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Abstract The existence of solutions of an anti-periodic boundary value problem for
fractional differential inclusions of order « € (2, 3] is investigated. Several results are
obtained by using suitable fixed point theorems when the right hand side has convex
or non convex values.
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1 Introduction

Differential equations with fractional order have recently proved to be strong tools in
the modelling of many physical phenomena. As a consequence there was an inten-
sive development of the theory of differential equations of fractional order ([4, 21,
23, 26] etc.). The study of fractional differential inclusions was initiated by El-Sayed
and Ibrahim [17]. Very recently several qualitative results for fractional differential
inclusions were obtained in [5, 9-12, 19, 25] etc. Applied problems require defini-
tions of fractional derivative allowing the utilization of physically interpretable initial
or boundary conditions. Caputo’s fractional derivative, originally introduced in [7]
and afterwards adopted in the theory of linear visco elasticity, satisfies this demand.
For a consistent bibliography on this topic, historical remarks and examples we refer
to [3].
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134 A. Cernea

In this paper we study the following fractional differential inclusion

DYx(1) € F(t,x(t)) ae. ([0, T]), (1.1)
x(0)=—x(T), x'0)=—x"(T), x"(0)=—x"(T) (1.2)

where o € (2, 3], DY is the Caputo fractional derivative and F : I x R— P(R) is a
set-valued map.

The present paper is motivated by a recent paper of Ahmad [1], where it is consid-
ered problem (1.1)—(1.2) with F(.,.) single valued and several existence results are
obtained by using fixed point techniques.

The aim of our paper is to extend the study in [1] to the set-valued framework
and to present some existence results for problem (1.1)—(1.2). Our results are essen-
tially based on a nonlinear alternative of Leray-Schauder type, on Bressan-Colombo
selection theorem for lower semicontinuous set-valued maps with decomposable val-
ues and on Covitz and Nadler set-valued contraction principle. The methods used are
standard, however their exposition in the framework of problem (1.1)—(1.2) is new.

We note that the methods based on Leray-Schauder alternative have been used
intensively for the study of differential equations during the last few years (e.g.,
[13-15, 20] etc.).

The paper is organized as follows: in Sect. 2 we recall some preliminary facts that
we need in the sequel and in Sect. 3 we prove our main results.

2 Preliminaries

In this section we sum up some basic facts that we are going to use later.

Let (X, d) be a metric space with the corresponding norm |.| and let / C R be a
compact interval. Denote by £(I) the o-algebra of all Lebesgue measurable subsets
of I, by P(X) the family of all nonempty subsets of X and by B(X) the family of
all Borel subsets of X. If A C I then x4(.) : I — {0, 1} denotes the characteristic
function of A. For any subset A C X we denote by A the closure of A.

Recall that the Pompeiu-Hausdorff distance of the closed subsets A, B C X is
defined by

dp (A, B) =max{d*(A, B),d"(B, A)}, d*(A, B) =sup{d(a, B); a € A},

where d(x, B) =infycpd(x, y).

As usual, we denote by C (I, X) the Banach space of all continuous functions
x(.) : I — X endowed with the norm |x(.)|c = sup,; |x(¢)| and by L'(I, X) the
Banach space of all (Bochner) integrable functions x(.) : I — X endowed with the
norm |x()|1 = f; |x(2)|dz.

A subset D C L1(1, X) is said to be decomposable if for any u(-), v(-) € D and
any subset A € £L(I) one has uyx4 + vxp € D, where B =I\A.

Consider T : X — P(X) aset-valued map. A point x € X is called a fixed point for
T(.)if x € T(x). T(.) is said to be bounded on bounded sets if T (B) := UxeB T(x)
is a bounded subset of X for all bounded sets B in X. T'(.) is said to be compact if
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On the existence of solutions for fractional differential inclusions 135

T (B) is relatively compact for any bounded sets B in X. T'(.) is said to be totally
compact if 7(X) is a compact subset of X. T'(.) is said to be upper semicontinuous
if for any open set D C X, the set {x € X; T(x) C D} is open in X. T(.) is called
completely continuous if it is upper semicontinuous and totally bounded on X.

It is well known that a compact set-valued map 7 (.) with nonempty compact val-
ues is upper semicontinuous if and only if 7'(.) has a closed graph.

We recall the following nonlinear alternative of Leray-Schauder type and its con-
sequences.

Theorem 2.1 [24] Let D and D be the open and closed subsets in a normed linear
space X such that 0 € D and let T : D — P(X) be a completely continuous set-
valued map with compact convex values. Then either

(1) the inclusion x € T (x) has a solution, or
(1) there exists x € 3 D (the boundary of D) such that Ax € T (x) for some X > 1.

Corollary 2.2 Let B,(0) and B, (0) be the open and closed balls in a normed lin-
ear space X centered at the origin and of radius r and let T : B, (0) — P(X) be a
completely continuous set-valued map with compact convex values. Then either

(i) the inclusion x € T (x) has a solution, or
(i) there exists x € X with |x| =r and Ax € T (x) for some A > 1.

Corollary 2.3 Let B, (0) and B, (0) be the open and closed balls in a normed linear
space X centered at the origin and of radius r and let T : B,(0) — X be a completely
continuous single valued map with compact convex values. Then either

(i) the equation x = T (x) has a solution, or
(i) there exists x € X with |x| =r and x = AT (x) for some A < 1.

We recall that a multifunction 7°(.) : X — P(X) is said to be lower semicontinu-
ous if for any closed subset C C X, the subset {s € X; G(s) C C} is closed.

If F(.,.): I x R— P(R) is a set-valued map with compact values and x(.) €
C(I,R) we define

Sp(x):={f e L"(,R); f(t) e F(t,x()) ae. (D).

We say that F (., .) is of lower semicontinuous type if Sr(.) is lower semicontinuous
with closed and decomposable values.

Theorem 2.4 [6] Let S be a separable metric space and G(.) : S — P(L'(I,R)) be
a lower semicontinuous set-valued map with closed decomposable values.

Then G (.) has a continuous selection (i.e., there exists a continuous mapping g(.) :
S — L'(I,R) such that g(s) € G(s) Vs € S).

A set-valued map G : I — P(R) with nonempty compact convex values is said to
be measurable if for any x € R the function t — d(x, G(¢)) is measurable.
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136 A. Cernea

A set-valued map F(.,.): I x R— P(R) is said to be Carathéodory if t —
F(t, x) is measurable for any x € R and x — F (¢, x) is upper semicontinuous for
almostall r € I.

F(.,.) is said to be L'-Carathéodory if for any [ > 0 there exists h;(.) € L' (I, R)
such that sup{|v|; v € F(t,x)} < h;(¢t) a.e. (1), Vx € B;(0).

Theorem 2.5 [22] Let X be a Banach space, let F(.,.): 1 x X — P(X) be a L'-
Carathéodory set-valued map with Sp # @ and let T : L'(I, X) — C(I, X) be a
linear continuous mapping.

Then the set-valued map I" o S : C(I, X) — P(C(I, X)) defined by

(I'o Sp)(x) =T'(SF(x))

has compact convex values and has a closed graph in C(1, X) x C(I, X).

Note that if dim X < 0o, and F(.,.) is as in Theorem 2.5, then Sr(x) # @ for any
x()eCd, X) (e.g., [22)).

Let (X, d) be a metric space and consider a set valued map 7 on X with nonempty
values in X. T is said to be a A-contraction if there exists 0 < A < 1 such that:

du(T(x), T(y)) <Ad(x,y) Vx,yeX,

where dy (., .) denotes the Pompeiu-Hausdorff distance.

The set-valued contraction principle [16] states that if X is complete, and 7 : X —
P(X) is a set valued contraction with nonempty closed values, then 7'(.) has a fixed
point, i.e. a point z € X such that z € T(2).

Definition 2.6 [21] (a) The fractional integral of order a > 0 of a Lebesgue inte-
grable function f(.) : (0, co) — R is defined by

t a—1
(t—s)
1ft)= | ——=———f(s)ds,
o I'o)

provided the right-hand side is pointwise defined on (0, oo) and I'(.) is the (Euler’s)
Gamma function defined by I'(er) = [~ t*~le~"dt.

(b) The Caputo fractional derivative of order o > 0 of a function f(.) : [0, o0) —
R is defined by

t
DS = =t [0 (1 — )71 F0 (),

(n—a)

where n = [«] + 1. It is assumed implicitly that f(.) is n times differentiable whose
n-th derivative is absolutely continuous.

In what follows I = [0, T']. We recall (e.g., [20]) thatif « > 0 and f(.) € C(I,R)
or f(.) € L*(I,R) then (DXI* f)(t) = f(¢).
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Lemma 2.7 [1] For any f(.) € C(I,R) the unique solution of the boundary value
problem

D¥x(t)= f@t) ae.([0,T]), «ae(2,3],
x(0) = —x(T), x'(0) = —x'(T), x"(0) = —=x"(T)

is given by
T
x(t) = / G(t,s)f(s)ds,
0

where G(.,.) : I x I — R is the Green function defined by

(t—s)* ' =L (T—s)*"! " (T=21)(T—)22 n (T —1)(T—s)* 3

I'(x) 4T (a—1) 4T (a—2) ’
G(t,s):= f0<s<t<T,
1 (T—s)*"! (T=20)(T—s5)*"2 | t(T—1)(T—s)*3 ,
T2 TW@ T T area » f0=st<s=T.

a—1

Note that |G (¢, 5)| < T~ (i3 + srm=p + 270=2)) Vs € .
Let Go :=sup, ¢; |G (7, 5)|.

3 The main results

We are able now to present the existence results for problem (1.1)—(1.2). We consider
first the case when F'(., .) is convex valued.

Hypothesis 3.1 (i) F(.,.): I x R— P(R) has nonempty compact convex values
and is Carathéodory.
(ii) There exist ¢(.) € L'(I,R) with @(t) > 0 a.e. (I) and there exists a nonde-
creasing function ¥ : [0, co) — (0, co) such that
sup{[v]; ve F(t,x)} <o@)¥(Ix]) ae.(l), VxeR.

Theorem 3.2 Assume that Hypothesis 3.1 is satisfied and there exists r > 0 such that

r> Golehy(r). (3.D

Then problem (1.1)—(1.2) has at least one solution x(.) such that |x(.)|c <r.

Proof Let X = C(I, R) and consider r > 0 as in (3.1). It is obvious that the existence
of solutions to problem (1.1)—(1.2) reduces to the existence of the solutions of the
integral inclusion

T
x(1) e/ G(t,s)F(s,x(s))ds, tel. (3.2)
0
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138 A. Cernea

Consider the set-valued map T : B,-(0) - P(C(I, R)) defined by

T
T(x):={v()eCU,R); v(t) :=/O G(t,s)f(s)ds, feSpx)}. 3.3)

We show that 7T (.) satisfies the hypotheses of Corollary 2.2.
First, we show that T'(x) C C(/, R) is convex for any x € C(I, R).
If vy, v2 € T (x) then there exist f1, f> € Sp(x) such that for any ¢ € I one has

T
v,-(t):/ G(,s) fi(s)ds, i=1,2.
0

Let O <« < 1. Then for any 7 € I we have

T
(avi +(1 —Ot)vz)(t)=f0 G, 9)lafi(s) + (1 —a) f2(s)lds.

The values of F(.,.) are convex, thus Sz(x) is a convex set and hence avy + (1 —
a)vy € T(x).

Secondly, we show that T'(.) is bounded on bounded sets of C (7, R).

Let B C C(I,R) be a bounded set. Then there exist m > 0 such that |x|c <m
Vx € B.

If v € T(x) there exists f € Sp(x) such that v(¢) = fOT G(t,s) f(s)ds. One may
write for any ¢ € [

T T
|v<r>|5fo IG(t,s)I.If(s)ldSE/O Gt )oY (x(0))ds

and therefore
vlc = Golpliy(m) VveT(x),

i.e., T(B) is bounded.

We show next that 7'(.) maps bounded sets into equi-continuous sets.

Let B C C(I,R) be a bounded set as before and v € T (x) for some x € B. There
exists f € Sp(x) such that v(¢) = fOT G(t,s)f(s)ds. Then for any ¢, t € [ we have

[v(@) —v(T)| <

T T
/ G(t,s)f(s)ds — / G(t,s)f(s)ds
0 0

T
< /O 1G(t,$) = Gx. 9L1f ()Ids

T
< /0 1G(t.5) — G(z. )@ (s)¥ (m)ds.

It follows that |v(¢) — v(7)| — 0 as t — t. Therefore, T (B) is an equi-continuous
setin C(I,R).

We apply now Arzela-Ascoli’s theorem we deduce that 7'(.) is completely contin-
uous on C(I, R).
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On the existence of solutions for fractional differential inclusions 139

In the next step of the proof we prove that 7'(.) has a closed graph.

Let x,, € C(I,R) be a sequence such that x, — x* and v, € T (x,) Vn € N such
that v, — v*. We prove that v* € T (x*).

Since v, € T (x,,), there exists f,, € Sr(x,) such that v, (t) = fOT G(t,s) fu(s)ds.

Define I' : L'(I,R) — C(I,R) by (D'(f) (1) := fOT G(t,s)f(s)ds. One has
maXxsey |V, (2) — v*()| = |v, () —v*()]|c > 0as n — o0.

We apply Theorem 2.5 to find that I" o S has closed graph and from the definition
of ' we get v, € T o Sg(x,). Since x, — x*, v, — v* it follows the existence of
f* € Sp(x*) such that v*(¢) = fOT G(t,s)f*(s)ds.

Therefore, T'(.) is upper semicontinuous and compact on B, (0). We apply Corol-
lary 2.2 to deduce that either (i) the inclusion x € T'(x) has a solution in B,(0), or
(ii) there exists x € X with |x|c =r and Ax € T (x) for some A > 1.

Assume that (ii) is true. With the same arguments as in the second step of our proof
we getr = [x(.)|c < Gole|1¥ (r) which contradicts (3.1). Hence only (i) is valid and
theorem is proved. 0

Example 3.3 Consider the set-valued map defined by F(¢,x) ={v e R; fi(t,x) <
v < fo(t,x)} with f1, fo : I x R— R given measurable functions. We assume that
for any r € I, fi(¢,.) is lower semicontinuous (i.e., the set {x € R; fi(¢,x) > a} is
open for all a € R) and we assume that for any ¢ € I, f2(¢,.) is upper semicontinuous
(i.e., the set {x € R; f>(t, x) < a} is open for all a € R). It is well known that F(., .)
is compact convex valued and upper semicontinuous.

Wetake T =27, 0 = % and note that, since F(%) = /7, in this case |G (¢, s)| <

Gy = 317—£ Vs,t € [0,2r]. We choose f1, f> such that max{|fi(¢, x)|, | f2(¢, x)|;

(t,x)el xR} < 5 G; — |x|. Obviously, the hypotheses of Theorem 3.2 are satisfied

with ¥ (x) =x, ¢(t) = 26’7 and any r > 0.

We consider now the case when F'(., .) is not necessarily convex valued. Our first
existence result in this case is based on the Leray-Schauder alternative for single
valued maps and on Bressan Colombo selection theorem.

Hypothesis 3.4 (i) F(.,.): I x R— P(R) has compact values, F(.,.) is L(I) ®
B(R) measurable and x — F (¢, x) is lower semicontinuous for almost all € I.

(i1) There exist ¢(.) € LY(I,R) with ¢(t) > 0 a.e. (I) and there exists a nonde-
creasing function ¥ : [0, co) — (0, co) such that

sup{|v]; ve F(t,x)} <p®)¥(x]) ae.(), VxeR.

Theorem 3.5 Assume that Hypothesis 3.4 is satisfied and there exists r > 0 such that
Condition (3.1) is satisfied.
Then problem (1.1)—(1.2) has at least one solution on 1.

Proof We note first that if Hypothesis 3.4 is satisfied then F(.,.) is of lower semi-

continuous type (e.g., [18]). Therefore, we apply Theorem 2.4 to deduce that there
exists f(.): C(I,R) — L'(1,R) such that f(x) € S¢(x) Vx € C(I,R).
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140 A. Cernea

We consider the corresponding problem

T
x(t):/ G(t,s)f(x(s)ds, tel (3.4)
0

in the space X = C (I, R). Itis clear that if x(.) € C(/, R) is a solution of the problem
(3.4) then x(.) is a solution to problem (1.1).

Let 7 > 0 that satisfies condition (3.1) and define the set-valued map 7 : B, (0) —
P(C(I,R)) by

T
(T'(x) () :=/0 G(t,s) f(x(s))ds.
Obviously, the integral equation (3.4) is equivalent with the operator equation
x®)=((Tx)@), tel. (3.5)

It remains to show that 7'(.) satisfies the hypotheses of Corollary 2.3.
We show that T'(.) is continuous on B, (0). From Hypotheses 3.4(ii) we have

fx@NI =@y (x®)) ae. ()

for all x(.) € C(I,R). Let x,,, x € B, (0) such that x, — x. Then

lfn ) =¥ (r) ae. (I).

From Lebesgue’s dominated convergence theorem and the continuity of f(.) we
obtain, forall r € 1

T
Jim (T (xy)) (1) = lim G(t,9) f (xn(s))ds

n—oo 0
T
_ /O G(t, ) f(x(s))ds = (T () (1),

i.e., T(.) is continuous on B, (0).

Repeating the arguments in the proof of Theorem 3.2 with corresponding modifi-
cations it follows that 7' (.) is compact on B, (0). We apply Corollary 2.3 and we find
that either (i) the equation x = T (x) has a solution in B, (0), or (ii) there exists x € X
with |x|¢c =r and x = AT (x) for some A < 1. O

As in the proof of Theorem 3.2 if the statement (ii) holds true, then we obtain
a contradiction to (3.1). Thus only the statement (i) is true and problem (1.1) has a
solution x(.) € C(I,R) with [x()|c <.

In order to obtain an existence result for problem (1.1)—(1.2) by using the set-
valued contraction principle we introduce the following hypothesis on F.

Hypothesis 3.6 (i) F(.,.): I x R— P(R) has nonempty compact values and, for
every x € R, F(., x) is measurable.
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(ii) There exists L(.) € L1(I, R ) such that for almost all # € I, F(¢,-) is L(¢)-
Lipschitz in the sense that

du(F(t,x), F(t,y)) =L@®)|x—y| Vx,yeR

and d(0, F(t,0)) < L(t) a.e. (/).
Denote L := fOT L(s)ds.

Theorem 3.7 Assume that Hypothesis 3.6. is satisfied and GoLo < 1. Then the prob-
lem (1.1)—(1.2) has a solution.

Proof We transform the problem (1.1)—(1.2) into a fixed point problem. Consider the
set-valued map 7 : C(I,R) — P(C(I, R)) defined by

T
T(x):= {v(.)eC(l,R); v(t) :=/ G(t,s)f(s)ds, feSF,x}.
0

Note that since the set-valued map F (., x(.)) is measurable with the measurable
selection theorem (e.g., Theorem II1.6 in [8]) it admits a measurable selection f(.) :
I — R. Moreover, from Hypothesis 3.6

lf(OI <L)+ L@O)|x@)],

ie., f(.) € L'(1,R). Therefore, Sr  # 0.

It is clear that the fixed points of 7(.) are solutions of problem (1.1)—(1.2). We
shall prove that T'(.) fulfills the assumptions of Covitz Nadler contraction principle.

First, we note that since Sr x # ¥, T'(x) # ¢ for any x(.) € C(I, R).

Secondly, we prove that 7' (x) is closed for any x(.) € C(I, R).

Let {x,}n>0 € T (x) such that x,(.) = x*(.) in C(Z, R). Then x*(.) € C(I,R) and
there exists f, € Sr , such that

T
xﬁﬂ:/ G(t,s) f,(s)ds.
0

Since F(.,.) has compact values and Hypothesis 3.6 is satisfied we may pass to a
subsequence (if necessary) to get that f;,(.) converges to f(.) € LY(I,R)in L'(I,R).
In particular, f € Sr  and for any ¢ € [ we have

T
xXp(t) = x*(t) = / G(t,s)f(s)ds,
0

ie., x* e T(x)and T (x) is closed.
Finally, we show that 7'(.) is a contraction on C (I, R).
Let x1(.), x2(.) € C(I,R) and vy € T (x1). Then there exist fi € Sr x, such that

T
v (1) =/ G(t,s) fi(s)ds, tel.
0
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142 A. Cernea

Consider the set-valued map
H(@):=F, x20))N{x eR; [fi(t) —x[ < L@O)|x1(1) —x2(D)[}, 1€l
From Hypothesis 3.6 one has
dy (F(t,x1(1)), F(t, x2(1))) = L) |x1(1) — x2(0)],

hence H (.) has nonempty closed values. Moreover, since H (.) is measurable, there
exists f>(.) a measurable selection of H(.). It follows that f, € SF y, and for any
tel

[f1() — 2O < L@®)]x1 (1) — x2()].
Define
T
v2(t)=/ G(t,s) fals)ds, tel.
0

and we have

T T
Ivl(t)—vz(t)IS/O IG(t,S)I-Ifl(S)—fz(S)IdsEGo/O 1£1(5) — fo(s)Ids

T
< Go /0 L(s)[x1(s) — x2()|ds < GoLolx — x2lc.

So, [vi —v2fc = GoLolx1 — x2]c.
From an analogous reasoning by interchanging the roles of x; and x; it follows

du(T(x1), T(x2)) < GoLolx1 — x2|c-
Therefore, T (.) admits a fixed point which is a solution to problem (1.1)—(1.2). O

Example 3.8 Consider the following anti-periodic boundary value problem
1 [x]

"Go(t+3)2 1+|x]

x(0) = —x(2m), x'(0) = —x'(27), x"(0) = —x"(2m) 3.7

DC%x(t) € |:O ], t €0, 2r], (3.6)

Here, T =27, Go = % L(t) = 54, Lo = 32 Obviously, GoLo = % < 1
and thus, by Theorem 3.7, problem (3.6)—(3.7) has a solution on [0, 27].

Remark 3.9 If a € (1, 2], then problem (1.1)—(1.2) reduces to problem
D¥x(t) € F(t,x(t)) ae.([0,T]), 3.8)
x(0) = —x(T), x'(0) = =x'(T). 3.9

A result similar to Theorem 3.2 is obtained in [2] for problem (3.8)—(3.9). Obviously,

similar results as in Theorem 3.5 and Theorem 3.7 may be obtained for problem
(3.8)-(3.9).
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