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Abstract: We study the existence of solutions for a new class of boundary value problems of
arbitrary order fractional differential equations and inclusions, supplemented with integro-multistrip-
multipoint boundary conditions. Suitable fixed point theorems are applied to prove some new
existence results. The inclusion problem is discussed for convex valued as well as non-convex
valued multi-valued map. Examples are also constructed to illustrate the main results. The results
presented in this paper are not only new in the given configuration but also provide some interesting
special cases.

Keywords: differential equation and inclusion; boundary value problem; fractional derivative;
fractional integral; fixed point theorem; multi-valued map

1. Introduction

Fractional calculus, regarded as a generalization of classical calculus, deals with differential and
integral operators of arbitrary non-integer orders. In the last few decades, the tools of fractional
calculus considerably improved the mathematical modeling of many real-world phenomena occurring
in applied and technical sciences. Examples include co-infection of malaria and HIV/AIDS [1],
HIV-immune system with memory [2], chaotic synchronization [3], dynamical networks [4], continuum
mechanics [5], financial economics [6], etc. In view of the nonlocal nature of fractional order operators,
mathematical models based on such operators are found to be more adequate and informative than
their integer order counterparts.

Influenced by application of fractional calculus, there has been shown a significant interest in
the investigation of fractional differential equations and inclusions in the recent years. For theory
and applications of fractional differential equations, for instance, see the text [7], while the details
about Hadamard-type fractional differential equations, inclusions and inequalities can be found in the
monograph [8]. In [9], the authors discussed the existence and multiplicity of positive solutions for a
singular fractional boundary value problem. Details about variable order integral operators can be
found in [10]. In [11], a coupled system of neutral fractional integro-differential equations with infinite
delay was studied. For some recent works on fractional differential equations supplemented with
multi-point and integral boundary conditions, for instance, see [12-16].

Differential inclusions play a key role in the study of several processes like queueing networks,
climate control, optimization of financial issues, for details, see the text [17]. Other applications
include synchronization of fractional order systems [18], control systems [19], dynamics of wheeled
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vehicles [20], Navier-Stokes delay differential inclusions [21], etc. Keeping in mind the importance
of differential inclusions, several researchers turned to the topic of fractional differential inclusions
and obtained a variety of results. In [22,23], the authors investigated semilinear fractional order
differential and integro-differential inclusions, respectively. Some existence results for coupled systems
of fractional differential inclusions were derived in [24-26], while some recent works on fractional
differential inclusions with nonlocal boundary conditions can be found in [27-29]. Oscillation and
nonoscillation criteria for Caputo-Hadamard impulsive fractional differential inclusions are presented
in [30]. Existence of infinitely many solutions for a fractional differential inclusion with oscillatory
potential is discussed in [31]. In a recent paper [32], the existence of solutions for an inclusions problem
involving both Caputo and Hadamard fractional derivatives was studied.

Recently, in [33], the authors discussed the existence and uniqueness of solutions for a Caputo
type fractional differential equation

‘Dix(t) = f(t,x(t), n—1<qg<mn, te]:=][01], 1)
equipped with the boundary conditions

x(0) =0, ¥'(0) =0, x"(0) =0,..., x"2(0) =0,

¢ m—2 )
x(1) = a/o x(s)ds +b waix(n;), 0<E<m<m<...<fpy-a<l,
i=1

where D17 denotes the Caputo fractional derivative of order ¢, f : ] x R — R is a continuous function,
a and b are real constants and a;, i = 1,...,m — 2, are positive real constants.

In this paper, we are concerned with existence of solutions for a nonlinear fractional differential
equation of the form:

Dx(t) = f(t,x(t)), te]:=[0,1], ®)

subject to integro-multistrip-multipoint boundary conditions:

1
i1

, 1 P ! q
xD(0)=0, i=0,1,2,...,n—2, / x(s)ds = Z:Bifl/ x(s)ds+ ) v x(pj), (4)
0 i=2 j=1

where DY is the standard Riemann-Liouville fractional derivative of order o satisfyingn —1 <o <n
withn >3, f : ] x R — Ris a continuous function, 0 <71 <12 < ... <17p <p1 <p2 <...<py; <1,
and B;,7; > 0,i =2,3,...,pwithp,g € N.

Here we remark that the last condition in (4) implies that the sum of the values of the unknown
function due to finite many strips and points within the interval [0, 1] balances the the average value of
the unknown function on the whole interval [0, 1].

Existence and uniqueness results are proved for the boundary value problems (3) and (4) by using
Krasnoselskii and Banach fixed point theorems.

We also cover the multi-valued case of the problems (3) and (4) by considering the following
inclusion problem:

D%x(t) € F(t,x(t)), t€]:=10,1],

1 P i
D) =0, i— _ =Y Bii |
x(0)=0,i=0,1,2,...,n—2, /Ox(s)ds gﬁu/

Ui
i1

1 ©)
x(s)ds + ) v x(pj),
j=1

where F : | x R — P(R) is a multi-valued map (P(R) is the family of all nonempty subsets of R).
The motivation of the present work is to investigate solvability criteria for fractional differential

equations and inclusions of arbitrary order subject to a new kind of integro-multistrip-multipoint

boundary conditions. The obtained results are not only new in the given configuration but also yield
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several interesting special cases associated with the particular values of the parameters involved in the
given problem, including the “zero” average value case (for details, see Conclusions section).

We prove the existence results for the inclusion boundary value problem (5) by using a variety of
fixed point theorems sush as Bohnenblust—Karlin fixed point theorem, Martelli fixed point theorem,
Leray-Schauder nonlinear alternative, and Covitz—Nadler fixed point theorem.

This paper is organized as follows. In Section 2, we set forth some preliminaries. Section 3 contains
existence and uniqueness results for the boundary value problems (3) and (4), while Section 4 deals
with the existence of solutions for the inclusion boundary value problem (5). Illustrative examples are
also presented.

2. Preliminaries

In this section, we recall some definitions from fractional calculus.

Definition 1 ([7]). The Riemann—Liouville fractional integral I;f of order s > 0 for a function f €
Lq[a,b], —co < a < b < oo, existing almost everywhere on [a, b, is defined by

t
1"(15 /t_Ts 1f

where I denotes the Euler gamma function.

Remark 1. Let f € Ly[a,b],1 < p < coand q1,qz > 0. Then the following relation holds almost everywhere
on [a,b]:

TP F(E) = IR f ().
Of course, if f € Cla,b] or q1 + g2 > 1, then the above relation holds for each t € [a, b].

Definition 2 ([7]). Let f, ") € Ly[a,b]. Then the Riemann—Liouville fractional derivative DSf of order
s € (m—1,m|,m € N, existing almost everywhere on [a, b], is defined as

t
Dif(t) = g0 F(0) = gy e | (6= D" o)

a

The following lemma is of great importance in the proof of our main results.

Lemma 1. Let ¢ € C(J,R) and

p= (1+Zﬁz 1077 =14 +Z%p )#0- (6)

Then the linear boundary value problem

D7x(t) = g(t), te]:=[0,1], )

x0(0) =0, i=0,1,2,...,n—2, / dS—Zﬁ% 1/ dS+Z% ®)

-1

has a unique solution given by

t o—1
x(t) = I“(la)/o (t— s)”_lg(s)ds + ! 5 { — F(al—k 0 /01(1 —5)%¢(s)ds
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P Bi i I
+i221[f’(01) /:]71 /o (s — 1) Vg (u)du ds +]2r"(7l17)/09 (pj_s)a—lg(s)ds}'

Proof. As argued in [7], the general solution of the equation D?x(t) = g(t), n —1 < ¢ < n can be
written as

1 t
x(t :bt”—1+bt"—2+~-+bt"‘”+—/ t—5)7"1o(s)ds, 9
(t) =bh 2 n (@) Jo (t—s)"""g(s) )
where b; (i =1,2,...,n) are arbitrary constants. Using the conditions x(0) (0)=0, i=0,1,2,...,n—2
from (8) into (9), we find that b, = b3 = - - - = b, = 0 and consequently, (9) takes the form:
x(t) = byt" 1+ L /t(t —5)7 1g(s)ds. (10)
I'(o) Jo

Using the last condition of (8) in (10) and solving the resulting equation for b; together with the
notation (6), we obtain

by = ;{ 1"(¢71+1)/ (1-5)7¢g ds+2ﬁ21)/:]i /S(s—u)”_lg(u)duds
+2F(U [ —s>“g<s>ds}-

Inserting the above values in (9) leads to the solution (9). The converse can be proven by direct
computation. The proof is finished. [

3. Existence and Uniqueness Results for Problems (3) and (4)

By C(J, R) we denote the Banach space of all continuous functions from J into R endowed with the
sup-norm ||u|| = sup{|u(t)| : t € J}. By L}(J,R) we denote the Banach space of Lebesgue integrable
functions u : ] — R normed by

-1
Il = [ u(e)lat.

In this section we present existence and uniqueness results for the problems (3) and (4). In relation
to the problems (3) and (4), we introduce an operator G : C(J,R) — C(J,R) via Lemma 1 as follows

-1
@0 = Fg =9 xS { Fory -9 s
P . i s
+i 71 /Pf , s)"‘lf(s,X(S))dS}f (11)

such that the the problems (3) and (4) is equivalent to the fixed point problem: x = Gx. So the existence
of a fixed point of the operator G will imply the existence of a solution for the problems (3) and (4).

3.1. Existence Result via Krasnoselskii’s Fixed Point Theorem

Lemma 2. (Krasnoselskii’s fixed point theorem [34]). Let X be a bounded, closed, convex, and nonempty
subset of a Banach space ). Let @1, ¢y be the operators such that (i) ¢p1x1 + @axp € X whenever x1,xy € X;
(ii) ¢ is compact and continuous; (iii) ¢y is a contraction mapping. Then there exists x3 € X such that

X3 = @1X3 + @2X3.
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In the sequel, we use the notations:

oc+1

_ 1 1 =i
I’(U+1)+E (0+2 +2’ﬁ’ W For2 I'(c+2) +Z|]| 0+1) (12)
and 1

Theorem 1. Let f : | x R — R be a continuous function satisfying the conditions:

(A1) |f(t,x)— f(t,y)] < Llx—y|, forallt € J,L >0, x,y € R, with L < 1/Aq, where A\ is given
by (13);
(A2) |f(t,x)| < u(t) forall (t,x) € ] xR, p € C(J,RT).

Then the boundary value problems (3) and (4) has at least one solution on J.

Proof. We fix 7 > Al/u|| and consider the closed ball By = {x € C : ||x|| < 7}. We define two operators

Gy and G, on By as

(Gix)(t) = I’(la) /Ot(t —s)”ilf(s,x(s))ds, te],

o—1
@) = * {—Wlﬂ) [ =0y o)

d [ i s

Bl e
1 ,

+Z 7] /Op] _S)U' 1f(S X( ))d }

Notice that G = G1 + G,. For x,y € By, we find that

G1x + Gay| = stlelp [(G1x)(t) + (Gay) (1)

= ||Pl||{ U)/ —5)7 (s, x(s))|ds

tU : 1 oc—1 d

P U+1 (L—=s)"""[f(s,y(s))lds

4

Z / (s —u)7 M f(u,y(u))|duds

q . ; B

th <fr|> ./op (0 =s)” 1f<s,y<s>>|ds}
_ (T+1

= ||”||{r(al+1)+; r(al+2 +Z|ﬁl 1\’71 J+'721 +Z\ J| L }
= [ulla<sr
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This shows that G1x + Goy € By. In the next step we prove that G, is a contraction mapping.
For eacht € J and each x,y € C(J,R), we have

1 1
|22~ Goyll < sup [p{w [ =91 x(6)) ~ s y(s) s
ey B [ = x0) — (o) s
1 ]
Y fy @ s)f’1|f<s,x<s>>—f<s,y<s>>|dsH
o (7—1—1
< f)r(aiz +>:|ﬁ, i H’Z +2| Tl | 1)

< LAq|lx—yl,

which is a contraction mapping by assumption LA; < 1 (A is given by (13)).
The operator G; is continuous, by the continuity of f. Moreover, since

Gix|| <
1G1x] Il gy (q+1)
the operator G is uniformly bounded on Br.

The compactness of the operator G; will be proved now. We define sup ; /g, [f (£, X)| = f.
Consequently, for 0 < t; < t, <1, we have

1

(o) /otl [(t2 = 9)77" = (b1 = 5)"1]f (5, x(5))ds

G1x(t2) — Gix(t)| <

n /f(tz — )7 f(s, x(s))ds

f
S To+1)

[tz =71 +2(ts = 12)] = 0,

as t; — tp — 0, independent of x, which means that G; is relatively compact on Br. Consequently,
by the Arzela-Ascoli theorem, G; is compact on B;. Hence we deduce by the conclusion of Lemma 2
that the problems (3) and (4) has at least one solutionon J. O

3.2. Uniqueness Result

Theorem 2. Assume that f : ] x R — R is a continuous function satisfying the assumption (Ay). Then the
problems (3) and (4) has a unique solution on | if LA < 1, where A is given by (12).

Proof. Let us first show that GB, C B,, where G is the operator defined by (11) and r > MA/(1 — LA)
with M = sup,; |f(t,0)|. Then, in view of the assumption (A3), we have

f(tx)] = [f(t,x) = f(£0)+ f(t,0)] < |f(t,x) — f(£,0)| + |f(£,0)]
< Llx||+M< Lr+ M.

For any x € B, we have

1Gx]| = sup|Gx(t)]

te]
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1 1 — i

}

which implies that GB, C B,. Next, for x,y € C(J,R) and for each t € |, we obtain

1 nit
T(c+2) +Z|ﬁl i T(c+2)

IA

L7

+Z"7] (7+1)

= (Lr+M)A <r,

1Gx =Gyl < sup{r(lw/(;t(tS)”_llf(SrX(S))f(S/y(S))IdS

o—1
t o {r<al+1> /Olu —5)7|f(5,x(5)) = f(s,y(s))lds

Pog. .
+2§E}1> / 77 (s =) M f e x(u)) = fu,y(w)|du ds

AN
P [ o= 97 A x(s)) —f(s,y<s>>ldsH

=G
1 L VAR
< e 4= T
= {F(U+1)+p (a+2 +Z|ﬂ 1 T(c+2)
17’
< LAlIX*}/II‘

Consequently, the operator G is a contraction, since LA < 1. By Banach contraction mapping
principle the operator G has a unique fixed point, which means that the problems (3) and (4) has a
unique solution foron J. [

3.3. Examples

Consider the nonlinear fractional boundary value problem
D72x(t) = V2 +14atan "t x(t) + e Fsinx(t), te]:=[0,1], (14)

, 1 3 rl/6 1/5 3
x(0) = 0,%(0) =0, | x(s)ds = 7 [ x(s)dst [ (s + 5x(1/4) +x(1/3),  (09)

wherec =7/2,1=3/4,B2=1,71=3/2,o=1,m=1/7,10=1/6,13=1/5,01 =1/4,pp =1/3
and a is a positive real number. Using the given values, we find that p ~ 0.318087, A ~ 0.155011 and
A1 = 0.069039. It is easy to check that y(t) = V2 + 1+ ma/2+e !, L = a+1and that LA; < 1holds
for a < 13.484567. As all the conditions of Theorem 1 are satisfied, so the conclusion of Theorem 1
applies to problems (14) and (15). Moreover, LA < 1 is satisfied for a < 5.451155. Thus, by Theorem 2,
problems (14) and (15) has a unique solution on .

4. Existence Results for the Problem (5)

In the following we use the notations, P (X) = {Y € P(X) : Yisclosed}, Py(X) = {Y €
P(X) : Yisbounded}, Pp(X) = {Y € P(X) : Yiscompact},and Pepe(X) = {Y € P(X) :
Y is compact and convex}. We refer the interested reader to the books by Aubin and Cellina [35],
Castaing and Valadier [36], and Deimling [37] for details on multi-valued maps.
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Before stating and proving our main existence results for problem (5), we will give the definition
of its solution.

Definition 3. A function x € AC"~1)(]J,R) is said to be a solution of problem (5) if there exists a function
v € LY(J,R) with v(t) € F(t,x) a.e. on ] such that x satisfies the differential equation Dx(t) = v(t) on |
and the boundary condition (4).

4.1. The Upper Semicontinuous Case

Consider first the case when F has convex values. Our first result is based on Bohnenblust-Karlin
fixed point theorem and closed graph operator theorem, which are stated below.

Lemma 3. (Bohnenblust—Karlin) [38] Let X be a Banach space, D a nonempty subset of X, witch is bounded,

closed and convex. Suppose G : | x R — P(R) is u.s.c. with closed, convex values, and G(D) C D and G(D)
is compact. Then G has a fixed point.

Lemma 4 ([39]). Let X be a separable Banach space. Let F : [ x X — Pep c(X) be measurable with respect
tot for eachy € X and upper semi-continuous with respect to y for almost all t € | and S, # @, for any
y € C(J, X), and let © be a linear continuous mapping from L' (], X) to C(]J, X). Then the operator

@oSF:C(],X) = Pep,e(C(], X)), y (©0Sk)(y) = O(SEy)
is a closed graph operator in C(J, X) x C(J, X).
Theorem 3. Assume that:

(H1) F:] xR = Pep,e(R) is Carathéodory , ie.:

(i) t — F(t,y) is measurable for each y € R;
(ii) y — F(t,y) is u.s.c. for almost all t € J;

(Hy) foreachr > 0, there exists ¢, € L'(J, R such that
[E(t,x)|| = sup{|v| : v € F(t,x} < ¢r(t)

forall x € Rwith ||x|| < rand forae. t €],

s B
liminf /O ¢ (D)dt = 1. (16)
Then, if
1 1 1 1 P 9. 0t
- . 15 1 17
{T(0)+p forD T e &P 1'*;'”“'1’(0) }”< 17)

the boundary problem (5) has at least one solution on J.
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Proof. We consider the multi-valued map: N : C(J,R) — P(C(],R)) defined by

heC(,R):
F(la)/o (t —s)" to(s)ds
o 1 { 1 1 )
+ - (1—5)"""v(s)ds
N(x) = ne) = p [(c+1) /

Z Bl 1 / / (u)du ds
_’_i ’Y] /P/ ._5)”_10(5)015}, v € Sp .

Note that problem (5) is transformed into a fixed point problem, for which the fixed points of
N are solutions of problem (5). We will show that the operator N satisfies all condition of Lemma 3.
The proof is constructed in several steps.

Step 1. N(x) is convex for each x € C(],R).

Let 11, hp in N(x). Then, there exist v1, v € Srx such that

c+1

Zﬁ’ 1/771 / s—1u) (u)duds

9

0
+Z ,)/] // ._S)Ulz}i(s)ds}, i:1/2/ te]

crfl
hi(t) = 1q(l)/t(t—s) ()dS+ ; {_1"( ! )/01(1—3)‘7101'(5)115

Let0 < 6 < 1. Then for each t € |, we have

[0hy + (1 = 0)ho(t) = r(la) /Ot(f —5)7 001 (s) + (1 — 0)va(s)]ds

oc—1
+ o { B F((71+ 1) /010 — )7 [6o1 (s) + (1 6)vs(s))ds

i
2511/ / (601 () + (1 — 0)0n (1) duds
#3007 B (s) + (1~ B)oas)ds
=1 I'(c) Jo fi ' ? '
Since F has convex values, that is, Sr , is convex, we have

Oy + (1— 0)hy € N(x).

Step 2. N(x) maps bounded sets into bounded sets in C(],R).

Let B, = {x € C(J,R) : ||x|]| < r},r > 0 be a bounded ball in C(],R). We shall prove that there
exists a positive number 7’ such that N(B,) C B,. If this is not true, for each r > 0, there exists a
function x,(-) € B, with || N(x;,)|| > r for some { € | and
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t o—1
() = r(la) A (t—s)"_lvr(s)dertp {—Wlﬂ) | "1 = 7 Yoy (s)ds

2,1311/’71/ (s —u) (u)duds
Loy o _
+§r?§> [ o= 1vr(s)ds},

for some v, € Sr,,. However, on the other hand, we have:

r <

<

[N (xr)|

1t o o1 1 1 o
= | (t=s) 1|vr(5)|d5+p{l’(a+l)/o(1_s) Hor(s)|ds

1 ( Pl

L1
I(e) p

Dividing both sides by r and taking the lower limit as r — oo, we get:

1 pl
F((7+1)+F(7+1 Z"‘D’l 1|+271 ]}

P
=M T@ e

which contradicts (17). Hence there exists a positive number r such that N(B,) C B,.

Step 3. N(x) maps bounded sets into equicontinuous sets of C(J,R).

Let x € B, and h € N(x). Then there exists v € Sg , such that

W) =

1t . o1 1 1 .
m/o(t—s) Yo(s)ds + ; {_F(0+1)/() (1—5)""1o(s)ds

4 . i s
IR A At >|duds+2 '7" 5 (pj—s>“1|vr<s>lds}

10 of 20

+Z.Bl 1 /17’ / )duds+z ((7) (/Opj(p]»s)”_lv(s)ds}, te].

=

Letty, to € ], t1 < tp. Thus

IN

IN

h(t2) — h(ty)]
(1 ) " [(tz — 5)071 - (t1 — S)‘T*l]v(s)ds —+ /tltz(tZ — S)Uilv(s)ds
o—1 _ t0-1
L1z ; G {Wi 5 /01(1 — 6)7L[o(s)|ds

Zlﬁz il / 07 fo(u >|duds+z'“) /p’(p]«—s)“w(s)us}

1

T(0) /ot1 [(t2 = 8)77 = (t1 = 5)7 b (s)ds + /tlz(tz —5)7 g, (s)ds
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oc—1 _ 40-1
+2 p = { F(al+ 1) /01(1 —5)" 19 (s)ds
p s j
LR e o e +Z N <pj—s>“1¢r<s>ds},

which tends to zero independently of x € B, as t; — t;. As a consequence of Steps 1-3, by using
Arzelé—Ascoli theorem, the operator N : C(J,R) — P(C(J,R)) is completely continuous.

1—

Step 4. N(x) is closed for each x € C(J,R).

Let {un }n>0 € N(x) be such that u, — u (n — o) in C(J,R). Then u € C(J,R) and there exists
vy € Sry, such that

1t . o1 1 1 .
un(t) = m/o(t—s) 1vn(S>dS+ 0 {_F(UJrl)/o(l_S) 1Un(5>d5

Zﬁz 1 /77’ / s —u)’ duds+2q: o) /Opj(p]-—s)”_lvn(s)ds}, te].

Since F has compact values, we can pass onto a subsequence (if necessary) to obtain that v,
converges to v in L' (], R). Thus v € S, and we have

un(t) — o(t)
1 t . -1 1 1 .
= m/o (t—S) lU(S)dS+ 0 { — r(0_+1) /0 (1_5) 10(5)615

2/31 1 /’7’ / )duderZ (J) /Opj(ij)”_lv(s)ds}, te].

=

Hence, u € N(x).

Next we show that the operator N is upper semicontinuous. In order to do so, by Proposition 1.2
in [37], we know that it will be upper semicontinuous has a closed graph. This will be shown in the
next step.

Step 5. N has a closed graph.

Let x, — x4, hy, € N(x,,) and h, — h,. We will show that h, € N(x.). Now h, € N(x;,) implies
that there exists v, € Sg, such that

1

. o—1
) = 5o /Ot(t—s)”_lvn(s)ds—ktp {—Wlﬂ) /Ol(l—s)”_lvn(s)ds

ﬁz 1 /77‘ / /‘Dj o—1
— u)dud P — d te].
E s—1u) uds + > (U) A (0j —8)" "vu(s)ds ¢, t€]
We must show that there exists v, € Sr x, such that for each t € J,

t o—1
he(t) = r(la) | (t—sf-lv*(s)dsﬁp {_F(Ul-i-l) / "1 = 5) o, (s)ds
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Zﬁl 1/"1 / s—u) duds—i—i )/Opj(pj—s)"‘lv*(S)dS}

Consider the continuous linear operator @ : L(J,R) — C(]) by

t o—1
v—Ov)(t) = I”(la)/o (t —5) Lo, (s)ds + ! 5 { - F(UlJr 0 /01(1 —5)7 Lu,(s)ds

1311

(o) /771 / s—u)’ (u)duds
il,,y/pj j—s)”lvn(s)ds}.

Observe that || 1, () — hy(t)|| — 0asn — oo, and thus, it follows from a closed graph Lemma ([39]),
that ® o Sr , is a closed graph operator. Moreover, we have

hy € O(SEx, ).

Since x;, — x4, the closed graph Lemma ([39]) implies that

o—1
hi(t) = r(lg) /Ot(t—swv*(s)dsﬁp {—Wl“) /Olu_s)”*lv*(s)ds

s 1 i j —
Z Pi- 1) / / (s —u)" o, (u)duds + Y % /Op (pj—s)” 10*(5)’15}/

i j=1

for some vy € Sr,,

Hence, we conclude that N is a compact multivalued map, upper semicontinuous with convex
closed values. Consequently by Lemma 3, N has a fixed point which is a solution of the boundary
problem (5). This completes the proof. [

Next, we give an existence result based upon the following form of fixed point theorem which is
applicable to completely continuous operators.

Lemma 5. [40] Let E a Banach space, and T : E — Py, -(E) be a completely continuous multi-valued map.
Iftheset Z = {x € E: Ax € T(x), A > 1} is bounded, then T has a fixed point.

Theorem 4. Assume that the following hypotheses hold:

(H3) F:] xR = Py (R) is a Carathéodory multi-valued map;
(Hy) there exists a function h € C(J,R) such that

|F(t,x)|| < h(t), forae. t € Jandeachx € R.

Then problem (5) has at least one solution on J.

Proof. Consider N defined in the proof of Theorem 3. As in Theorem 3, we can show that N is convex
and completely continuous. It remains to show that the set

E={xeC(J,R): Ax € N(x), A > 1}
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is bounded. Let x € &, then Ax € N(x) for some A > 1 and there exists a function v € S¢ , such that

t o—1
X(t) = i&aéa_@“%@m+itp{—rwiméﬂyﬂy*m@%

2,311/'71 / (s —u)? Lo dudS-i-i 7] /P; ' S)Ulv(s)ds}'

For each t € |, we have

o—1
() < QaﬂwﬂVHWWpr{mgnéh—w*wm&

Z i 1|/m / Y o( )|duds+z m)_/Opj(Pj—S)U_1|v(5)|d5}

}I I

1 1
”'S{ua+n+p }mn<w

Hence the set £ is bounded. As a consequence of Lemma 5 we deduce that N has at least one
fixed point which implies that problem (5) has a solutionon J. [

! +zm S _WH+ZW
T(c+2) -1 f I(c+1)

1 n 1
I'(c+1) p
Taking the supremum for t € |, we get

oc+1 o+1
— ,71

i
CE®) Xnﬁlu CE +zn]| =

Our final existence result in this subsection is based on Leray-Schauder nonlinear alternative [41].

Theorem 5. Assume that (Hy) holds. In addition we suppose that:

(Hs) there exist a nondecreasing continuous function ¥ : [0, 00)
¢ € C(J,RY) such that ||[F(t,x)||p :=sup{|y| : y € F(t,x)} < p(t)¥
(Hg) there exists a constant M > 0 such that

— (0,00) and a continuous function
VY (||x||) foreach (t,x) € ] xR;

L >1
FM)[gllA
Then, the boundary value problem (5) has at least one solution on J.

Proof. Let x € AN(x) for some A € (0,1), where the operator N is defined in the proof of Theorem 3.
We show there exists an open set YW C C(],R) with x ¢ N(x) forany A € (0,1) and all x € 9. Let
A € (0,1) and x € AN(x). Then there exists v € L!(J,R) with v € Sf , such that, for t € ], we have

ot -1
x(t) = Ar(la) /0 (t—s)"to(s)ds Al 5 { — r(al+ 0 /01(1 —5)7 1o(s)ds

P . i s q ) ; -
+§I/f(01) /"1/0 (s — 1) Lo (u)du d5+]§r2’(17)/op -9 1U(S)ds}'

In view of (Hs), we have for each t € J,

|x(#)]
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1t o o1 1 1 o
m/O(t—s) Lo (s)|ds + ; {W/Oa—s) Lo (s)|ds

|Bi-1] s o— [vil - rei o—
2 s >|duds+z w6 s) 1|v<s>ds}

1—

1 1 77 717(7—&-1 z7
< — i i
= {rmlﬁp T(o+2) +Zlﬁz " Tet2) +2m oD }||¢||*f<||x||>
Consequently, we have
[
< 1.
FllxDlglla —

In view of (Hg), there exists M such that ||x|| # M. Let us set
W= {xeC(,R): x| < M}.

Proceeding as in the proof of Theorem 3, one can show that the operator N : W — P(C(J, R)) is
a compact, upper semicontinuous multi-valued map with convex closed values. Note that there is no
x € 0W such that x € AN(x) for some A € (0,1), from the choice of W. Therefore, by the nonlinear
alternative of Leray-Schauder type ([41]), we deduce that N has a fixed point x € . Obviously this
fixed point is a solution of the boundary value problem (5). The proof is completed. [J

4.2. The Lower Semicontinuous Case

In this subsection we study the lower semicontinuous case, when F is not necessarily convex
valued. Our strategy is to apply the nonlinear alternative of Leray-Schauder type together with the
selection theorem of Bressan and Colombo [42] for lower semi-continuous maps with decomposable
values. The needed preliminaries can be found in [35].

Theorem 6. Assume that (Hs), (Hg) hold. Moreover, we suppose that:

(Hy) F: ] xR — P(R) is a nonempty compact-valued multivalued map such that x — F(t,x) is lower
semicontinuous for each t € [ and (t,x) — F(t,x) is L ® B measurable.

Then the boundary value problem (5) has at least one solution on |.

Proof. From (Hs) and (Hy), it follows that F is of lower semicontinuous type [43]. Then, by the
selection theorem of Bressan and Colombo [42], there exists a continuous function v : AC! (LR) —
LY(J,R) such that v(x) € F(x) forall v € C(], R), where F : C(] x R) — P(L!(J,R)) is defined by

F(v) = {w e LY(J,R) : w(t) € F(t,v(t)) forae. t € J}.

Consider the problem
Dx(t) = f(x(t)), t€]J:=10,1], (18)

xD0)=0, i=0,1,2,...,n—2, / dS—Zﬂz 1/ d5+2% (19)

-1

Observe that x is a solution to the boundary value problem (5) if x € AC (n—1) (J,R) is a solution
of problems (18) and (19). We define an operator N as

— 1 1

t . -1 1 .
NG = gy o) )+ = {—WH) | =97 xs))ds
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q ) .
Zﬁl l/ / (7 1f ( ))duds+2r‘r(y(]7)/Opl(pj_s)(f—lf(x(s))ds}-
i .

Then the boundary value problems (18) and (19) is transformed into a fixed point problem.
The operator N is continuous and completely continuous. We omit the rest of the proof, since it is
similar to that of Theorem 5. The proof is finished. [

4.3. The Lipschitz Case

In this subsection, we consider the boundary value problem (5) with a nonconvex valued right
hand side. By using a fixed point theorem for multivalued maps due to Covitz and Nadler [44] we
prove an existence result.

Lemma 6. (Covitz and Nadler [44]) Let (X, d) be a complete metric space. If N : X — P (X) is a contraction,
then FixN # @.

Theorem 7. Suppose that:

(Hg) F:] xR = Pcp(R) is such that F(-,x) : | = Pep(R) is measurable for each x € R;
(Ho) Hy(F(t,x),F(t,z)) < u(t)|x —z| for almost all t € ] and x,z € R with y € C(J,R") and
d(0,F(t,0)) < u(t) for almost all t € J.

Then, the boundary value problem (5) has at least one solution on | provided that
Allpll < 1.

Proof. Consider the operator N : C(J,R) — P(C(J,R)) defined at the beginning of the proof of
Theorem 3. Then, the boundary value problem (5) is transformed into a fixed point problem. We apply
Lemma 6 in two steps.

Step I. The operator N is closed and nonempty for every v € Sr ,.

The set-valued map F(-,x(-)) is measurable by the measurable selection theorem (e.g., [36],
Theorem II1.6) and consequently it admits a measurable selection v : ] — R. By the assumption (Hsg),
we have

[o(t)] < u(t) + u(®)|x(H)],

i.e., v € L1(J,R) and hence F is integrably bounded. Therefore, S¢ , # @. Moreover N(x) € P(C(],
R)) for each x € C(J,R), as proved in Step 4 of Theorem 3.

Step II. Now we show that there exists 8 < 1 such that

Hy(N(x),N(x)) <8|x—z| foreach x,z € ACH=1 (] R).

Let x,x € AC""1(J,R) and h; € N(x). Then there exists v1(t) € F(t, x(t)) such that, for each
te],

o—1
hy(t) = F(la) /Ot(t —5)7 oy (s)ds + tp { - r(glJr 0 /01(1 —5)7 vy (s)ds

s q i J
Z 'B’ ! / / (s — u)" oy (u)duds + 21 % /Op (pj —5)0_101(5)d5}-
i— =
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By (Hyg), we have
Hy(F(t,x), F(t,2)) < u(8)|x(t) —z(£)].

Thus, there exists w(t) € F(t,z(t)) such that
[o1(t) —w| < u(t)|x(t) —z(b)], te].
Define U : | — P(R) by
U(t) = {w € R: Jor () —w| < p(t)]x(t) — 2(£)[}-

The multivalued operator U(t) N F(t,z(t)) is measurable (Proposition II1.4 [36]). Therefore,
there exists a function v, (t) which is a measurable selection for U. So v, (t) € F(t,z(t)) and |vy (t) —
va(t)| < u(t)|x(t) —z(t)| for each t € J.

For each t € ], let us define

o—1
halt) = 1"(1!7) /ot(t = 5)7 Toa(s)ds + tp { B 1"((71+ 1) /01(1 —5)7 Loy (s)ds
PoBiq [N [ o IS o
Lty e emlauds 3 [y ) 1vz<s>ds}.
Then we have
|hi(t) —ha(t)] < I*(la) /Ot(t — )" Yoy(s) — v1(s)|ds
tafl 1 1 .
i {T(a+1) /o (1 =) ea(s) —oa(s)lds
+z—iZ |§E;l)| . '7:7i1 ./OS(S N u)” 1‘02(1/[) ! (u)|dud5
i i
+,; @) /op (oj =) ea(s) - vl<s>|ds}
< 1 o+1 o+1 o

}

1 +1 +£|IB |w+i| ‘pij
Mo+1)  p|Te+2) " 57 Tle+2) " & YT (o +1)

<[[pllllx = =]l

Hence
[h1 = ha|l < Allpll[]x —z]|.

Analogously, interchanging the roles of x and z, we obtain
Hy(N(x),N(z)) = Allp|[|x 2|

Consequently N is a contraction. Then, by Lemma 6, N has a fixed point x which is a solution of
the boundary value (5). The proof is completed. [

4.4. Examples

Consider the nonlinear fractional boundary value problem

D72x(t) € F(t,x(t)), t € J:=0,1], (20)
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x(0) = =0, / e x(s)ds + /1125 x(s)ds + %x(l/él) +x(1/3). (21)

1/7
Hereoc =7/2,1=3/4,B=1,71=3/2,=1,m=1/7,1=1/6,13=1/5,p1 =1/4,p2 =

1/3. Consequently we can get p = 0.318087.

(a)

(b)

Let F: ] x R — P(R) be a multivalued map given by

x = F(t x) = e txfsinfy| 22)
U a2 437 x+1 ‘
For f € F, we have
2 ,—x? ;
x“e t|x|sin |x
|f|§max<x2+3, |J|C‘+|1|+1>St|x|+1, xER.

1 1
Thus ||F(t, x)||p :=sup{ly| : y € F(t,x)} <rt+1=¢.(t), ||x]| <r, and lirrrl)inf;/ ¢r(s)ds =
0 0
u = 1/2. Therefore, all the conditions of Theorem 3 are satisfied. So, problems (20) and (21) with
F(t,x) given by (22) has at least one solution on | since

17 1
11 0]
{I'((7)+p ot 1) Z|ﬁz 1| ZW H ~ 0.574595 < 1.
If F: ] x R — P(R) is a multivalued map given by
x* 2 | x| 1
Ftx)= | 5—=+e ¥ +t+2 #+-| 2
x — F(t,x) x4+2+€ + +’|x\+1+ +t3 (23)

For f € F, we have

4 1
|f§max<x4x+e_"2+t+2 %] +t2+>§5, x €R.

+2 "x|+1 2

Thus [[F(t, %)l = sup{[y| : v € F(t,x)} <5 = g(O¥(|x]}), v € R, with ¢(t) = 1, ¥(|x])) = 5.
It is easy to verify that M > 0.775057. Then, by Theorem 5, problems (20) and (21) with F(t, x)
given by (23) has at least one solution on J.

Consider the multivalued map F : ] x R — P(R) given by

2
x — F(t,x) = |0, (t+1)sinx+§ : (24)
Then we have

sup{|u| : u € F(t,x)} < (t+1) +§,

and
Hy(F(t,x), F(t,z)) < (t+1)[x —z|.

Let u(t) =t+1. Then Hy(F(t,x), F(t,z)) < m(t)|x —z|, and ||i|| = 2. By Theorem 7, the problem
(20)—(21) with the F(t, x) given by (24) has at least one solution on | since A||u| ~ 0.310023 < 1.
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5. Conclusions

In this paper, we have presented the existence-criteria for solutions of arbitrary order fractional
differential equations and inclusions, supplemented with integro-multistrip-multi-point boundary
conditions. For obtaining the existence and uniqueness results for the single valued problem, we
applied fixed-point theorems due to Krasnoselskii and Banach. The inclusions problem is investigated
for convex as well as non-convex valued cases and the obtained results rely on Bohnenblust-Karlin
fixed point theorem, Martelli fixed point theorem, Leray—Schauder nonlinear alternative, and
Covitz-Nadler fixed point theorem. Our results are not only new in the given setting, but also
yield some new ones as special cases. For example, we can obtain the results for integro-multistrip
boundary conditions by fixing v; = 0,Vj = 1,...,q, while the results for integro-multipoint boundary
conditions follow when we take ;1 = 0,Vi = 2,..., p. Our results reduce to the ones for “zero
average value condition (fol u(s)ds = 0) by taking all v = 0,vi=1,...,qand ;1 =0,Vi=2,...,p.

”
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