5)h(s)ds|
CféJ—ég/aTh(s)ds+53/( £ s) d8—|—ZVJ/ h(s ds

Finally, by using the first boundary condition of (3) in (7), we find that
o = i{(@gs—gzgﬁ)[—52/aTh(s)ds+53/ (€ —s) ds+zyj/ h(s ds
a6l [ - onas s, [T +ij |- onisias]
FG1G| o /aT (T =)} s + o /S (€=9)° ) (5)as

2 L3l
+Z% [ ).

+

where A and ¢; (¢ =1,...,6) are given by (5), (6), respectively. Substituting the values of ¢y, ¢; and ¢ into

(7), we obtain the solution (4). This completes the proof. m
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3 Main Results

Let D = C([a,T],R) denote the Banach space of all continuous functions from [a,T] — R endowed with
the norm defined by ||u|| = sup{|u(t)|,¢ € [a,T]}. In view of Lemma 1, we transform problem (1) into an
equivalent fixed point problem as

u = Su, (9)

where S : D — D is defined by

tt_ §)2 T _5)2
sow - [ 52 f(s,U(S))dHCi{—az | B s atsnas

4

+as /j (€ ; ) ))ds + Z%/a Jf(s,u(s))ds}
—xho[-8 [ T(T — ) (s, u()ds + 53 / K’ ;S>2f<s,u<s>>ds
+ipJ/a (07— 95 uts)as] + ARO[ 02 [ FGs.uts

m

+(53/f(§—s) (s,u(s ds—&—Zu]/a f(s,u(s ds} (10)

Observe that the problem (1) has solutions if the operator equation (9) has fixed points. For computational
convenience, we set

B (T—a)3 1
@ = Tyl

(T —a)’
3!

+|a 3|

mﬂ'ﬁﬂ( L 1a 57 +ij@}

3!

+§u] } (11)

where P; = SUP¢ea,7] |Pi(t)|, i = 1,2. Now we are in a position to present our first existence result which
relies on Krasnosel’skil’s fixed point theorem [29].

Al P2 (61T — a) + 1621 &

Theorem 1 Let f:[a,T] x R — R be a continuous function satisfying the conditions:
(Hy) |f(t,u) — f(t,0)| < Lllu—v|, Vt € [a,T], £ >0, u,v€R;

(Ha) there exist a function x € C([a, T],R™) with ||| = sup,e (o7 [X(t)] such that [f(t,u)| < x(t), Y(t,u) €
[a,T] x R.

In addition, it is assumed that Q1 < 1, where Q1 = Q — (T a) (Q is defined by (11)). Then the problem
(1) has at least one solution on [a,T)].

Proof. Consider B, = {u € D : ||u|| < r}, where r > Q|x|| and @ is given by (11), and introduce the
operators S; and Sy on B, as

S = [ S s utoas,

T (7 _ g)2 € (6 o)}
S = =[-as [ TS rsutonas+aq [ ESE s uoas
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+3, [ 5)2f<s,u<s>>ds} ARO[~ [ o ute

+,33/£ (€=, d$+zpj/ (9 — )1 (5, u(s))ds]

A / F(s,u(s))ds + 3 / (€ — ) (s, u(s))ds

m

+30, | feutsnas)

Notice that (Su)(t) = (S1u)(t) + (Sau)(t) for all ¢ € [a,T]. For u,v € B,, we have

t(p_ )2 T _6)2
%f( u(s ))ds—i—i{ ag/a (r 5 ) f(s,v(s))ds

o /j (£ ;.s)s d8+2%/ )Qf(s,v(s))ds}
ARO[ [ @9 satnis + 2, / - o (s))as
+i:pj/0j(aj—sf( o(s))ds] + P2 52/ F(s,0(s

m

+53/f(§_5 (s,0( ds+z / f(s,v(s ds}

|S1u+ Sav|| = sup {
tela,T)

(t-ap 1 (T —a)’ (£ —a)!
< RS T
< IIXIIteS[upT]{ Tt [\a2| T sl
T — a)? E—a 3
+ZJ F ]+ il TS 15,
95 — o (€ —a)?
+;pj o) P O1[1821T = a) 4 1
+ (o) —a)}}
j=1
< xllQ <,
. ) . (T —a)3
where @ is given by (11). Thus Sju + Sev € B,.. Using the assumption (H;) and Q1 = Q — 3 e

obtain

(s,v( ‘ds+\a3|/ —9)

x| fls,u(s)) - f(sw(s)){ds + ;wj / 73— (s, u(s)) - f<s,v<s>>\ds}

|Sou — Sav|| < sup
t€la,T] |C |

+|A1||P1(t)|{|»32|/aT(T—s))f(s,u(s))—f(s,v(S))‘dS+|63 aﬁ (€
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x‘f(s u(s)) (s,v( ‘ds—FZpJ/ o _s)‘f(s,u(s)) —f(s,v(s))‘ds}

£
ds+|63|/ (€ 5)

— f(s,0(s))

+ﬁ|P2<t>|[|52| / |75, u5)) — £(s,0(5))

ds+zyj/

x‘f(s,u(s)) f(s,0(

ds] }

< Mu v{|<14|[|a2|(T3!a) +\a3| !a +Z% . 3]
g[8 5 120 i =5
=0+ G+ S0, ]

< te”” - U||7

which implies that Sy is a contraction in view of the given condition £Q); < 1.
Next we show that &7 is compact and continuous. Notice that continuity of f implies that the operator
&1 is continuous. Also, S; is uniformly bounded on B,. as

T —a)?
sl < I 52

Let us fix sup(; u)efo,ryx 5, |f(t: )| = f, and take t1,ts € [a,T] with t; < t5. Then

(S1u)(t2) — (S1u)(t)| = ‘/t [(tzgsf_(h;S)Q}f(S,u(s))ds

—|—/:2 @f(s,u(s))ds‘

(ta —t1)®
3

3

< 3|‘t2—a (tl—a)3|—>0ast2—>t1,

independently of w € B,.. This implies that S; is relatively compact on B,.. Hence, it follows by the Arzels-
Ascoli theorem that the operator S is compact on B,.. Thus all the assumptions of Krasnosel’skii’s fixed
point theorem are satisfied. In consequence, we deduce that the problem (1) has at least one solution on
[a,T]. m

Now we show the existence of solutions for the problem (1) via Leray-Schauder nonlinear alternative for
single valued maps [30].

Theorem 2 Let f:[a,T] x R — R be a continuous function. Assume that

(Hs) there exist a function p € C(la,T],R"), and a nondecreasing function ¥ : RT — RY such that
[f (& u)l < p@O)¥([lull), Yt u) € la,T] x R;

(Hy) there exists a constant M > 0 such that

M

pleong ~ (12)

Then the boundary value problem (1) has at least one solution on [a,T].
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Proof. We complete the proof in several steps. In the first step, we show that the operator S : D — D defined
by (10) maps bounded sets into bounded sets in D. For the positive number 7, let B = {u € D : ||u|| < T}
be a bounded set in D. Then, for any u € By, we have

= = su s 1 -« TH s,u(s))ds
Iswll = s iS00 = s { s+ H[-ax [ IS ps (o
-5 5)?
+a3/ % ds+nyj/ 7)f(s7u(s))ds}

f%Pl(t) [ - 5, /aT(T — $)f(s,u(s))ds + By /E (€ *25)2

+§:Pj/:j(0j5)f( ())d8]+ —DPa(t 62/ f(s,u(s

5 / (€~ ) f(s,uls))ds + i i / e u(s))ds |}

(t—a)? 1 [|oz2| (T —a)?

3! +@ 3!

+;%W} ” SCIE +\ﬂ3|(§;!a)

T Yt}

f(s,u(s))ds

IN

+ |as|

(€ —a)
[P @ (lul) sup
t€la,T] { 4!

+jz=;pj (0; ;“) } |A||P2( )|[\(52|( —a)+ |53|

< lpll(lulh@ < [lpl®(F)Q

Next we show that S maps bounded sets into equicontinuous sets of D. Observe that continuity of S follows
from that of f. Let t1,ts € [a,T] with ¢; < t3 and u € By, where By is a bounded set of D. Then we have

(Su)(tz) — (Su)(tr)] < ‘/t [(t2;9)2 B (h;s)ﬂf(s,u(s))dw/jz @f(&u(s))ds)

1

(s,u(s))|ds
+ij /”j(oj _8)|f(s,u(8))|ds} +|X1|(|<3<4|(t2 — )+ |C2C4|( tg))

|62|/ (s,u(s))|ds + |(53|/ E—9)|f(s,u(s \ds—l—Zz/J/ |ds}

-T2
A 2

+4008 12— ) 13 | (= (s, u(e)lds + 184 =

_ 4\3
ol {200 (12— )18

(-0 O (op-aPy, 1 62
HBal S +;pj2}+m|(|<3<4|<t2—t> L2l - )

IA

(t2 = @) = (12 — )" +

m

Notice that the right hand side of the above inequality tends to zero independently of u € By as (to —t1) — 0.
Since S satisfies the above assumptions, therefore it follows by the Arzeld-Ascoli theorem that the operator
S : D — D is completely continuous.

x[|52|( —a)+ \53
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The result will follow form the Leray-Schauder nonlinear alternative for single valued maps [30] once the
boundendness of the set of all solutions to the equation u = ASu for A € [0,1] is established. Let u be a
solution. Then, using the computation in the first step, one can find that

[u(®)] = [MSuw)®)] < [lp[¥([[u])Q,

which, on taking the norm for ¢ € [a, T, yields

lel
ol =

In view of (Hy), there exists M such that ||u]] # M. Let us set
U={ueC([a,T|,R): [Jul| < M}.

Note that the operator S : U — D is continuous and completely continuous. From the choice of U, there is
no u € OU such that u = AS(u) for some A € (0,1). Consequently, by the nonlinear alternative of Leray-
Schauder type [30], we deduce that S has a fixed point u € U which is a solution of the problem (1). This
completes the proof. m

Our next existence result for the problem (1) is based on Leray-Schauder degree theory.

Theorem 3 Let [ : [a,T] x R — R be a continuous function. Suppose that
(Hs) there exist constants 0 < v < Q' and M > 0 such that
If(t,w)| <vul+ M forall (t,u) € [a,T] X R,
where Q is defined by (11).
Then the problem (1) has at least one solution on [a,T).
Proof. We define an operator S : D — D as in (10). In view of the fixed point problem
u = Su, (13)
we will show the existence of at least one solution u € D satisfying (13). Set a ball By C D as

Br ={u € D: max |u(t)| < R},
tela,T]

with a constant radius R > 0. Then we show that the operator S : B — D satisfies a condition

u# 0Su, Yue€ IdBg, V6e€]l0,1]. (14)
Let us set

H0,u) =0Su, uweD, 6el0,1].

As shown in Theorem 2, we have that the operator S is continuous, uniformly bounded and equicontinuous.
Then, by the Arzeld-Ascoli theorem, a continuous map hy defined by hg(u) = u — H(0,u) = u — 0Su is
completely continuous. If (14) holds, then the following Leray-Schauder degrees are well defined and it
follows by the homotopy invariance of topological degree that

deg(hg,BR,O) = deg(I — QS,BR,O) = deg(hl,BR,O)
= deg(ho, Br,0) = deg(I,Bg,0)=1+#0, O0c¢€ Bg,
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where I denotes the unit operator. By the nonzero property of Leray-Schauder degree, we have hq(u) =
u— Su = 0 for at least one v € Bg. Let us assume that v = Su for some 6 € [0, 1] and for all ¢ € [a,T] so
that

u@®)| = |6Su(t)|
(t—a)? 1 (T — a)? (€ - a)*

< (V‘U|+M)t€S[IIE)T]{ 30 +@[|a2| L

m U'*U,B 7012 7a3
+§”‘( ] o fie T 18 S5

~ (0j-a)?7 1 (€-a)? <
+j§_;pj32] + P18 = )+ 1051557 + vy — )]}
< (vful + M)Q,
which, on taking the norm for ¢ € [a,T] and solving for ||u|, yields

MQ
1-vQ

(14) holds. This completes the proof. m

lufl <

If R= M9

Finally, we discuss the uniqueness of solutions for the problem (1) via Banach’s contraction mapping
principle.

Theorem 4 Assume that f : [a,T] x R — R is a continuous function satisfying the condition (Hy). Then
the boundary value problem (1) has a unique solution on [a,T] if £ < 1/Q, where Q is given by (11).

Proof. Consider a set B, = {u € D : |Ju| < w}, where w > sup |f(¢,0)] = M. In the first step,

eQ te(a,T]
we show that SB,, C B,,, where the operator S is defined by (10) For any u € By,,t € [a,T], we find that

| f(s,u(s))] [f(s,u(s)) = f(5,0) + f(s,0)] < |f(s,u(s)) — f(s,0)] +|f(s,0)]
< ful| + M < bw+ M.

Then, for v € B,,, we obtain

lsal = s {| [ ;S)Qf( s+ = an [ L5 gt utonas
vas [T s u(oas + S [ g st
,%Pl(t) [ — By /aT(T —5)f(s,u(s))ds + B4 /6 (€ ;S)Zf(syu(s))ds
+_§:Pj/:j(ffj5)f( ())d5}+ ~Pa(t 52/ fs,u(s

}

(€ —a)?
41

+63 / (€ — ) Fls u(s))ds + fj v; / e u(s))ds|

{(t—a)3 1 [|O[2|(T—a)3

3G 3!

IA

(lw + M) sup
t€la,T]

+ |as|
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m oi—a 3 2 a 3
e R III| CAE=C RN
300, E ] Lo el - )+ 160 €5
+Zuj(0j—a)}}§(€w+M)Q§w,

where @ is given by (11). This shows that SB,, C By.

Now we show that the operator S is a contraction. For u,v € D, we have

1Su— S| = up ’Su(t)—SU(t)’
sl o
bt [ st — S0t
Has [ ‘—, I ,u<s>>—f<s,v<s>>\ds
—I—i’yj /:j (o5 =5)° ‘f s, u( f(s,v(s))‘ds]
||Zl| |52\/ —s‘fsu (s,v( ’ds
+185 [Fsu(s)) - f(sw(s))\ds
+fjpj o5 9)| st - ss,vtsp]as]
||122| |52|/ (s, u( f(s,v(s))‘ds
+|53|/ —8)|f(s,u(s)) — f(s,v(s))|ds
+Zyj/a — f(s,v(s)) ds}}
< 0Qlu—vl,

where we have used (1

1). By the given assumption: ¢ < 1/Q), it follows that the operator S is a contraction.

Thus, by Banach’s contraction mapping principle, we deduce that the operator S has a fixed point, which
corresponds to a unique solution of the problem (1) on [a,T]. The proof is completed. m

Example 1 Consider the following non-separated multi-point boundary value problem with bounded nonlin-
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earity:
u"'(t) = Wﬁ tan~tu(t) + et t € [1,3],

aru(a) + asu(T) —ozng ds—l—zJ L vu(og),
By (a) + By (T) = B [ (s)ds + 5, pyd ().

d1u”’ (@) + d2u”(T) = &3 ff u’(s)ds + ijl viu'(o;),

where a = 1, T =3, m=4, a1 = 1/4, a0 = 1/2, a3 = 1, ; = 1/5, 5, = 3/8, 83 = 1,1 = 1/3, 65 =
2/37 63:1771:1/27 72:7/107 73:9/107 fY4:11/107 p1:1/47 p2:5/12a p3:7/127 p4:9/127 V1 =
2/5, vy = 13/20, v3 = 9/10, vg = 23/20, £ = 3/2, 01 = 7/4,02 = 15/8, 03 = 16/8, 04 = 17/8. Clearly,

(15)

m|t]
30V/12 + 80

with £ = 1/(5v/89). Using the given values, we find that |¢;| = 2.55 # 0, |(y] = 1.93 # 0, |¢,] = 2.95 #
0, |¢5] = 3.904167, |(5] = 5.2, |(g| = 2.437825 and |A| = 28.961625, (¢; (i = 1,...,6) and A are given
by (6), (5) respectively), Q = 23.41751009, Qy = 22.084177, (Q is defined by (11) and @y = Q — L=9°).
Furthermore, we note that all the conditions of Theorem 1 are satisfied with €Q, ~ 0.468184 < 1 Hence the
conclusion of Theorem 1 applies to the problem (15). We also observe that all the conditions of Theorem
4 hold true with £Q ~ 0.496450 < 1. Hence we deduce by the conclusion of Theorem 4 that there exists a
unique solution for problem (15) on [1,3].

‘f(tvu)| < —|—|e_t|,|f(t,u)—f(t,v)| §€|U,—’U|,

Example 2 Consider the third-order ordinary differential equation with periodic nonlinearity:

u"(t) = [smu+ 3} tel,3],

7\/

supplemented with the boundary conditions of the problem (15). Ewvidently, |f(t,u)] < 7\/% [|u| + 3]

U([lul]) = flull + 2, p(t) = W and ||p|| = 5. We find by (12) that M > 1.516353. In consequence, it
follows by the conclusion of Theorem 2 that the problem (15) has at least one solution on [1,3].

4 The Multi-Valued Case

In this section, we prove the existence of solutions for the multi-valued boundary value problem (2) when
the multivalued map involved in the problem has convex as well nonconvex values. For the related concepts
of multi-valued analysis, we refer the reader to the books [31, 32].

Definition 1 A function u € C3([a,T],R) is a solution of the problem (2) if

g m
aqu(a) + axu(T) = ag/ u(s)ds + Z’yju(aj),

m

Byu'(a) + By (T) = 63/ s)ds + ij (o),

1" (a) + Sou (T )_53/ ds+Zuj

and there exzists function v € L*([a, T],R) such that v(t) € F(t, u(t )) a.e. t € la,T] and

u(t) = /at (t ;S)Qv(s)ds n Qi [ a2 /aT @v(s)ds

4
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oy /a§ (€ ;!S)3U(3)d8 + zrj;,yj /agj Mv(s)ds]

f%mt) - 5, / (T syuls)ds + Bs / s

2
+ ipj /aaj (o — s)v(s)ds} + %PQ(t) { — 0y /aTv(s)ds

m

105 /j(g — $)u(s)ds + Z ” /:j v(s)ds]. (16)

4.1 The Carathéodory Case

Here we prove an existence result for the problem (2) by applying nonlinear alternative for Kakutani maps
[30] when F' has convex values and is of Carathéodory type.

Theorem 5 Assume that F : [a,T] x R — P, (R) is L'-Carathéodory satisfying the assumption (Hy),
where Pep (R) ={Y € P(R) : Y is compact and convex}. In addition we suppose that:

(B1) there exist a function p € C([a,T],RT), and a nondecreasing function ¥ : R* — R such that
1F(t,w)|| = sup{|v] : v € F(t,u)} < [[pl[€([[ull), (,u) € [a,T] xR
Then the boundary value problem (2) has at least one solution on [a,T).

Proof. To transform the problem (2) into a fixed point problem, we define an operator F : D — P(D) by
heD:

st (t—28)2v(8)d8 + é [ — s ff Mv(s)ds
+a3 ff (Egi!s)gv(s)ds + E;n:l o7 f:] @U(s)ds}

Bty = { —APi(0)[ = B [T (T = s)ols)ds + By [ 55 0(s)ds

+ Z;nzl P, f;J (0j — s)v(s)ds} + %Pg(t) [ — 0y faT v(s)ds

03 [(6 = o()ds + S, vy [T v(s)ds).

for v € Sp . It is obvious that the fixed points of F are solutions of the boundary value problem (2). We
will show that F satisfies the assumptions of Leray-Schauder nonlinear alternative [30]. For that, we split
the proof into several steps.

Step 1. F(u) is convex for each u € D.
This step is obvious since Sg,, is convex (F' has convex values), and therefore we omit the proof.

Step 2. F maps bounded sets (balls) into bounded sets in D.

For the positive number 7, let B, = {u € D : |lu| < r} be a bounded set in D. Then, for each
h € F(u),u € B,, there exists v € Sg,, such that

Moy - /at (¢ ;S)2v(s)d8 n 1 [ o /aT uv(s)ds
Yoy /; (5 ;!s)Sy(s)ds + zm:'yj /:j @U(s)ds]

—%Pﬂt) [ — B /GT(T — s)u(s)ds + B /j €= S)Qv(s)d‘s
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m

+ ij / (o; — s)v(s)ds] + %Pg(t) [ — ds /aT v(s)ds

3 m o
+53/ (& — s)v(s)ds + Z Vj/ v(s)ds

Then, as in Theorem 2, one can find that ||h| < ||p||¥(r)Q

Step 3. F maps bounded sets into equicontinuous sets of D.
Let t1,ts € [a,T] with ¢t; < ¢t and u € B,.. Then, for each h € F(u), we obtain

|h(t2) — h(t1)|

< lpllwt >{@+§\@2—@3_@1_a>3\+)%\<t2_tl)[wz|@%

0] 1 |Cz< |
+Z 2 }+m(|<3<4\<trt> (3 -1))

Jr|53

X[|52\( o)+ 1051

+ZI/J ]}HO as to —1t1 — 0,

017

independently of u € B,.. Therefore, the Ascoli-Arzeld theorem applies and that the operator F : D — P(D)
is completely continuous. Since F is completely continuous, we have to show that it is upper semi-continuous
(us.c.). In order to do so, we establish that F has a closed graph ([31, Proposition 1.2]) in the following

step.

Step 4. F has a closed graph.

Let u, — us, h, € F(u,) and h, — h,. Then we need to show that h., € F(u.). Associated with

hy, € F(uy,), there exists v, € Sp,, such that, for each t € [a, T,

ho(t) = /at (t—QS)Qvn(s)ds+Cl4[a2/aT an(s)ds
—l—ag/; (S 3 ds—l—z%/a 78)2%(8)(18}
—%Pl@)[_ B /aT(T_ s)vn(s)ds + B3 /j € S)Zvn(s)ds

+ ij /:j (0 — s)vn(s)ds} + %Pg(t) [ — 09 /GT v (s)ds

5 m
+53/(§—s Un (8 ds—&—Zyj/

Thus it suffices to show that there exists v, € Sp,, such that, for each ¢ € [a,T],

ho(t) = [“25)2 ()ds+i[a2[wv*(s)ds

oy /af (€ gls)?’v*(g)ds_,_i:l,yj /a"f Mv*(s)cﬁ]

_%Pl(t) [ — B, /f(T — $)v.(s)ds + B4 /j (€ - 8>2v*(3)ds
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m

+ Zﬂj /:j (0; — s)v*(s)ds} + %Pz(t) { — d2 /aT v, (s)ds

+d3 /j(f — 5)vi(s)ds + ij:yj /:j v*(s)ds}.

Let us consider the linear operator © : L!([a, T],R) — D given by

v— OW)(t) = /at (t —25)2U(5)d5 + Ci [ — ay /aT (T ; S)QU(s)dS

4

. /j (€ ;!s)sv(s)ds +§7j /:j @U(s)ds}

,%pl(t) [ — B, /GT(T — s)u(s)ds + By /j (€ ;S)QU(S)ds

+ij /affj (o — s)v(s)ds] + %PQ(t) [ — 5y /aT v(s)ds

+03 /;(g — s)v(s)ds + zil:lyj /agj v(s)ds].

Observe that ||h,(t) — h(t)|]] — 0 as n — oo, and thus, it follows by closed graph result [33] that © o Sp is
a closed graph operator. Further, we have h,(t) € ©(SF,,, ). Since u, — u, we have

ho(t) = /at(t—QS)QU*(s)ds—l—i[—az/uT(T;S)2v*(s)d8

oy /j (€ ;!8)31}*(5)613_'_2;,% /aoj MU*(s)dS}

—%Pﬂt) [ — B, /GT(T — S)vi(8)ds + B3 /j (€ ;S)zv*(S)ds

+ ipj /:j (0; — s)v*(s)ds} + %Pg(t) { — d2 /aT v.(s)ds

m

+43 /j({ — 5)vs(s)ds + ;l/j /:j v*(s)ds},

for some v, € Spy, -

Step 5. We show there exists an open set U C D with w ¢ AF(u) for any X € (0,1) and all v € OU.
Let A € (0,1) and u € AF(u). Then there exists v € L'([0,1],R) with v € Sg,, such that, for t € [a,T],
we have

u(t) = ,\/at (t;)zv(s)der)\i{ag/aT (T =5 (s)ds

oy /af (€ ;!3)31)(8)613 + ij:l,yj /aaj @U(s)ds}

_)\%Pl (t) [ — B, /GT(T — s)u(s)ds + 63/11 5 v(s)ds
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+ ipj /:j (0j — s)v(s)ds} + /\%Pz(t) [ — 02 /aT v(s)ds

ﬂ%Li&—ﬁMWﬁ+§?wZ?@@M%.

Then, for t € [a,T], using the computation in the first step leads to

[ull < {lpll([lul)@;

which can alternatively be expressed as

Jul 1
e = -

By the condition (Hy4), we can find a positive number M such that ||u|| # M. Let us set
U={ueD:|ul| <M}

Note that the operator F : U — P(D) is a compact multi-valued map, u.s.c. with convex closed values.
From the choice of U, there is no w € 9U such that u € A\F(u) for some A € (0,1). Consequently, by the
nonlinear alternative of Leray-Schauder type [30], we deduce that F has a fixed point u € U which is a
solution of the problem (2). This completes the proof. m

4.2 The Lipschitz Case

In this subsection, we prove the existence of solutions for the problem (2) for nonconvex valued right hand
side by applying a fixed point theorem for multivalued maps due to Covitz and Nadler [34]. Let (X, d) be a
metric space induced from the normed space (X;|| - ||). Consider Hy : P(X) x P(X) — R U {oo} given by

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

where d(A,b) = inf,e 4 d(a;b) and d(a, B) = infyep d(a;b). Then (Pqp(X), Hy) is a metric space (see [28]).
Definition 2 A multivalued operator N : X — Py (X) is called
(a) ~-Lipschitz if and only if there exists v > 0 such that

Hy(N(z),N(y)) < ~vd(z,y) for each x,y € X;

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

Lemma 2 ([34]) Let (X,d) be a complete metric space. If N : X — P, (X) is a contraction, then FizN #

Theorem 6 Assume that:

(A1) F : [a,T) x R — Pgp(R) is such that F(-,u) : [a,T] — Pep(R) is measurable for each u € R, where
Pep(R) ={Y € P(R) : Y is compact};

(Az) for almost all t € [a,T] and uy,w; € R, Hg(F(t,u1), F(t,w1)) < m(t)|us —wi| withm € C(J,R") and
d(0,F(t,0)) < m(t), for almost all t € [a,T).

Then the boundary value problem (2) has at least one solution on [a,T] if |m|Q < 1 where Q is defined by

(11).
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Proof. Consider the operator F defined at the beginning of the proof of Theorem 5. Observe that the set
Sp,u is nonempty for each u € D by the assumption (A1), so F' has a measurable selection (see Theorem II1.6
[35]). Now we show that the operator F satisfies the assumptions of Lemma 2. We show that F(u) € Py (D)
for each u € D. Let {uy}n>0 € F(u) be such that u,, — u (n — o00) in D. Then uw € D and there exists
Up, € SF, such that, for each t € [a, T,

un(t) = /at (t—28)2vn(3)ds+<14[—a2/f(T;S)Qvn(s)ds

+as /‘E (£~ S)SUn(S)dS + i 75 /Jj @Un(s)ds}

3!

,%Pl(t) [ — B /aT(T — S)up(s)ds + By /j (€ ;s)Qvn(s)dS

. ij /aaj (0 — s)vn(S)dS] + %PQ(t) [ — 5y /aT v, (8)ds

s / (€~ Sun(s)ds + fj ” / "o ()ds].

As F has compact values, we pass onto a subsequence (if necessary) to obtain that v, converges to v in
L'([a,T],R). Thus, v € Sg,, and for each t € [a,T], we have

Un(t) = u(t) = /at (t ;S)zv(s)ds + 4—14 [ — g /aT @v(s)ds
+as /j (€ ;!S)3v(s)ds + ;’yj /:J @v(s)ds}

—%Pl(t) [ - B, /aT(T — s)v(s)ds + B3 /; (& _28)21)(8)613

+ ipj /aoj (Jj — S)U(s)ds] + %Pz(t) [ — 09 /GT’U(S)ds

¢ m a;
+53/a (f—s)v(s)ds-i—jz_:luj/a v(s)ds}.

Hence, u € F(u).
Next we show that there exists § < 1 (6 = ||mHQ) such that

Hy(F(u), F(@)) < 6|lu—al| for each w,a e C*([a,T],R).

Let u,u € C3([a,T],R) and hy € F(u). Then there exists v1(t) € F (¢, u(t)) such that, for each ¢ € [a,T],

hi(t) = /: (t;)zvl(s)dﬁi[QQ/GT(TZS)QM(S)CL;

13 — 3 3 m % (. — 3 2
+a3/a € -s) Ul(s)d8+z_:17j/CL %vl(s)ds

3!

— PO~ 6, / (= syur(s)ds + By / e Ly (s)as
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—I—Zp]/ o; —s)vi(s )ds} +ipg(t)[—(52/aT’U1(8)d8

13
+53/(—3U1 ds—&—Zz@/ vy (s ds

By (As), we have Hy(F(t,u(t)), F(t,a(t)) < m(t)|u(t) — a(t)|. So, there exists z € F(¢,u(t)) such that
[v1(t) — z| < m(t)|u(t) — a(t)| for almost all t € [a,T]. Define the multifunction U : [a,T] — P(R) by
Ut)={zeR: |vi(t) — z| < m(t)|u(t) — a(t)|, for almost all ¢ € [a,T]}.
It is easy to check that the multifunction U(-) N F(-,u(-)) is measurable. Hence, we can choose va € Sp
such that
01 () = v2(8)] < m(B)|u(t) — u(t)],
for almost all ¢ € [a,T]. For each t € [a,T], let us define

halt) = L““ij@my+iﬁﬂmLT”;@3maw

o /as (€ ;!5)302(5)515 + iﬁyj /a"f (0 ; 5)? UQ(S)ds]

$(€—9)
2

7%P1(t)[*52 /T(TS)UQ(S)dS+B3/

a

+ij/ o5 — 8)va(s )ds] + %Pg(t)[_% /aT vo(s)ds

+03 /j(f — s)va(s)ds + 27:1:1 Vi /:j U2(S)d8}«

va(s)ds

Thus we have

[hi(t) — ho(t)] < Sup]{/t

tela, T

Hav

] um/ 7= o) —vaollas + 1551 [
+Z%/ (0= S)oas) - wﬂ+gwwmmfwwww@m

+MsL(§—$WN$—w@%k+§fw/wfﬂﬁ—wﬂﬁwﬂ}

(t—s)?

fon(s) W+K|ﬂ/ P 01(s) — va(s)]ds

79 (0 —s
‘711 ) —va(s |d3+27]/ ]7)|Ul(5)—v2(5)‘d5

|Ul( ) — v2(s)|ds

<l = ol T 2 [l T sl E
ML }|Nmmmm(2)+mﬁm)

+i%@;®}|N%Upﬂ-m+m +Z% -a)}
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< lmll@Qlfu — af,

which implies that
71 = hall < [|m||Qlu — .

Analogously, interchanging the roles of u and @, we obtain
Ha(F(u), F(w)) < |Im[|Qfu — all.

So F is a contraction. Therefore, it follows by Lemma 2 that F has a fixed point u which is a solution of
(2). This completes the proof. m

5 Conclusions

We have presented the existence theory for a new class of single-valued and multi-valued third-order boundary
value problems on an arbitrary domain involving non-separated integro-multi-point boundary conditions. It
is worthwhile to mention that the boundary conditions considered in the present work are of fairly general
nature and specialize to various cases by fixing the involved parameters appropriately. For instance, the
boundary conditions in problems (1) and (2) reduce to non-separated type multi-point boundary conditions
for ay = B3 = d3 = 0, while the non-separated type strip boundary conditions follow by fixing v; = p; =
vj = 0,Vj. Moreover, the given boundary conditions become anti-periodic boundary conditions if we take
az = f3 =03 =0,v; =p; =v; =0,Vj and a; = 3; = ¢; = 1,4 = 1,2. Similarly, initial and terminal
integro-multi-point boundary conditions can be obtained by fixing ay = 8; =01 = 1,3 = 5 = J2 = 0 and
ar =1 =01 =0, as = By = d2 = 1, respectively. In case we set a; = 5, = §; = 0,7 = 1,2, our results
correspond to integro-multi-point boundary conditions of the form:

3 m 3 m
as / u(s)ds + Z’yju(cfj) = 0, (4 / u'(s)ds + iju/(aj) =0,
a j=1 a j=1

5 m
63/ u”(s)ds+21/ju"(aj) = 0. (17)
a j=1

Observe that the boundary data in (17) only contain the interior points of the interval [a,T] and these
boundary condition can be interpreted as the sum of scalar multiple of the strip condition and sum of
discrete values of w,w’,u” at interior points o; (j = 1,2,...,m) amount to zero. In the nutshell, our results
are not only new in the given configuration but also correspond to several new ones as special cases with
appropriate choice of the parameters involved in the boundary conditions.

Acknowledgment. We thank the referee for his/her useful remarks on our paper.
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