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Abstract

In this paper, we study a new boundary value problem of arbitrary order fractional
differential equations equipped with new integro-multipoint boundary conditions.
Existence and uniqueness results for the given problem are obtained by applying the
standard tools of fixed point theory. We also extend the problem at hand to its
inclusions case and prove an existence result for it by applying a fixed point theorem
due to Bohnenblust and Karlin.
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1 Introduction

Fractional calculus is a branch of mathematical analysis that deals with the derivatives and
integrals of arbitrary (non-integer) order. In fact fractional calculus has developed into an
important field of research during the last few decades in view of its widespread applica-
tions in a variety of disciplines such as physics, chemistry, biology, biophysics, blood flow
phenomena, control theory, wave propagation, signal and image processing, viscoelastic-
ity, financial mathematics, economics, etc. For theoretical background of the subject, we
refer the reader to the texts [1-4], while the application of fractional calculus can be found,
for instance, in [5—12]. An interesting feature of fractional-order operators is their nonlo-
cal nature that accounts for hereditary characteristics of many materials and processes in
contrast to the corresponding integer-order differential operators. Nowadays, fractional
derivatives appear naturally in the mathematical modeling of dynamical systems involving
fractals and chaos.

Boundary value problems of fractional-order differential equations and inclusions sup-
plemented with different types of boundary conditions have recently been investigated
by many researchers. Examples include classical, nonlocal, multi-point, periodic/anti-
periodic, and integral boundary conditions. The literature on the topic is now much en-
riched, and it contains a wide variety of results ranging from existence and uniqueness
theory to the analytic and numerical methods for solving such problems. Here, it is im-
perative to mention that nonlocal conditions [13, 14] are found to be more practical than
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the classical initial/boundary conditions in view of their ability to describe some peculiar-
ities of physical, chemical or other processes happening inside the domain. In the study
of blood flow problems, it is not always possible to assume the circular channels. To over-
come this issue, integral boundary conditions [15] provide an efficient approach and make
it possible to consider channels of arbitrary shape. Such conditions also play an important
role in the study of mathematical models for bacterial self-regularization [16] as these con-
ditions help to regularize ill-posed parabolic backward problems in time partial differen-
tial equations. Some recent work on the topic can be found in a series of papers [17-37]
and the references cited therein.

Motivated by recent works on nonlocal fractional order boundary value problems, we
investigate the existence and uniqueness of solutions for the following arbitrary order dif-
ferential equation:

‘Dix(t)=f(t,x(£), O<t<lm-l<q<mm>2,meN, (11)
supplemented with a new type of integro-multipoint boundary conditions of the form:

Jox(s)ds =30, Bx(op), (0)=0,47(0)=0,...,x"2(0) =0, 12

arx(1) + ay° DI 'x(1) = Y1 o gi x(s) ds, '
where D7 denotes the Caputo fractional derivative of order ¢, f is a given continuous
function, 0 <01 <0y <+ <0p_1 <Oy <& <M <+ <&yp <Mpa <l and a;, Bj, a1,a2 € R,
i=1,2,...,(n=-2),j=12,...,p.

The rest of the paper is organized as follows. Section 2 contains the basic concepts of
fractional calculus and an auxiliary lemma. In Sect. 3, we present the existence and unique-
ness results for problem (1.1)—(1.2), while Sect. 4 illustrates the results obtained in Sect. 3
with the aid of examples. The classical boundary conditions case of problem (1.1)—(1.2) is
discussed in Sect. 5. In the final section, we prove an existence result for the multi-valued
analogue of problem (1.1)—(1.2).

2 Preliminaries
Before presenting some auxiliary results, let us recall some preliminary concepts of frac-
tional calculus [1, 3].

Definition 2.1 Let g be alocally integrable real-valued functionon —co <a <t < b < +oo.
The Riemann-Liouville fractional integral I of order & € R (« > 0) is defined as

() = (g K)() = ﬁ / (£ - 51 Lg(s) ds

a-1

where K, (f) = ﬁ, I denotes the Euler gamma function.

Definition 2.2 Let g € L'[a,b], —-co <a <t <b < +o0 and g * K,,,_, € W™ [a,b], m =
[a] + 1, o > 0, where W[4, b] is the Sobolev space defined as

W [a,b] = {geLl[a,b] : ;WgeLl[a,b]}.
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The Riemann-Liouville fractional derivative D of order & >0 (m — 1 <o <m, m € N) is
defined as

dam
Dig(t)= —1Ig(t) =

dgm *

Ko |, (a0

Definition 2.3 Let g € L'[a,b], —-oo <a<t<b < +oo and g * K;,_, € W™ [a,b], m = [a],

a > 0. The Caputo fractional derivative DS of order « e R (m — 1 <o <m, m € N) is
defined as

e glm=1) w}
g" Na) o |

(t d)

‘Dggl(t) = D"[g(t) -g(a)-g¢'(a)

Remark 2.4 1f g € C"[a, b], then the Caputo fractional derivative D% of order o € R (m —
1< a <m, meN)is defined as

1 t
D% [gl(t) = I\ g")(¢) = Ton=a) / (t —s)" 1" (s) ds.

In the sequel, the Riemann—Liouville fractional integral /¢ and the Caputo fractional
derivative D% with 4 = 0 are respectively denoted by /* and °D“.

Definition 2.5 A function x € C"[0, 1] satisfying problem (1.1)—(1.2) is called its solution
on [0,1].

Relative to the linear variant of problem (1.1)—(1.2), we consider the following lemma.

Lemma 2.6 Let g € C(0,1) N L(0,1) and A = AyAs — A1A4 # 0. Then the solution of the
linear fractional differential equation “Dix(t) = g(t), m — 1 < q < m, supplemented with the
boundary conditions (1.2) is given by

)—/ (t_s g(s)ds — 1y t)[Zal/nl(/ (= )™ 1g(u du)
gl 1
_a1/ (IF(S);I g(s)ds—@/O g(s)ds:|

1 (S—M)q 1 oj (O_l_s)q,
— (8 [ /0 ( /0 @ du> ds — Z B; f 7g(s) ds:|, (2.1)

where
Ay —Altm_l Ay —Agtm_l
M) = ———, ()= —————,
1(2) A 2(2) A
p 1 p
_ i _— m=1
Al‘l_;:ﬁ” A= Z;ﬁ’of ’ (2.2)
= 1:

n-2

n-2
~ B r]f" — Eim (Wl - 1)'
As =) ailni=§)-a, A4_;ai m _<a1+a21“(m—q+1) ’

i=1
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Proof 1t is well known that the general solution of the fractional differential equation
°Dix(t) = g(t), m — 1 < q < m, can be written as

¢ -1
t—s)1
( ) Yds —co— 1t — - — Cpot™ 2 = ¢t 771, (2.3)

where ¢, c1,¢2,...,¢n-1 are unknown arbitrary constants. Using the boundary conditions
%(0)=0,...,x2(0) =0 in (2.3), we get ¢; = 0,...,¢,_y = 0. Thus (2.3) takes the form

t _ -1
x(t) = /0 ¢ F(S;) g(s)ds —co— curt” . (2.4)

Making use of the first and last conditions of (1.2) in (2.4), we find a system of algebraic
equations in ¢g and ¢,,-1 given by

Aico + ArCiur = d1,

Asco + AsCio1 = ¢,

where A1, Ay, A3, Ay are given by (2.2), and

— ! s( u)®” % (gl,_s)q—l
o —/O (/0 T (u)du> ds — Z'BJ/ Tq)g(s)ds’
n-2 ni s (S _ u)q—l d d 1 (1 _ S)q_l d 1 d
¢2—Z%‘/¥i (/0 Tq)g(u) u) s—m/o Tq)g(s) S—aZ/O g(s)ds.

i=1

Solving system (2.5) for ¢y and ¢;,,_; together with notations (2.2), we get

1 1
Co = Z(A2¢2 - $1As), Cm-1 = Z(A3¢1 — A1),

which, on substituting in (2.4), yields solution (2.1). We can establish the converse of the
lemma by direct computation. This completes the proof. d

3 Existence and uniqueness results

Denote by C([0,1],R) the Banach space of all continuous functions from [0,1] — R en-
dowed with the norm ||x|| = sup{|x(¢)|, £ € [0, 1]}. In view of Lemma 2.6, we transform prob-
lem (1.1)—(1.2) into a fixed point problem as x = px, where the operator ¢ : C([0,1],R) —

C([0,1],R) is defined by
ni S(s— u)q—l
e / : ( ) T ) d”) “

- 1
_uI/ (lr‘(sq); s,% (S))dS—ﬂz/(; f(s,x(s))ds}
1 s (S— M)q_l
—Xo(2) |:/0 (/0 Tq)f(u,x(u)) du) ds

91!

_Zﬁlfo }Tf(s,x(s)) ds:|, te[0,1]. (3.1)

n-2

1
(gﬁx)(t)—/ - S)q f(s x(s)) ds—kl(t)|:

Page 4 of 19
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For the sake of computational convenience, let us set

1 (™ =&
“Tg+1) A(Z (g +2) +r(q,+1)+|“2|>

i=1

% 1 Z |Bjo ql 32)
T\ Tq+2) T+ ) '
B 1 - (T - €PN Ja
AI‘A_r(q+1)"\1<; r(g+2) +r(q+1)+|“2')
_ 1 B
= (F(q+2) ZF(q+1)) (33)
where
xl-;r}g>1<]|xl(t>| IAI(|Az|+|A1|) lz—fr}g>1<]|)~2(f)| IAI(|A4|+|A3|)

Now we are in a position to present our main results concerning the existence and
uniqueness of solutions of problem (1.1)—(1.2). Our first result is based on a nonlinear
alternative of Leray—Schauder type.

Lemma 3.1 (Nonlinear alternative for single-valued maps [38]) Let C([0, 1], R) be a closed
and convex subset of Banach space E and U be an open subset of C([0,1],R) with 0 € U.
Suppose that F : U — C([0,1],R) is a continuous, compact (that is, F(U) is a relatively
compact subset of C([0,1],R)) map. Then either (i) F has a fixed point in U, or (ii) there
are u € AU (the boundary of U in C([0,1],R)) and A € (0,1) with u = AF(u).

Theorem 3.2 Letf:[0,1] x R — R be a continuous function such that the following con-
ditions hold:
(A1) There exist a function p € C([0,1],R*) and a nondecreasing function v : R* — R*
such that |f (¢, x)| < p(&)v(|lx|)) for all (¢,x) € [0,1] x R;

(Ap) There exists a positive constant M > 0 such that > 1, where ||p| =

lplv (M
maxqeoq] |p(t)| and A is given by (3.2).

Then problem (1.1)—(1.2) has at least one solution on [0, 1].

Proof We complete the proof in several steps. First of all, we show that the operator
¢ : C([0,1],R) — C([0,1],R) denoted by (3.1) maps bounded sets into bounded sets in
C([0,1],R). For a positive number r, let B, = {x € C([0,1],R) : ||x|| < r} be a bounded set
in C([0,1],R). Then, by assumption (A;), we obtain

|(<px (t)| < trgn{g)f]{/ (t;(s)) s,x(s))|ds

+|)»1(t)||:l1 |Oll| . <f (s F(u))ql ux(u))|du)ds

1 (l _ )q—l 1
+ |a1|/0 qu)[f(s,x(s)ﬂds+ |a2|/0 [f(s,x(s))|ds:|
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1 s _ -1
+|/\2(t)|[/0 (/0 %[}‘(u,x(umdu)ds

L4 % (o; — s)4°!
+ FZI 1B)] fo U/F((S])— V(s,x(s)) | dS] }

1 - (™ = €PN
snpnv(nxn)[mml<i2 T2 +F(q+1)+|6l2|>

=1

— 1 L |,3j0']‘q|
+A2(I”(q+2) i le g+ 1)>i|

< lIplv(llxl) A

where we have used (3.2). Next we show that ¢ maps bounded sets into equicontinuous
sets of C([0,1],IR). Let 0 < 71 < 75 < 1 and «x € B,, where B, is a bounded set of C([0, 1], R).
Then we have

|px(t2) — pax(11)|

(=9 = (n —9)T"! 2 (=91
< /0 ) f(s,x(s)) ds + / Tq)f(s,x(s)) ds

m-1 _
|T ” Tl |:|A1|<Z|(xl| ) (/ (s le): ux(u))|du>ds

i=1

101 _ a1 1
+ |a1|/0 %V(s,x(s))’dsﬂaﬂ/o [f(s,x(s))!ds)
1 N _ -1
+ |A3|</(; (/(; %V(u,x(u)ﬂdu) ds

( )_1
+Z|ﬁ,/ GIF(S) sx(s))|ds)]

T —-11)7+ |'L’2 -1 1
I'(g+1)

m-1 _ _m-1 q+1_ 'q+1
S e (5 e
|A] T(g+2) Tlg+1)

i=1

1 1ol
+"43'(r( +2) Zr(q+1)>H

Obviously the right-hand side of the above inequality tends to zero independently of x € B,

< ||p||v<r>{2(

as 7, — 11 — 0. Inview of the foregoing arguments, it follows by the Arzela—Ascoli theorem
that ¢ : C([0,1],R) — C([0, 1], R) is completely continuous.

The result will follow from (Lemma 3.1) once it is established that the set of all solutions
to equations x = Apx for A € [0,1] is bounded. Let x be a solution of problem (1.1)—(1.2).
Then, for ¢ € [0,1], as in the first step, we can find that

]l = [ Aex)(®)] < llplv(llxll) A

Page 6 of 19
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which can alternatively be written as

[l
Iplv(lxa =

By condition (Aj,), there exists M > 0 such that |x|| # M. Let us set U = {x € C([0,1],R) :
x|l < M} and note that the operator ¢ :U — C([0,1],R) is continuous and completely
continuous. From the choice of I/, there is no x € 9U such that x = A¢(x) for some A € (0, 1).
Consequently, we deduce by Lemma 3.1 that ¢ has a fixed point x € U, which is a solution
of problem (1.1)—(1.2). This completes the proof. O

In the following result, we prove the existence of solutions for problem (1.1)—(1.2) by
applying Krasnoselskii’s fixed point theorem.

Lemma 3.3 (Krasnoselskii’s fixed point theorem [39]) LetV be a bounded, closed, convex,
and nonempty subset of a Banach space W. Let Gy, G, be the operators such that (a) Giv; +
Gyvy € V whenever vy,vy € V; (b) Gy is compact and continuous; (c) Gy is a contraction
mapping. Then there exists v € V such that v = G1v + Gav.

Theorem 3.4 Letf:[0,1] x R — R be a continuous function satisfying the conditions:
(As) [f(t,x)—f(t,y)| <Llx—y| forallt[0,1],L>0,x,y€R;
(A4) There exists a function pu € C([0,1],R*) with ||p|| = maxeeoq |1(2)| such that
If(t,x)| < u(t) for all (¢,x) € [0,1] x R.
Then there exists at least one solution for problem (1.1)—(1.2) on [0, 1] provided that LA; <
1, where A, is given by (3.3).

Proof By assumption (A4), we can fix » > A| ||, where A is given by (3.2), and consider
the closed set B, = {x € C([0, 1], R*) : ||lx|| < r}. We define the operators P and Q on B, as

t _ -1
(Px)(t) = /0 %f(s,x(s))ds, te[0,1],

g-1

3 NS (s —u)
(QA)(0) = ~1a(®) {Zl o /g | < /o S 00 du) ds

L1 —s)a! '
- /0 Tq)f(SJC(S)) ds - “2/0 f(s,x(S)) dsi|

1 s _ —1
—Xa(t) |:f0 (/0 %f(u,x(u)) du) ds

-1

P % (o; — )1
- ﬂ/ L f(s,x(s))ds|, tel[0,1].
Now we verify the assumptions of Lemma 3.3. For x,y € B,, we have

[1Px +Qyll < s[%pl]|(Px)(t) +(Q)(®)]

t(t—s)1t
LTV (s, d
< sl [ e
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-1
+ |)»1(t)||: |Oéz|/ (/ F( ) [f(u,x(u))|du> ds
L1 1
+ |611|/0 I‘(i]) [f(s,x(s))‘ds+|a2|/0 V(s,x(s))‘dsi|
1 S (e -1
o] ([ i st a)
P ; -
% (O’j—S)q 1
j ———f(s d.
<l Sl =Dl
- i=1 Fg+2) F(g+1) ?

2 |Bo ql
F(q+2) +2Fq+1

j=1

= Allull =,
where we have used (A4). This shows that Px + Qy € B,.
Next we establish that Q is a contraction mapping. For x,y € C([0, 1], R) and for each
t € [0,1], we obtain

1Qx - Qyll

< sup[\)q(t)||:2|ocl / ( / r() Lf(u,x(u))—f(u,y(u))|du>ds

te[0,t]

_ 1
+|a1|/ (1 S)q x(s)) = £ (s,5(s |ds+|u2|/ If (s, %(5)) s,y(s)‘dsi|

1 s _ -1
rlio| | ( 0 %vw,x(u» )| )

P % (o; — )q—l
+ ; 151 /(; %V(s,x(s)) —f(S,y(S))|ds:| }

- (T =1 el
5{&(2 rae ) T T

i=1

— 1 P |,Bjajq|
w(—”q”) + 121 ran ) |1

< LAllx -yl

which shows that the operator Q is a contraction in view of assumption LA; < 1.
Notice that the continuity of f implies that the operator P is continuous. Also, P is uni-

formly bounded on B, as

‘(g o
"P’“”ftiﬁﬁ]{/o M@ l’((s”“(s)”"l}—r(qu)
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Finally we show the compactness of the operator P. By assumption (Asz), we define
max,yeo,1]x5, [f (&%) =fi. Then, for 0 < £, < t; < 1, we have

|Px(t1) — Px(tz) |

2t —s) = (- 5)17") h(t —s)1!
_ /0 o £(5,%(s)) ds + /t 2 P ) ds
h

<
“I'(g+1)

[ (ti—t)?+ |t1 tg|] — 0 as (4 — ) — 0,independent of x € B,.

Thus the operator P is relatively compact on B,. Hence, by the Arzela—Ascoli theorem, we
deduce that P is compact on B,. As the hypotheses of Lemma 3.3 are satisfied, so it follows
by its conclusion that problem (1.1)—(1.2) has at least one solution on [0, 1]. The proof is
completed. O

Finally we prove a uniqueness result for problem (1.1)—(1.2).

Theorem 3.5 Let f:[0,1] x R — R be a continuous function satisfying assumption (As).
Then there exists a unique solution for problem (1.1)—(1.2) on [0,1] if LA < 1, where A is
given by (3.2).

Proof We define B, = {x € C([0,1],R) : ||x|| < r}, where max,e[o,1] |f(£,0)| = M < oo and

MA_ o hd show that @B, C B,. For x € B,, observe that

> MA
rZ 1A

[f&2)| = [ft,x) - f(£,0) +f(t,0)| < |[ft,x) - £0)| + |[f(£0)|
<Llx-0|+|f(t,0)| < Lllx|| + M < Lr + M.
Then, as in the proof of Theorem 3.2, one can obtain that ||px| < (Lr + M)A < r, which
implies that ||¢x|| < r for any x € B,. Hence ¢B, C B,.

In order to show that the operator ¢ is a contraction, let x, y € C([0, 1], R). Then, for each
t € [0,1], we obtain

X — <max
llox — @yl max

+ (D) [Z o /'h < (s o (;)" [F (, 00)) —  (u, y(0)) ] du> ds

1
(1-gr!
—a / r() [ (5,%(5)) - £ (5,5(5)) ] ds

[ %U(&x@) F(sy6))ds

_ ﬂz/o [f (s:x(5)) = f (s,(5)) ] ds:|

£t U (f (5= qlfux( ) f(u,y(u))]du)ds

z % (0 —5)4~1
+ ; ,3;’/0 % [f(s,x(s)) —f(s,y(s))] d5:|
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1 (St -
SL[r(qu)”l(Z Flg+2) 'Tgsp '@

i=1

1 & i)
+A2(1"(q+2) > g+ 1))]”x_y”

j=1

= LAllx -yl

which shows that the operator ¢ is a contraction by the given assumption AL < 1. Hence,
by the contraction mapping principle (Banach fixed point theorem), we deduce that prob-

lem (1.1)—(1.2) has a unique solution on [0, 1]. This completes the proof. d

4 Examples

Consider the following fractional order differential equation:
Dix(t) =f(1,x(1)), tel0,1], (4.1)

subject to the multi-point and multi-strip boundary conditions

1 3
/0 x(s)ds = Z Bix(oj), %'(0)=0,
= (4.2)

3 .
%x(l) +DT1x(1) = Zai/n x(s) ds,

i=1 &
g,m=3,ﬂ1:%,612:1,01:ﬁ,0'2=%,0'3=1—14y§1:é,§2=g,gszgﬂh:%,
N2 = %’ n3 = g, o] = %’ oy = %’ o3 = %’ /31 = 11—8, ﬁ2 = %, ﬂg = %, andf(t,x) will be fixed later.
Using the given values, we find that A ~ 1.359267 and A; ~ 1.058366, where A and A;
are respectively given by (3.2) and (3.3).

where g =

To demonstrate the application of Theorem (3.2), we take

<sinx L $>, te[0,1] (4.3)

S(6x(0) = 2T )

1
Va+ 82

in problem (4.1)—(4.2) and note that

1
o= s

(1 + ||x||).

Here p(t) = wfw with [pll = 1 and ¥(|lx]) = 1 + [lx]| ((M) = 1 + M). By condition (A,),
that is, HPH"/I% > 1, we find that M > 2.121425. Thus all the assumptions of Theorem 3.2
are satisfied. Hence, there exists at least one solution for problem (4.1)—(4.2) with f (¢, x(¢))
given by (4.3) on [0, 1].

Next we illustrate Theorems 3.4 and 3.5 by taking

(sinx + tan~! )

f(tr x(t)) = \/m

+(1+£)e, 0<t<l, (4.4)

Page 10 of 19
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in problem (4.1)—(4.2), which satisfies the Lipschitz conditions (A3) with L = 2/5, that is,

2
[F&.%) ~f (9] < Sl =yl
and
e (ji/zg (14 2)el = u(t). (4.5)

Observe that LA; & 0.423346 < 1 and LA ~ 0.543707 < 1. Clearly all the assumptions of
Theorem 3.4 are satisfied. Hence, by the conclusions of Theorem 3.4, we deduce that there
exists at least one solution for problem (4.1)—(4.2) with f(¢,x(¢)) given by (4.4) on [0, 1].

Also the hypothesis of Theorem 3.5 holds, which implies that there exists a unique so-
lution for problem (4.1)—(4.2) with f (¢, x(¢)) given by (4.4) on [0, 1].

5 Classical boundary conditions case
Replacing °D?1x(1) with /(1) in the boundary conditions (1.2), we get

1 )4
/ x(s)ds=Y B0y, «(0)=0,x"(0)=0,...,x"2(0) =0,
0 =1
(5.1)

ni
a1x(1) + axx’( E a,/ s)ds, O<oj<&<n <l
i=1 &

The fixed point problem associated with the fractional differential equation (1.1) and the
boundary conditions (5.1) is x = Fx, where the operator F. C([0,1],R) — C([0,1],R) is
modified to the one given by

t (s a1
(Fx)(t) =f0 (tr(sq): -f (s,%(s)) ds

n-2 ni s (S— u)q‘l
L) [;Oﬁ f& (/0 Tq)f(u,x(u)) du) ds
Lo (1-s)! (1-s5)272
—/(; (dl ) +ay T D) )j(s,x(s)) ds:|

1 s _
~a() [/0 ( ; %f(u,x(u)) du) ds

—5)a
_ Zﬂ,/ F—q)f(s,x(s)) ds|, tel0,1], (5.2)
where
- Ay—Astmt D gr-gr
M(t) = ————, As=) ai—— —(ay+a(m-1)). (5.3)
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Furthermore, we have

+1 +1
)

K:# 1+ g'ai(m—ﬂa | + qlaz]
I'(g+1) ! qg+1 ! ?

i=1

=1 <
+)»2<m +/Zl:|ﬂ10'}q|>:|, (5.4)

A=A 1 (5.5)
' I'g+1) )
where
A1 = max |A1(t)| = L(|Az| + |A1|),
te[0,1] |A|
2 = max [, (8)] = i(|24| + |A3)).
t€l0,1] |A]

With the aid of operator (5.2) and estimates (5.4) and (5.5), we can obtain the existence
results for the fractional differential equation (1.1) supplemented with the boundary con-
ditions (5.1) analogue to the ones for problem (1.1)—(1.2) established in Sect. 3.

6 Multi-valued case

In this section, we study the multi-valued analogue (inclusions case) of problem (1.1) given
by

Dix(t) € F(t,x(t)), O<t<lm-1l<gq<mm=>2,meN,

fol x(s)ds = le Bix(oj), x'(0)=0,2"(0)=0,...,x2(0) = 0, (6.1)

arx(1) + ay DI 'x(1) = Y1 o S'Zi x(s) ds,
where F:J x R — 28\ {#J} (J = [0,1]) and the other quantities are the same as defined in
problem (1.1)—(1.2). We apply the Bohnenblust—Karlin fixed point theorem to prove the
existence of solutions for problem (6.1).

For the convenience of the reader, we briefly recall some preliminary concepts about
multi-valued maps [40, 41].

A multi-valued map H : X — 2% is (i) convex (closed) valued if #(x) is convex (closed)
for all x € X, where (X, || - ||) is a Banach space; (ii) bounded on a bounded set if H(B) =
U, H(x) is bounded in X for any bounded set B of X (that is, sup, g {sup{|y| : y € H(x)}} <
00); (iii) upper semi-continuous (u.s.c.) on X if, for each xg € X, the set H(x) is a nonempty
closed subset of X and if, for each open set B of X containing H(x,), there exists an open
neighborhood NV of x¢ such that H(N\") C B; (iv) completely continuous if H(B) is relatively
compact for every bounded subset B of X; (v) completely continuous with nonempty com-
pact values, then H is u.s.c. if and only if H has a closed graph, that is, x, — %., ¥, = ¥s,
In € H(xy) imply y, € H(x,).

A multi-valued map # : X — 2% has a fixed point if there is x € X such that x € H(x).

In the sequel, we denote by BCC(X) the set of all nonempty bounded, closed, and con-
vex subsets of X and L!(/,R) denotes the Banach space of functions x : ] — R which are
Lebesgue integrable and normed by ||x||;1 = fol |x(2)| dt.
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Now we state the assumptions needed in the forthcoming analysis.

(M;) Let F:J x R — BCC(R); (¢,x) — f(t,x) be measurable with respect to ¢ for each
x € R, ws.c. with respect to x for a.e. ¢t € J, and for each fixed x € R, the set Sg, :=
{f e LY(J,R): f(t) € F(¢,x) for a.e. t € J} is nonempty.

(My) For each p > 0, there exists a function p, € L'(J, R*) such that |F(¢,x)|| = sup{|v| :
v(t) € F(t,x)} < p,(¢) for each (t,x) € ] x R with |x| < p, and

1
liminf(w> = < 0Q. (6.2)

pP—>+00 P
The proof of our main result is based on the following lemmas.

Lemma 6.1 (Bohnenblust—Karlin [42]) Let D C X be nonempty bounded, closed, and con-
vex. Let H : D — 2X\ {0} be u.s.c. with closed, convex values such that H(D) C D and H(D)
is compact. Then H has a fixed point.

Lemma 6.2 ([43]) Let F be a multi-valued map satisfying condition (M), and ¢ is linear
continuous from L*(J,R) — C(J,R). Then the operator ¢ o Sr : C(J,R) — BCC(C(J,R)),
x> (¢ o Sp)(x) = ¢(Sk,x) is a closed graph operator in C(J,R) x C(J,R).

Theorem 6.3 Assume that (M;) and (M,) hold and that
UAy <1, (6.3)

where p is given by (6.2) and

n-2
Ay = o0 ){1+Al(2|a,nl|+|a1|+|az|F(q)) +)\2<1+Z|ﬁ] q- 1 )} (6.4)

j=1
Then there exists at least one solution for problem (6.1) on J.

Proof We first transform problem (6.1) into a fixed point problem by introducing a multi-
valued map W : C(J,R) — 2€UR) as follows:

W(x) = {heC[O 1]: h(t)—/ U F() f(s)ds

_Al(t)[;al/ (/ r() f(u)du)
_ 1 1
_aI/ (lr(Sq: s)ds—ag/of(s)dS]
(s =)t )q1
~halt U (/ TT@ )ds

_251/0’ (- f(s)dsj|f€5px]

Page 13 0of 19
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It will be shown that the operator W satisfies the hypothesis of Lemma 6.1 and hence it
will have a fixed point. This will establish the existence of a solution for problem (6.1).

Let us first show that W(x) is convex for each x € C(J,R). For /3, hy € W(x), there exist
fi,f2 € Sk, such that, for each ¢ € ], we get

:/t (t;S)q_lﬁ(s)dS
_ 1
— (2 [Za,/ (/ Sr(q)q f(u)du)ds
1
_1,11/0 (lr() ——fi(s)ds - aZ/f(S)dS:|

1 (s—u)q1 (o)
_Az(t)|:/() (/O T du)ds Z,B,/ ) f(s dsi|,

i=1,2.

For 0 <o <1 and each ¢ € J, we obtain

[oh + (1 -0)hy](t)

RV
- [ o+ 1ol

i _ 1
_)»1 |:21:Ct’,/n (/ (S F(M))q [Gfl() (l—o’)ﬁ(s)]du) ds

1 _ —1 1
_aI/o %[oﬁ@)ﬂl—o)fz(s)]ds—az/o [Ufl(S)+(1—G)f2(s)]ds:|

1 s _ -1
WD) [/0 (/0 % [ofi(s) + (1 - 0)s(s)] du) ds

(TI _ q_
_Zﬂ,/ (GIF:I) [gfl()+(1—a)2(s)]dsi|.

As Sp, is convex (F has convex values), therefore one can infer that 0 /1, + (1 —0)hy € W(x).

In the next step, we show that there exists a positive number p such that W(B,) € B,,
where B, = {x € C(J,R) : ||x|| < p}. For each positive constant p, observe that B, is
a bounded closed convex set in C(/,R). If it is not true, then we can find a function

x, € By, h, € W(x,) with || ¥ (x,)|l > p for each positive number p such that

(t-s)T 1
hy(t) = / r ) »(s) ds

-2 i s—u)q 1
-2 Z 0 ) fp(u)du) ds
=1 §i

Page 14 of 19
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1-
/ ( r() fp(s)ds @/f,, S)ds:|

—an(®) [/ (/ (Gl )ql du)ds Z,B,/ (05~ ) fp(s)dsi|

for some f, € Srx,. On the other hand, using (M), we find that

p < WG]

_q)a1
/ (tF(S)) () ds

|A1 t)||:z |oel|/ (‘/0 F( ) pp(u)du) ds
1 (1 _S)q—l 1
vl [ S n @ dselal pp(s)ds}

1 s -1
+|)u2(t)||:/0 (/(; (s Fz’tq)) pp(u)du)ds+2|ﬁ]|f F( ) pp(s)ds:|

1
< A2/ po(s)ds,
0

where A, is given by (6.4). Dividing both sides of the above inequality by p and taking the
lower limit as p — oo together with notation (6.2), we obtain

1 =< MAZ)

which contradicts (6.3). Consequently, there exists a positive number p; such that
U(B,,) C B,,.

Now we show that W(B,) is equi-continuous. For 0 < ¢; < t, < 1, x € B,, and h € W(x),
there exists f € Sr,, such that, for each ¢ € /, we have

t (t _ S)q—l
h(t) = /0 r ) f(s)ds

-2 nfrS (s — u)d)
—)»1(t)|:;ai/& (/(; Tq)f(u)du) ds
1 (1 _ S)q—l 1
_ﬂI/O Tq)f(s)ds—dz/; f(S)dS:|
O[S s—wit 1 —s)7!
_Az(t)|: fo ( /0 T du) ds — Z B; / 4f(s)dsi|

and

[ B9 - (-] o (ty - gyi-1
h(ts) - h(ey)] < fo o () ds + f B plods

Ni _y)a-1
+ A (g =g |:Z|a |/ ( R F(Mq)) p(u)du> ds
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I'(q)

gq-1
+’A3(t§”_1—t{"l |:/ </ (SF()) Pp u)du)

% (0 —
+Z|ﬂ,|f G’F(S) pp(9)ds }

_ 1
+|a1|/ Qs —P) S)ds+|ﬂ2|/ pp(s)ds}

It is obvious that the right-hand side of the above inequality tends to zero independently
of x € B, as t, — t;. Hence W is equi-continuous. Since W satisfies the above three condi-
tions, it follows by the Ascoli—Arzela theorem that ¥ is a compact multi-valued map.

Next, we show that the operator ¥ has a closed graph. Let x, — x,,4, € ¥(x,) and
hy, — h,. We will show that /1, € W(x,). For i1, € ¥(x,,), we can find f,, € Sg,, foreacht €]
such that

gq-1
n(t) = /“F(S)) EoI r (9 ds

- ni S (s —u)t !
- ; ~ f(wdu)d
Al(t)[;a /Si (/0 @ fru(u) u) s
_ a1 1
[ e ]

(s—u) (0 —9)17!
_W)[/o(o ) A d”)ds'zﬂ’/ ) f"(s)ds}

Thus, for each ¢ € J, we have to show that there exists f; € Sg,, such that

(t-s)7!
h*(r)=/0 AL

n-2 n; s (S— I/t)q71
_)Ll(t)|:i21:ai‘/;i (/0 Tq)f*(u)du) ds

g1
/ (IF(S): s)ds—@/f*(s)ds:|

L[S (s—u)T % (07 =8)""
_M(t)|:/0<o M@ f*(“)du)ds_zﬁ’/o M@ f*(S)dS}

Considering the continuous linear operator ¢ : L' (J,R) — C(J,R), we get

(t- s) -1

Fe ¢ = / £(s)ds

2 s _ -1
[z L ([ )

1 l
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[ O i 1]
W [/ (/ (s—u)! )ql du)ds—Zﬂff ﬁ))qlf(s)ds}.

Note that

Fe-

Io(t) = hu(2) = /0

( —fi(s)) ds

% (t)[Zal/ F( ) o™ ) fiw) du) ds

1(1_ oa-1 1
—a [0 %(fn(s) —fils)) ds — a /0 (fuls) —f*(s))ds}

-xz(t)U (f (s— (f(u) f*(u)du)ds

p j g1
-8 /0 %(ﬁ«(s) —f(s)) ds}
j=1

— 0 asn— oo.

In consequence, it follows by Lemma 6.2 that ¢ o Sr is a closed graph operator and that

h,(t) € ¢(Srx,) as x, — x,; therefore, Lemma 6.2 yields

E(t—
h*(t):/o F() =9 (g ds

Y t)[za,/m(/ - f*(u)du)
- 1/ (1”5;1 d“”/f* }

ol (e Jas- 3o [
Az(t)[/o </o F() ) as Zﬁ’/ ) f*(S)dS}'

Hence, we deduce that W is a compact multi-valued map, u.s.c. with convex closed values.
Thus, the hypothesis of Lemma 6.1 holds true, and consequently its conclusion implies
that the operator W has a fixed point x, which is indeed a solution of problem (6.1). This
completes the proof. d

Remark 6.4 For a; =0, a; = 1, our results obtained in Sects. 3 and 4 reduce to the ones
with the last condition in (1.2) of the form: D7 x(1) = Y 12 a; g "x(s)ds and ¥/'(1) =

e 12 o g—- x(s) ds, respectively, which are indeed new. On the other hand, we obtain the
new results associated with the last condition in (1.2) of the form: x(1) = Y/ 12 i Jg, " %(s) ds

by fixing a; =1, a, = 0.
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